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TOUGHENINC OF ZIRCONIA COMPOSITES 

Nicholas Hani Iton Burlingane 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

and 
Department of Materials Science and Mineral Engineering 
University of California, Berkeley, California 94720 

ABSTRACT 

The addition of a ZrO. dispersion can significantly enhance the 

toughness of a ceraoic matrix material. The toughness improvement is 

due to a stress reduction at the tip of a propagating crack which is the 

result of a preferential narlinsitic transfonaation of ZrO particles 

in the stress field of the crack. From thermodynamic considerations and 

experimental observations the toughening effect is shown to be strongly 

dependent on the ZrO particle size. The effect of variations in tempera

ture, coaposition and aatrix materials are demonstrated, and analyzed in 

respect to the resultant deviations in the particle size toughening 

effect. 
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I. INTRODUCTION 

Improved toughness of ceramic materials has been attained by 

utilizing a tetragonal to monoclinic phase transformation present in 
(1-4) the ZrO system. The high temperature tetragonal phase can be 

retained in a stable form on cooling if a sufficient elastic constraint 

is applied by a surrounding matrix. However in the stress field of a 

propagating crack, the constraint will be relaxed and the possibility 

of transformation exists. This stress induced transformation is 

accompanied by a size and shape change which will increase the strain 

energy in the vicinity of the crack, thus inhibiting further crack 
(3) growth. Use of this phenomenon has been shown effective for P.S.Z. 

(with tetragonal precipitates in a cubic matrix) and in a polycrystalline 
(4) form. Also partially stabilized and unstabilized ZrO. have been 

(1-2) shown to toughen A1.0, matrix material. 

In all cases there was found to be a critical size at which the 

ZrO. particles would spontaneously transform on cooling. The critical 

size may be altered by changes in temperature, additions of atablizing 

agents and variations in aatrix aaterials employed. This indicates 

the stability of the ZrO. particles is dependent on both chemical and 

physical variables. The ability to change the critical size has pre

viously been used as a aethod to retain greater asounts of tetragonal 

phase (assuming that the amount of retained tetragonal phase is of 

primary importance). Only limited attention has been devoted to size 

effects with respect to transformation in the stress field of a propa

gating crack. However since the stability of the tetragonal ZrO par

ticles varies with their size it follows that their transformation at 
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a propagating crack will also be a function of particle size. Therefore 

transformation toughening should include particle size effects with the 

concomitant implications for composition, temperature and matrix related 

trends. 

Described is an analysis which defines the size stability effect 

for tetragonal ZrO particles, constrained by i surrounding matrix. 

The model also provides for the altering of the particles stability in 

the stress field of a propagating crack; thereby allowing prediction 

of the degree of transformation and hence, the toughness improvement. 
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II. THEORY 

The fracture toughness of a material can be considered to depend on 

its ability to absorb energy at a crack tip. A mechanism which proves 

effective in enhancing the toughness is the preferential transformation 

of tetragonal ZrO. particles to monoclinic, at a propagating crack tip. 

This transformation is martensitic in nature and is accompanied by a 

shape and volume change. On transformation there is an increase in the 

strain energy of the particle-metrix system and a tensile stress reduc

tion at the crack tip. This stress reduction inhibits further crack 

growth. 

The transformation has the following characteristics. The tetra

gonal structure, if unconstrained becomes unstable at a certain tempera

ture (transformation temperature) and will transform on cooling to the 

moroclinic stru:ture. However :f the tetragonal particles are included 

in a matrix they will remain stable below the unconstrained transformation 

temperature whenever the increase in strain is greater than the chemical 

driving force for transformation. Subsequently in the tensile stress 

field of a propagating crack, the constraint on the ZrO. can be suffici

ently reduced that transformation will occur. 

The toughening that can be achieved in the presence of a crack 

tip transformation zone can be analyzed by examining the thermodynamic 

changes that accompany the transformation process. 

A. Transformation Thermodynamics 

The transformation of ZrO, particles (from a tetragonal to mono-

clinic crystal structure) constrained by a matrix, is controlled both 
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by the dispersion of particles and by the matrix properties. The 

energetics of transformation consist of chemical, surface and strain 

energy terms. Factors affecting these energy terms are temperature, 

composition particle size and the relationships between thermal and 

elastic properties of the particles and the matrix. The role of each 

of these terms will be discussed in the subsequent sections. Special 

attention will be devoted to the volume or area dependence of each 

term because this will be the basis for defining size stability effects. 

1. Chemical Free Energy 

The tetragonal phase is stable above an unconstrained transforma

tion temperature, and this temperature is reduced by addition of stabi

lizing agents (Y_0-, MgO, CaO). However at lower temperatures there 

is a chemical driving force for conversion to the monoclinic structure, 

which is opposed by increases in the strain and surface energies which 

result from the transformation. The lower the temperature the larger the 

counteracting energy terms must be in order to maintain the tetragor.al 

phase. 

These factors are a function of the free energy difference between 

unit volumes of the product and parent phases (AG). For a spherical 

particle the chemical free energy change (AG ) is given by; 

A " t t - 3 Af ( 1 ) 

Aij = " -r'a AG c 3 o 

where a is the particle radius. This relation indicates that the 

chemical driving force is volume controlled. 
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2. Surface Energies 

On transformation there are two sources of surface energy change. 

