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ABSTRACT

Three Al203/Zr02 composite series, containing 0, 2, and 7.5 mole %

Y203, respectively, were fabricated. For the Al203/Zr02(+2m/oY2O3) series,

tetragonal Zr02 was retained from one end-member to the other. Significant

increases in fracture toughness and strength were observed for materia ls in

this system. Strengths decreased with increasing temperature. These results

are consistent with previous theoretical predictions.
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1.0 INTRODUCTION

A stress- i nduced , martensitic transformation can be used to increase

the fracture toughness of brittl e material s based on ZrO2.(1 6) Metastable,

tetragonal Z.r02 is the toughening agent. Transformation to its stable,

monoclinic structure in the vicinity of the crack is responsible for the

increased fracture toughness.

A previous theoretical study(7~ outlined the thermodynamics

concerning the general conditions required to retain tetragonal 1r02 and its

contribution to fracture toughness. One conclusion was the importance of the

elastic properties of the matrix materi al that constrains the shape change

associated with the transformation. That is , both the retension of the

metastable phase and its contribution to fracture toughness can be optimi zed

by increasing the elastic modul us of the matrix material . Based on this

conc lu s ion, experimental study was directed toward ti~ phase composites in

which tetragonal Zr02 coul d be incorporated into a polycrystalline matrix of

higher elastic modul us.

The A1203—Zr02 system was chosen for this study because A1203 has

approximately twice the elastic modul us of Zr02 (390 GPa vs 210 GPa) and both

phases are compatibl e with one another.(8) Claussen(9) has already

demonstrated that A12O3/Zr02 polycrystalline composites could be fabricated

and , during the course of the present ~,rk, he
(
~
0) al so demonstrated that

tetragonal Zr02 could be retained in A1203 in volume fractions up to 0.17.

1
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2.0 EXPERIMENTAL

• 2.1 Fabrication and Phase Identification

The intent was to fabricate a series of A1 203/Zr02 material from one

end-member to the other and to retain Zr02 in its tetragonal structure.

Initial studies indicated that within the range of fabrication parameters

investigated, pure, tetragonal Zr02 could only be retained in vol ume fractions

‘0.15. Based on phase retentions studies in the Zr02-Y 203 system ,~
6)

additions of 2 mole 7. Y203 to the Al 203/Zr02 composite powder were used to

retain the tetragonal phase from one end-member to the other.

Three composite series were fabricated for this study : one

containing pure Zr02 with volum e fractions up to 0.20, one containing Zr02 +

2mb y2Q3* in which tetragonal Zr02 was retained from one end-member to the

other, and one containing Zr02 + 7.5m/ oY 2O3 in which cubic Zr02 was the second

phase. The latter composite series was used for base ‘line info rmation where

transformation toughening was not a phenomena associated with the material’ s

mechanics.

Sub-micron powers were used.t Y203 was i ntroduced as yttrium

nitrate.~ Composite powders were mixed by ball -milling with methanol and

Al 203 balls in a pl astic container. All powders were dried ; those containin g

*m/o mole 7., yb = volume ~tAl 2O3: Undy B, Union Carbide Corp.; ZrO2: Zircas Corp.
§Research Chemicals Inc .

2
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yttrium nitrate were calcined at 400°C for 4 hrs. Densification was achieved

by hot-pressing. l’bst Y 203 containing compositions were hot-pressed at

1óO0°C /~ hrs , compositions containing 0.8 and 1.0 vo’l~ i~ frac ti on

Zr02(+2rn/oY2O3) were hot-pressed at 1400°C in order to achieve a smaller grain

• size which allowed the retens ion of tetragonal 1r02. The non-yttria compo-

sites were hot-pressed at 1500°C, again to achieve a smaller grain size for

optimizing the retension of tetragonal Zr02. The pure A1 203 end-member was

hot-pressed at 1400°C to achieve a grain size comparable to the twa-phase

materials (the introduction of one end-member into the other l imited grain

growth).

Arc himedes ’ techn ique was used to measure density of the S oti

diameter hot-pressed billets. Specimens were cut , ground and polished* prior

to phase identification by x-ray diffraction analysis. Two-theta scans be-

tween ~7° to 33° were used to estimate the tetrasjonal/nionoclinic Zr0~ ratio

and scans between 55° to 62° were used to confirm either the tetragonal or the

cubic Zr02 phase.