One is related to a change at the particle-matrix interface, and the 

other associated with the formation of variant boundaries within the 

particles (Fig. 1). These energies are related (for a spherical parti

cle) by the equation; 

(2) *s = 4,a2(r. ^ r t) 

with d being the variant spacing, T. the particle-matrix interfacial 

energy and i the variant interface (habit plane) energy. T. and I" 

are smal . because the monoclinic ana tttragonal phases have similar 

surface energies, and because the variant boundaries are of low energy. 

This consideration indicates that the surface energy term will be sig

nificant only for particles with a large number of variants. It is 

also noted that the variant boundary energy term depends on the particle 

volume if the variant spacing is particle size independent as experimental 

evidence would suggest. 

3. Macroscopic Strain Energy 

A volume increase and overall shape change accompanies transforma

tion to the monoclinic phase. For a spherical particle the macroscopic 
(6) strain energy (AU ) is given by; 

m 

AU m = (4/3)Tra3 AV(.14AV - p A) « ^lEe^e^-p^e* 7)] (3) 
V ij ij ij ij /J 

*T A 
where V is the volume strain, e.. the macroscopic shear strain, p 

*A the dilational applied stress and p.. the deviatoric applied stress. 
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ZrO„ particles have been observed to transform at crack tips by o*»*as 

of a series of variants (Fig. 1) with alternating shear Btrains. 

The macroscopic shear deformation for this mode is thus negligible, and 

only the volume strain need be considered. If particle-matrix elastic 

modulus mismatch is also considered then the final result (for v - 0.2) 
. (6) becomes; 

lip a it T 
(4) A U m " 3 " ' f ^ 1 * * " ^ 

there 0 is the ratio of matrix to particle elastic modulus. A further 

adjustment considers the influence of the thermal expansion mismatch. 

This modification leads to an effective volume strain (Av ,.); 

AV c , = AV - 3AaAT (5) 
err 

where; Act • a . , - a . and AT is the cooling range from the particle matrix 

fabrication temperature. 

4. Twinning Strain Energy 

The twin (or variant) related strain energy der:/es from the stresses 

at the particle-matrix interface caused by twinning (these stresses are 

limited to the interface regions due to the alternating shears between 

variants). Since the stresses are confined to a zone close to the inter

face, the twinning strain energy (AU_) is approximately related to the 

surface area of the ZrO. particle (The larger the number of twins (vari

ants) the more accurate this assumption). For a spherical particle; 

A U T - (A/3)tia3 E Y T
2 [0.32/(1.2 + a/d)] (6) 





where n is the number of variants in the paticle at its critical BIZ'. 

Since Che stabililv of a particle is related to its size its response 

Co an applied stress (and hence its tougheni lg erfectl will al3o be size 

dependent. 

C. Transformation Tougi. ""lng 

The toughening effect of ZrO., particles will depnrf or. th* dogrc 

of transformation at the crack tip. This will depend on the number of 

particles, their stability and the magnitude if the stress f: ,•! d at tfv-

crack tip. Therefore the toughening will depend or. t't.i ?.r'.'. voliir." 

fraction and size as well as the matrix toughnesr.. 

rrom the thermodynamic -orditions discussed if rhe previo:? src:i~r, 

combined with the stress field of a cracV tip. a r-ui;hnr^ no•?•/'. w = --

derived. The toughening effect for a single oarticlo s»z^ is z\."i• 

l l = 1 ' 10 
r " i - e 

where 

2 ( 2 . 4 + n 5 ( 2 . 4 * r>) 
2 ^ ' - l v f TT-rrn ( i n ( f ) " 

where 7 is the composite toughness, T the matrix toughness ana - is a T r o 

stress relaxation terra which allows for stress reduction due to prior 

transformation nearer the crack. 

To make the situation more realistic a particle size distribution 

(• (a> da) is included. An extreme value distribution is assumed for 

i (a) da; chosen because the larger particles will contribute mo=t 
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significantly to the toughness. Also, this particular distribution 

hss been found to correlate well with the size distribution of micro-
(8) structural entities 

given bv; 

(e.g. grain size). Tnis frequency function is 

$ (a) da k+1 exp. -Crj da (12) 

where a is a scale parameter given by; 

a = a/ I'd - 1/k) o (13) 

and a is the average radius (volume distribution) and k is a shape 

parameter. The toughness equation is now modified by; 

CIV)" V, (2.4 + n ) f c - a 3 > 

a' 

/ 
a 3 (a) da (1M 

where a* is the critical radius for spontaneous transformation. The 

integral can be solved numerically for various values of a /a* and k. 
o 

Tne number of variants at the critical size (n ) can be calculated, and 

the -emaining terms are obtained from previous studies. 

An effective experimental comparison with the model may be achieved 

from the comparison of the trends in the amount of spontaneously trans

formed aonoclinic phase and the toughness. The comparison is possible 

because both are functions of the particle size distribution. By assum

ing the iame distribution function noted above the volume ratio of mono-

clinic phase is given by; 
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/ . ' « , "HOBO . ?. • M " 
V 1 113' 
TOTA1. < a > 

The combination of toughness versus distribution and toughness versus 

monoclinic content provides two methods o£ comparison with experimental 

data. 



-12-

III. EXPERIMENTAL 

The initial section will describe sasple preparation and testing 

procedures coccon to the majority of specimens evaluated. Subsequent 

sections will describe addition: and deviations free the general proce

dure for each compositional series. 