Mechanical Measuremen ts

Young’s modulus (E) of selected compositions was measured at room

temperature by the resonance technique in two nodes of vibr ation: flexural

()kH3) and extensional (60 kH3).

*Surface damage caused by cutting and grindin g causes the surface to
transform. Polishin g decreases the depth of the transformed surface l ayer .

3
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The critical stress intensity factor (K r) was measured on polished

specimens by using the indentation technique and the function

K a 

~ 
f(c/d) (1)c 3(H/3E )0

developed by Evans and Char l es.(~
1) The hardness (H) was measured at a load

of 20 k~n. The half-diagonal (d) of the pyramidal i ndent and hal f-crack

l ength (c) were used with Young ’s modul us and the experimentally obtained

function (11) Ef(c/d)] to compute K~
. Three measurements were made for each

material .

Flexural strength measurements were obtained in four-point bending

(inner span: 1.22 cm, outer span: 2.54 cm) on diamo nd cut spec imens (approxi-

mately 0.32 x 0.32 cm cross sectional ) finished with a 220 grit diamond grind-

ing wheel.

4
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3.0 RESULTS

3.1 Fabrication and Phase Identification

Table 1 lists the fabrication conditions for the compositions re-

ported here and their respective average properties. Densities of the

A1203/Zr02(+2m/oY 2O3) materials obeyed the rul e of mi xtures for the end-

members (A1 203 and tetragonal ZrO2); this indicated that theoretical density

was achieved during fabrication. With the exception of the 60, 80, and 100%

Zr02(+2m/oY 203) material s, tetragonal Zr02 was fully retained in this se-

ries. Hi gh proportions of tetragonal Zr02 coul d only be retained in the

Al 203/Zr02 (pure) series for vol ume fractions of 1r02 ‘ O.10.* The 20v/oZrO2
composition in this series was friable , indicative of its high monoclinic

content and suggestive of a highly microcracked material .

Figure 1 illustrates microstructures of polished surfaces typical of

all the A1203/Zr02 compositions (cracks observed are those purposely propaga-

ted from the hardness i ndent). In general , the mi nor phase appears unifo rmly

dispersed. The observed agglomeration of the minor phase in occasional groups

of 2-5 grains indicates that the dispersion coul d be improved. The average

grain size for the composite materials was dependent on the fabrication tern-

perature, viz. —0.2 pm at 1400°C, —0.5 pm at 1500°C and —1 pm at 1600°C. The

*It should oe noted that phase identification was obtained from polished
surfaces. Altho ugh polishing is effective in removing much of the damaged ,
transformed surface l ayer produced during machining, the tetrayonal content of
the subsurface material could be higher than reported in Table 1.

5
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average grain size of the end-members hot-pressed at 1400”C was ‘-
~~ ma tor

Al~,03 and -0.5 pm for Zr02.

} 3.. Hardness

t Figure ~ illustrate s the Vicker s (20 kym) hardness as a function of

compos i t ion , suggesting a linear rule of mixtures for the A l )3/r0 (.~injoY~03)

series. The highly microcrac ked , 20v/oZrO2 (pure) composition is the excep-

tion to this behav i or; its hardness is consideraoly less. Observations of the

material adjacent to the hardness i ndent suggest that the i ndenter pushed the

microcracked mater i al aside as it extended into the surface.

3.3 Youn g ’ s ~tdulus

Figure 3 reports the Young ’ s modulus obtained from the two resonance

techniques as a function of composition. *

3.4 Critical Stress Intensity Fac tor

F igure 4 reports K
~ 

as a function of composition for the three series

of materials. The elastic moUulus vs composition data showi in Fig . 3 was

used with the ex per i mental parame ters (H ,d ,c) to coi~ipute K
~ 

according to

Eq.(1).