A. General Procedure 

a) Powder Preparation. Two methods were used to prepare power 

with a well dispersed ZrO phase. The first consisted of the direc: 

nixing of oxides, incorporating long milling times, and high-parity media 

of the see composition as the catrix phase. The tilling process was 

linited to Al,0,-ZrO, composites, for which A1,0. oedia is acceptable. 

The oxides were nilled for 2£ hrs. on a SVECO vibratory mill in poly-

ethelene bottles containing isopropyi alcohol. The second method was 

a gel technique in which various salts were used as precursors for their 

oxides. This oethod represented an atteapt to retain the inherently 

excellent dispersion of an aqueous solution. Zirconal Acetate and 

aluminum sulfate1' were the basis of the gel formation. Other salts 

present which do not gel would be trapped in the gel structure, thereby 

preventing migration (this effect pertains because the entire solution 

is included within the gel). 

Hi-Purity A1.0, media / 3 

Inc. 

Chemical Co. 

Chemical Co. 
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The tailled Al 0^-ZrO? conposites were fired to 1410 C, while the chemi

cally prepared Al O.-ZrO materials were fired to 1450 C (there was no 

hold at Eiaxi temperature in these cases). 

c) Surface Preparation. The condition of the surface is critical 

to the evaluation of the properties of materials containing tetragonal 

ZrO.. Specifically the extent of stress induced transformation due to 

grinding will determine whether surface dominated rather than bulk prop

erties are being observed. Samples were ground and polished on a high-

it 

speed surface finishing device- Botl- surfaces were rough ground, with 

a 90 jm diamond wheel to yield flat u^ mutually parallel surfaces. 

Specimens were then polished in successive steps with a 15 uo diamond 

wheel, followed by 6, 1, and \IU ia diamond pastes (pastes were carried 

by rosewood pegs). The polish was considered suffici-jnt when x-ray 

diffraction indicated that the amount of the monoclinic phase was similar 

to that in the as fired state. After polishing, samples were annealed 

at 1250 C for 1/2 hr. (cbove the transformation temperature). 

d) Indentation. Fracture toughness measurements were obtained 
(9) directly by indentation and also by a bi-axial bend test on disks 

containing indention pre-flows. Polished specimens we -e indented witn 

a Vickers diamond indentor mounted on a table model Instron. A cross-

head speed of .05 cm/min was used. Peak loads of 50 kg were used for 

A1_(X, composites and 25 kg for the mullite materials. Indentation tough

ness was also measured for samples at several stages of the polishing 

procedure. For this purpose loads ranging from 2-50 kg were used to 

*Strugers; Pedipin 
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permit the cracks to sample various depths beneath the surface. After 

indentation the cracks were stained with an ink Darker which allowed 

excellent visibility under polarized light. 

Optical micrographs of the indentations (Fig. 2a) were used to 

determine the indentation size (2a) and the crack length (2c) (Fig. 2b). 

K was calculated from c/a using the relation developed by Evans and 
(q) Charles. The results for three indentations per sample were averaged, 

and only symmetrical indentations were considered. 

The specimens used for the pre-crack. toughness determinations 

were polished and annealed after indentation to elioinate both residual 

stresses and the transformation zone at the pre-cracks. Finally these 

specimens were fractured at a series of temperatures. The fracture 

experiments were conducted using a bi-axial flexure method. The fixture 

(Fig. 3) was constructed froni Al ,0,, hot pressed to shape in preformed 

graphite dies. Calculation of the fracture stress (o.) was achieved 

i ,• ( i Q > using the relation; 

, . "3 P , Y v-v (16) Vrn { X _ Y ) 

• 

where; 

X = (1 • v) ln(B/C) 2 + [(1 - v)/2J(B/C) 2 

Y - (1 • v)[l + ln(A/C) 2 ]+ (1 - J) (A/C) 2 

F is the load applied at fracture, d is the thickness of the specimen, 

v is Poisson ratio, B is the radius of the loaded area, C is the radius 

of the specimen, and A is the radius of the support circle. The load 

was app'ied through alumina pushrods which were enclosed in a furnace. 
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The load was applied at a crosshead speed of .05 cm/min in an Instron 

testing machine. From the fracture stress, K, r measurements could be 

obtained using the equation; 

Kic = yt M ( z ) * c h ( 1 7 ) 

where c is crack depth, and M is a free surface correction factor. The 

crack size was measured before and after fracture; the measurements were 

self-consistent. The shape of the cracks were easily established, by 

employing a crack pre-straining procedure (Fig. A). M was then estimated 

from the flow shape. 

e) X-ray diffraction. The amount of monoclinic phase (X ) was 
*— m (12) calculated from the relation; 

¥ _ I (111) + I (HI) f 1 0 N X = m m (18) m = 
1 (111) + I (111) + I_ (111) m m T 

where I (111) and I (111) are the i-.itegral intensities for the ccrres-m m 
ponding monoclinic peaks and I (111) for the tetragonal peak. When 

estimation of the bulk monoclinic content was desired, polished and 

annealed samples were analyzed (The monoclinic content in polished and 

annealed specimens was lower than in the as fired state). Similar 

samples were used for matrix phase identification. 

f) S.E.M. Polished, etched and fracture surfaces were observed 

by scanning electron microscopy. This provided information about the 

particle size distribution, shape and dispersion. Extreme value particle 

size distributions were measured by recording the areas of the largest 
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2 ZrO. grain within sampling areas of 26 ym . For this purpose several 

micrographs of polished surfaces were examined. 

B. Compositional Series 

a) AlgOg-ZrOp. Powders were prepared by the milling of oxides. 

The ZrO. was formed by calcining zirconal acetate. X-ray diffraction 

showed that the resultant powder was ""100Z tetragonal, indicating the 
(13) formation of aggregates with a small crystallite size. This ZrO. 

* was milled together with a sub-micron A1_0_ , after which the dried 

powders contained only monoclinic ZrO.. This indicates that the inten

sive milling procedure was effective in de-aggregating the ZrO (by the 

complete degree of the stress induced transformation). 

k) A1.0.-P.S.Z. CaO, MgO and Y.O. were added in varic J6 percent

ages to produce partially stabilized zirconias. The CaO and MgO doped 

zirconias were combined at a volume fraction of .15 with A1.0., while 

Y.O.-ZrO combinations were prepared at volume fractions of .2a and .42 

with A1 20 . 
** CaO and MgO additions were in the form of nitrates . These were 

added to aquecus solutionr of zirconal acetate, thermally gelled and 

dried. The powler was then pre-rzacted by calcining a 800 C for 1 hr. 

The resultant powder was milled together with A1.0_. 

Al„0,-Zr0. (yttrium stabilized) composites with a volume fraction 

of .29 ZrO. were formed from solutions of aluminum sulfate, yttrium 

* Union Carbide; Linoe A 
** 

Baker Chemical Co. 
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acetate and zirconal acetate. These solutions were gelled, freeze 

dried, and calcined. The powders were hot pressed at two temperatures 

(1450°C (no hold) and 1550°C (1.5 hr. hold)) to achieve different 

particle sizes. 

Composites with a volume fraction of 0.42 were prepared by milling 

ZrO (Stabilized with 4 wt.Z Y 0 ) along with Al.O,. T!iis powder pro

vided specimens for pre-crack tougtinese measurements. 

c^ Al„0,-SrZrO,. SrZiO. was prepared from strontium nitrate 

and zirconal acetate solutions, which were thermally gelled and dried. 

Powders were calcined to form SrZrO, and milled together with A1_0_. 

Powders were hot pressed to 1475 (with no soak). 

d) Mullite-ZrO„. Two types of powders were prepared by different 

methods; one used A1_0_ powder and the other aluminum sulfate. Both 

were calculated to form mullite containing 73 wt.Z A1_0_ (slight excess 

of A l 2 0 3 ) . 

Al.O- powder was mixed with colloidal SiO,' and zirconal acetate 

in water. The slurry was thermally gelled, dried, and calcined. The 

powder was hot pressed at 1550 °C for 1.5 hrs. (Series 1). 

(rion Chemical Co. 

Zircar Corp. 

Baker Chemical Co. 
++ 

Atomeric Chemical Company 
Ludox AS-40 
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Aluminum sulfate was combined with colloidal silica, and zirconal 

acetate in water. The mixture was gelled with NH,OH and freeze dried. 

This powder was hot pressed at 1450 C for 1 hr (Series 2) and then 

annealed at 1550°C for 1.5 hrs. (Series 3). 
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IV. EXPERIMENTAL RESULTS 

A. Hardness 

The hardness values were relatively invariant for the raullite-

ZrO. materials, as was that for the Al.O.-ZrO. materials with a volume 

fraction of ZrO. less than 0.15. However, the hardness diminished at 

greater volume fractions (Fig. 6). Materials with the lower hardness 

values were also very friable (Fig. 5). 

B. Toughness vs. Volume Fraction 

a) Hullite-ZrO-. Three series of mullite materials with varying 

amounts of ZrO- were examined. The first (Series 1) yielded an excel

lent dispersion of ZrO. particles (Fig. 7-9). The resultant distribu-

tioi of ZrO. was quite narrow ( k = 10, b c . 35 for a volume fraction 

of .16) with a limited amount of aggregration. The toughness and tetra

gonal phase content are plotted as a function of the ZrO. volume frac

tion (Fig. 10). This plot indicates an increase in toughness and a 

decrease in the proportion of Che tetragonal phase as the volume fraction 

increases. 

The second (Series 2) consisted of a much finer dispersion of ZrO_ 

particles. Toughness and diffraction measurements indicate negligible 

toughening and complete retention of the tetragonal phase (Fig. 11). 

However, annealing above the fabrication temperature to induce grain 

growth (Series 3) yieldei materials with a higher toughnF.cs (with and 

without ZrO.) while maintaining full retention of the tetragonal phase 

(Fig. 11). Comparison of the first two series (Series 1 and 2) 
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illuatrates that the course grained material exhibits greater toughness 

improvements (Fig. 12). 

b) AlnO,-ZrO„. The trends in toughness and tetragonal content 

as a function of volume fraction (Fig. 13) indicate a peak toughness 

occurring at a volume fraction of 0.15 and a monotonic decrease in the 

retained tetragonal phase. Measurements of the size distributions of 

ZrO_ particles obtained on polished surfaces (Fig. 16 and 15) indicate 

both a change in average size and in shape factor (Fig. 16). However, 

examination of etched surfaces indicates the larger grains contain 

several particles (Fig. 17) (The distribution parameters pertinent for 

comparison with the model require isolated particles decreasing the 

reliability of direct comparisons). 

C. Toughness vs. Composition 

Additions of CaO and MgO, to Al_0_-ZrO_ (at a Zr0_ volume frection 

of .15) caused a decrease in toughness while increasing the proportion 

of the retained tetragonal phase (Fig. 18-19). 

Samples containing 0.29 volume fraction ZrO (Fig. 20) with various 

amounts of Y_0, were fabricated at two temperatures. Toughness for the 

material fabricated at low temperatures exhibited a maximum for low 

amounts of Y.0-, whereas the maximum was shifted to higher v
2 ° 3 content 

for the samples fired at the higher cemperature (Fir 22-24). In both 

cases the amount of the tetragonal phase increased with Y.O. content. 

Indentations were not utained for the milled Al_0--ZrO series causing 
an overestimation of K T_ values. 
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D. Toughness vs. Temperature 

The dependence of the toughness (for a material with .42 volume 

fraction ZrO. stabilized with U wt.t Y_0- (Fig. 21) decreases monotoni-

cally with an increase in temperature (Fig. 25). 

E. Toughness vs. Surface Compression 

Samples formed from SrZrO, and Al»0- after hot pressing consisted 

of 6A1_0 'SrO, Al.O- and ZrO_ (the ZrO was predominately of the tetra

gonal phase). K_ measurements (for a 50 Kg indentation load) are given 

verses volume fraction for a rough polished (15 ym grit) surface and for 

the sime surface after annealing (Fig. 26). This indicates a large 

change in the surface toughness with abrasion. 

During various stages of polishing a sample containing 0.21 volume 

fraction ZrO was analyzed for the amount of tetragonal phase present 

and the effective toughness (employing several indentation loads) 

(Fig. 27). The toughness is also presented as a function of depth 

(Fig. 28). 
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V. DISCUSSION 

A. General Consideration 

Examining the coughness equation; (refer to Eqs. 10-14) 

» ' . • & 

where; 

E = <cu>[Mj Vf(2.A + n c) I ' 1 9 ) 

alicws the prediction of toughness trends. Analysis of the integral, 

X, is presented as a function of size, normalized by the critical size 

(Fig. 29). This is directly related to the enhancement in toughness 

due to tetragonal ZrO_ dispersions. Since this ten? is dimensionless 

it may be used to illustrate general trends. The k-values used in calcu

lation of I, represent the width of the distribution (a large k indicates 

a narrow distribution), while the average size (a) is represented by the 

scaling factor, a . 

The results of the calculations indicate a narrow size range in 

which the toughness may be significantly improved. The peak toughness 

is highest and the effective range smallest for narrow distributions. 

There is also a shift in peak values with variations of k (because 

a s a for large k and a >a for smaller k). o 6 o 

The amount of monoclinic ZrO which forms on cooling is calculated 

ns a function of the normalized size distribution. This i~ then compared 

with the calculated values o' I to determine the toughness trends i.i 

relation to aonoclinic phase content (Fig. 30). These results indicate 



that an appreciable amount of tacnoclinic phase must be present before 

there is any significant increase in toughness. The peak toughness 

values occur at nonoclinic contents of 75% and greater. These predic

tions are not consistent with observations f Fig. 11-13). Reasonable 

toughness values have been obtained for materials with no monoclinic 

(Fig. 13) phase present and peak toughness values obtained at oonoclini.c 

contents from 25-5>0~ (Fig. 13, 22-2»). This indicates that the present 

•ode! does not consider certain important toughening factors. 

Deviations from the model at smaller sizes could be due to particles 

at or near a free surface having a lower constraint imposed by the matrix; 

hence also a lower critical size. Therefore the stability of a particle 

may depend on its distance from the free surface created by the crack 

(as weli as the constraint reduction due to the stress field of the 

crack). This effect would diminish as the distance between the crack 

and the particle increases and would be insignificant as distances greater 
( 19) inan one particle diameter. Considering that observed transformation 

zone sizes (.6 ua for P.S.Z.). are very small, this factor needs con

sideration. (This however would not alter the general trends as the 

particle stability would still be a strong function of particle size). 

The effect of a reduced constraint at a free surface is supported in 

that diffraction experiments on annealed polished surfaces yield much 

lower monoclinic contents than annealed rough surfaces. Also a source 

of underestimation may be due to particle.', in the bu'.k, material being 

thermodynamical1y unstable with respect to transformation in the step 

mode, but requiring the presence of a high shear force (as is present 

with a propagating crack) to nucleate transformation. 



Another phenomenon neglected in the model is microcracking. This 

process is also a size depe:iden\. effect, manifested in a critical size 
(14) for spontaneous microcracking. Also it has been postulated that 

the microcracks will form in the stress field of a crack and will have 

a toughening trend similar to that previously described (in that it will 

exhibit the same size dependence indicated by the factor I). However 

the microcracking critical size is significantly larger than the critical 

size for transformation *' ' (for isolated particles). Also it is 

anticipated that the critical size will decrease with increases in voluoe 

fraction of ZrO . These suggest that there should be little or no effect 

due to microcracking at small sizes (low monoclinic contents) and low 

volume fractions of ZrO , but at larger sizes and volume fractions nicro-

cracking may occur. Hovever since the size range of interest (for trans

formation toughening) is small, microcracking in these cases would be 

due to particle interactions. Hence microcracking linking is quite 

possible. If this degrades the matrix toughness (T ) then the ZrO. addi

tions would have sn adverse toughening effect. Microcracking could 

therefore determine the peak toughening effect which would vary with 

ZrO- particle size and volume fraction. 

The effect of altering the mafix toughness is another aspect 

demonstrated by the toughness equation in that the resultant toughness 

is directly proportional to the matrix toughness. Suggesting that the 

improvement in toughness will be influenced by the choice of the matrix 

material and its microstructurc details (such as grain dimensions). 
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In the subsequent section results of calculations for mullite and 

Al_0_ matrix materiala, with ZrQ, dispersions, are presented. These are 

compared with measured toughness and sise information. For these calcu

lations it is assumed that Y " .14 , &V - .058, end AG - 230 tffa. 

The effective voluae change (AV ) was calculated by taking into account 

the differential th-rmal expansion between particle and matrix. For the 

proportionality constant (u), which takes into account stress reduction 

due to prior transformation, a value of .4 was used. This value is deter

mined from comparison of a calculation zone aire of 1.5 um and a 
(3) measured zone size of .6 us. This size was considered constant for 

all cases even though the measured zone corresponds to a cubic ZrO 

matrix with a high volume fraction of tetragonal ZrO.. Since this 

factor depends on the degree of transformation at the crack tip it will 

most likely be * function of volume fraction. 

B. Specific Toughening Effects 

a) Size and Voluae fraction Effects 

Additions of unstabilized ZrO. as a toughening agent, to vari

ous matrix materials, is usually limited to low volume fraction. ' 

This limitation is attributed to the complication that increases in the 

volume fraction of ZrO. may cause increases in the ZrO. particle size. 

Therefore, in examining c" ta in which the volume fraction is varied the 

possibility of size changes must also be considered. 

The Al.O -ZrO. system (Fig. 13) covers a wide enough range in 

ZrO. volume fraction to show the complete cycle of a large toughness 

improvement followed by a subsequent decline. Neglecting any effects 



of particle interactions i ,. can be assumed that the increase in the 

percent of ..-onoclinic phase present relates to the growth of the ZrO_ 

particles. Thus appearance of the spontaneously transformed particles 

infers a decrease in their stability. This decrease corresponds to 

a rapid increase in toughnesr qs the percent of the monoclinic phase 

increases. However as the volume fraction, and hence the monoclinic 

fraction, is further increased the toughness diminishes rapidly. The 

decline in toughness occurs at ouch lower monoclinic contents than 

predicted by the model. This decrease is therefore assumed due to a 

large degree of microcracking degrading the matrix. Supporting this 

assumption are the trends in hardness (Fig. 6), notably the constancy 

of hardness of oonoclinic contents up to the maximum toughness value 

followed Dy a sharp decline. The decrease in hardness indicates micro-

cracking as the rapid decline is much more severe than would be expected 

solely from ihe addition of a softer phase. Other indications of micro-

cracking are the friable nature as evidenced by the inability to polish 

the surface to a smooth finish (Fig. 5). 

Trends for a mullite ZrO, material (Series 1) were similar, in 

that the toughness rose sharply with increases in the volume fraction 

and monoclinic content (Fig. 10). However the volume fraction range 

wasn't extended to the region where a noticeable drop in hardness and 

toughness could be expected (although the rate of toughness improvement 

did dec 1ine) . 

Numerical analysis of the predicted toughness values (as a function 

of a /a* and monoclinic content) compared with experimental data for the 

Al^O^-ZrO, (Figs. 33-36) and mullite-ZrO (Fig. 37-38) systems yielderi 
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similar trends. Comparison of measured toughness values with predicted 

values would suggest that the average jize remains constant (Figs. 33-34, 

37) with volume fraction (experimental K „ values intersect their corre

sponding toughness curves at the same a /a* value). However such con

stancy is not observed, as evidenced by size data (Figs. 7-8, 16) and 

monoclinic content increases. Comparison with predicted toughness 

values based on the monoclinic content (Figs. 35-36, 38) indicate that 

the effect of the smaller size range is greatly underestimated. It is 

also suggested that the stress relaxation term ((*>) may be an inve.se 

function of volume fraction. Error in this term could account for errors 

in the higher monoclinic content materials (at larger volume fraction). 

However, the major weakness appears to be the underestimate of the 

toughness values at smaller particle sizes. 

Since there is the possibility of some ambiguity when explaining 

size effects while varying volume fraction ZrO-, two mullite-ZrO-

materials with similar volume fractions and different size distributions 

were compared (Fig. 12). This figure demonstrates that toughness may 

vary greatly by alteration of only the particle size. The point is 

very strongly demonstrated as the finer grained matt ial (Fig. 11) shows 

almost no toughness improvement with large volume fractions of ZrO.. 

Also the ZrO_ is totally retained in the tetragonal form thereby proving 

that the amount of toughening agent is of importance only if the size 

distribution is also optimized. Extending this range to include another 

size distribution (Series 3), which alao has total retention of the ZrO_ 

in the tetragonal phase, again demonstrates that significant toughening 

effects occur in the size range below that predicted by the model. 

http://inve.se
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b) Hatrix Effect 

A1,0, as a matrix material has a much larger elastic modulus 

than mullite, explaining the largei critical size for the A1_C. materials. 

Also, the Al 0, material would have a higher matrix toughness. These 

factors cannot be separated, but it is evident (Fig. 13, 10) that :he 

Al.O materials have a larger toughening response (for materials with 

similar volume fraction of ZrO and monoclinic content). 

The matrix effect could be isolated by altering the matrix toughness 

without changing the composition. This was accomplished by observing 

a mulIite-Zr0_ system before (Series 2) and after annealing (Series 3). 

By annealing an unexpected effect occurred, this being an increase in 

the matrix toughness. This alteration may be due to change in particle 

aspect ratio or size causing a toughening effect related to the "pullout" 

of elongated grains. Another possibility is a chemical composition shift. 

However due to the very fine microstructural scale direct evidence support

ing either of thes.3 conjectures was unobtainable. (This result is quite 

significant as the toughness wis increased by 60% with no additions and 

warrants further in"esLigation). Even though this effect isn't readily 

explainable it may still be used to demonstrate the effect of altering 

matrix toughness. The predicted effect is supported in that the material 

with the higher matrix toughness has much greater toughness increases 

with ZrO. addition (There is also the possibility of toughening due to 

ZrO particle growth, this is however presumed small as the material 

is still 100? tetragonal). 
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C. Compositional and Temperature Effects 

The addition of stabilizer to materials for which the optimum 

toughening was not exceeded, caused a decrease in toughness and an in

crease in the percent of retained tetragonal (Fig. 18-19). This demon

strates that although a stabilizing agent allows an increase in the 

amount of toughening agent (tetragonal ZrO_ ) it will still result in 

a decrease in toughness, unless accompanied by a corresponding size 

increase. However if the size is altered to optimize the toughness 

(Fig. 2*») higher values are achieved for increased stabilizer content 

(Tiie method of varying ZrO particle size by increasing sintering tem

peratures nay also alter the distribution shape or degree of aggrega

tion). Also it is shown that the toughness may be improved by an 

increased retention of tetragonal phase if the optimum toughening 

situation is exceeded (Fig. 22-24). 

An increase in temperature has an effect similar to the addition 

of a s'.ahlizing agent. For a material with a high tetragonal content it 

is demonstrated (Fig. 25) that the toughness will decrease as the tempera

ture increases. However it is important to note that an extremely high 

value of toughness (K J r "8.8 MPav/m) was obtained at liquid nitrogen 

temperature. It is assumed that this value could be translated to room 

temperature by altering the amount of stabilizer or the size distribution. 

Another noteworthy item in this experiment is the testing method. 

This method would seem effective as similar results are obtained for 

both the indentation method and when testing toughness by an existing 

flaw method it is assumed necessary to anneal the samples. Otherwise 

the toughness may be dependent on the transformation zone induced during 



indentation (this is of oractical importance in that it suggests that 

the effective toughness of a material may be a function of the minimum 

temperature encountered by the material). 

Observations cf fracture surfaces from these experiments also yield 

an interesting result. It was found that the crack pre-strain method 

not only aided in crack length and shape measurements but also yielded 

information on the size of the plastic zone at the indentation sice 

(See Appendix I). 

D. Toughness vs. Surface Compression 

Previous discussion concerned toughening due to transformation at 

the tip of a propagating crack. An indirect method of toughening is 

also possible, this being due to the formation of a compressive region 

at the surface. This layer will form on abrasion of the surface by 

means of a stress induced transformation. The effective toughness (K ,,) 
5 eff 

i^ K • w 1 6 would be given by; 

Keff = 7? °° ̂  + KIC 

where o is the stress at the surface, o 

It is demonstrated that very large improvements are possible due 

to this effect for relatively large depths (Fig. 25, 28). Also it is 

shown that the effect is very strongly related to the depth and can be 

calibrated with respect to x-ray diffraction data (Fig. 27). Another 

important aspect is the choice of material. The choice was made as the 

material (6A1 0., • SrO, Al 0,, ZrO ) demonstrated the highest change in 

toughness (and also in monoclinic phase content) on grinding. The reason 
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isn't clear as the bulk toughness is much lower than for other materials 

tested. This indicates that the transformation due to surface abrasion 

may be quite different frc=. that expected at a crack tip. 

E. Microstructural Development 

Since the properties of these material are extremely sensitive to 

particle size and composition the ability to control the microstructure 

and doping uniformity is to great importance. 

The gel preparation proved very effective in allowing addition of 

dopants, as demonstrated by the ability to produce SrZrO. at low tempera

tures (800 C). Also the uniformity of the dispersions (Figs. 7-9) indi

cates the high homogeneity of material formed from this method. This 

technique was especially useful in the fabrication of mullite-ZrO 

materials (Series 1-3). It allow the preparation of materials with 

high contents of unstahlized Zr0_ (in the tetragonal form). 

Another point of practical interest is the ability to limit grain 

growth by additions of ZrCK dispersions. The grain growth control 

increases with the volume fraction ZrO_ (Figs. 39-43) while causing 

a simultaneous increase in ZrO particle size (Fig. 7-8). The growth 

control is assumed due to a grain boundary drag effect or an alteration 

in grain boundary diffusion (since the ZrO. lies on -he boundaries). 
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ly. SUHHARY 

Toughening due to the martensitic transformation of ZrO in the 

stress field of a propagating crack is predicted to b; strongly dependent 

on the ZrO_ particle size distribution. Th-'.s prediction is confirmed 

experimentally, however the degree and the limits are not clearly 

defined. The effects of variation in composition, temperature, and 

matrix modulus are demonstrated to alter the stability of the ZrO. 

particles. This permits analysis in terms of a size toughening effect, 

allowing prediction of optimum conditions. 

The effect of surface transformation is also shown useful as a 

means of toughening ceramic materials. This is limited to surface 

properties, but is effective at depths comparable to typical surface 

flaws. 
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APPENDIX I 

When a brittle material is indented (with a sufficient load) a 

zone of plastic deformation is formed near the indentation site. 

This results in t'.ie formation of large residual stresses and a series 

of cracks emanating from the elastic-plastic interface. This effect 

can be correlated to the response o- ceramic material subject l -o 
c • (18) , . (19) . .. , . 

fatigue and abrasion related phenomena. 

To characterize the effect of indentations the size and shape of 

t''j resultant plastic is necessary. It is demonstrated (Fig. Al-AA) 

that by impregnating an indentation with an ink and subsequent fractur

ing of the material (along the radial crocks) that both the plastic 

zone and the cracks extending from the interface are readily observed. 
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FIGURE CAPTIONS 

Fig. 1. Transmission electron micrograph of an A2,0,/Zr0, material 

containing .1*2 volume fraction ZrO . 

Fig. 2. Same as Fig. 1 at a higher magnification. 

Fig. 3. Schematic of bi-axial bend fixture. 

Fig, 4. Optical micrograph of the fracture surface of a pre-flawed 

bend sample. 

Fig. 5. Scanning electron micrograph of '"'polished" surface of an 

Al,0,/ZrO aa'arial with .29 volume fraction ZrO, (note 

friable .'..ture cf this material). 

Fife 6. UAF^ihESS and percent retained tetragonal ZrO, as a function 

of ZrO content. 

Fig. 7. Scanning electron micrograph of polished, and etched surface 

of a mullite material (Series 1) .16 volume fraction ZrO . 

Fig. 8. Scanning electron micrograph of polished and etched surface 

of a aullite material (Series 1) with .08 volume fraction 

Zr0 2. 

Fig. 9. A) Same as Fig. 7 at a higher magnification. 

B) SEH photograph of fracture surface of a mullite material 

(aeries 1) with .16 volume fraction ZrO.. 

Fig- 10. K_ r and percent retained tetragonal ZrO vs. volume fraction 

ZrO, for muilite-ZrO, series (#1). 

Fig. 11. K and percent retained tetragonal for n.'llite/ZrO Series 

2 and 3. 

Fig. 12. K vs. volume fraction ZrO, for mullite/ZrO,, Series 1 and 3 

T.E.M. micrographs courtesty of Dr. W. M. Kriven 
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Fig. 25. K. vs. temperature for a A1.0- material with .42 volume 

fraction ZrO . 

Fig. 26. K vs. volume fraction ZrO for Al O./SrZrO material (with 

two surface treatments). 

Fi£. 27. K vs. in (of the monoclinic over tetragonal ratio) for 

a Al O./SrZrO- material with .21 voluae fraction ZrO_. 

Fig. 28. K . vs. Indentation depth (for same tsaterial as described 

for Fig. 27). 

Fig. 29. 1 vs. a /a (I is directly related to toughness, a /a is 

a normalized size function). 

Fig. 30. I vs. percent nonoclinic ZrO ?. 

Fig. 31. K/K (K • K,_ of material K - matrix toughness) vs. a /a* o IC o o 
(a - size scaling factor, a • critical transformation 

o " 

size) for variations in temperature, matrix modulus, and 

composition. 

Fig. 32. K/K vs. a /a for variations in temperature, matrix modulus 

and composition. 

Fig. 33. K/K vs. a /a" compared with measured values for an Al 0. -

ZrO, system (k - 6 ) . 

Fig. 34. Saate as Fig. 22 for a k - 9-

Fig. 35. K/K vs. percent monoclinic ZrO- coespared with measured 

values for an A1,0. - ZrO system ('« « 6). 

Fig. 36. Saze as Fig. 35 for a k « 9. 

Fie. 37. K/K vs. a la compared with measured values for an mullite-
o o r ZrO system ( S e r i e s 1) . 



K'K vs. percent taonoclinic compared with measured values 

for a mullite-ZrO system (Series 1). 

Scanning electron micrographs of polished Al 0 . 

Scanning electron micrograph of a Al^O./ZrO material with 

.15 volume fraction ZrO 

Scanning electron micrograph of a Al^O^/ZrO material with 

.025 volume fraction ZrO . 

Scanning electron micrograph of a Al.,0,/ZrO material with 

.025 volume fraction ZrO., (Fracture surface). 

Scanning electron micrograph with a .15 volume fraction ZrO-. 

Optical photograph of the fracture surface of a pre-flawed 

bend sample. (Al.,0., with .42 volume fraction ZrO- stabilized 

with U weight percent Y.,0.., indent load = 50 kg). 

Sane for mullite material (indent load 25 kg). 

Plastic zone formed at indentation site (same material as 

Al). 

Same as Fig. A3 at a higher magnification. 
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