It should be pointed Out here that the Kc values calcul ated for the

Al~03i .rO , (pure) series (Fig. 4b) may be somewhat ‘l arge due to the :~ nocl in ic

contents of these materials. Namely, their inono clinic content suggests the

0
C1980A / bw
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presence of microcracks that would lower Young ’ s Modulus from tho se sho wn in

Fig. 3, which were used to calculate K~. As shown by Lq. (1), the relation

between Kc and E is weak . e.g. , a 20% decrease in E will only produce ‘-10%

decrease in the calcul ated value of Kc. Thus , although the presence of none-

cl inic Zr02 in these materials might lower E (due to the presence of m icro-

cracks), the decrease In K
~ 

from that reported is expected to be small. This

effect is most significant for the 20% Zr02 (pure) composition where direct

ev idence for preexisting microcracks exists , viz , its friable nature and low

hardness.

3.4 Strength

Flexura l strength was determined as a function of composition for the

A 1203/Zr02(+2ni/oY203) series and as a function of temperature for the composi-

tion containing 23.9v/oZrO2(+2m/oY203).

Strength vs composition results are plotted in Fig. ~~ . Specimens

containing )45v/oZrO2(+2ni/oY203) were observed to contain one or two l arge

through cracks of undetermined origin ; strengths of these materia ls are not

represented in Fig. 5. Results for strength vs temperature for the A1~03~.rL)~
V (23.9v/o + 2ni/oY20 3 ) material are illustrated in Fig. 6.

C1980A 1 bw
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4.0 ANALYSIS

4.1 Retension of Tetrayonal Zr02

Theory~
7) indicates that a critical size ex i sts , below which a parti-

cle of tetragonal Zr02 can be cons tra i ned from transform i ng by an elas ti c ma-

trix. The critical particle (or grain) size can be increased by increasing

the elastic properties of the constraining matrix. In previous wurk,(6) a

sufficient ly small particle size could not be fabricated to retain pure, tet-

ragonal Zr02 in a Zr02 constraining matrix. This work indicated that a par-

ticle size ~0.2 pin woul d be required for a Zr02 constraining matrix. The

current work has shown that pure , tetra gonal Zr02 can be retained for an aver-

age particle size of 0.5 ~m when the elast ic modulus of the constraining ma—

trix is i ncreased to —390 GPa (i.e., a composite of A1 203 + small vol ume

fractions of Zr02). A similar resul t has been obtained by Cl ausseni’10) Less

of the tetra yonal 1r02 is retained in the A1 203/Zr02 (pure) series as the vol-

mine fraction of the Zr02 is increased. The increased Zr02 content decreases

the elastic modulus of the composite and thus shi fts the critical particle

size to smaller val ues than those achieved during fabrication. These obser-

vations are consistant with the theory relating phase retension to the elastic

properties of the constraining matrix.

Theory~
7) also indicates that the crit ical size can be increased by

hem
i ncreasing the differential chem ical free energy ( 

~~~~ 
) for Zr02(t)-’.r02 , mn )

reaction. Alloy ing r02 with Y209 increases ~~chem as evident from the V

‘lower ing of the transfo rmation temperature for Y203 additions up to eutectoid

3
C198OA/bw

— 
V.V.V.-VV. V V. 

V - - V. —a .-



V.

Rockwell International
Science Center

SC5117 .1T~

composition at ~3m/o.(b) In the previous study , the cr it ical  grain particle

size of tetragonal Zr02(+2m/oY2O3) was determined to be 0.2 umn . The current

study shows that the critical particle size can be i ncreased to at least 1 P h I

with the higher elastic modul us of the Al 203/1r02 constraining matrix. Al so

note that as the A1 203/Zr02(+2 mn/oY 203) composition approaches the Zr02 end-

member , a large fract ion of the tetragonal Zr02(+ 2m/oY203) coul d not be re-

ta m ed by fabricating at 1600°C which produces a particle (or grain) size of I

pin. in order to achieve a greater amount of phase retention , the fabric ation

temperature was decreased to 1400°C so that a grain size of 0.2 mn could be

obtained . These observations are consistant with the theory(7) relating phase

retention to the free energy change of the nartensitic reaction. 
V

4.2 Criti cal Stress Intensity Factor

A previous theoretical study(7) concerning the contribution of the

stress—induced transformation to fracture toughness resulted in two expres-

sions for the cri t ical Stress intensity factor, which represent the lower and

upper bounds expected for Kc. The lower bound solution assumes that the

transformation does not exhibit a stress hysteresis; this implies that the

size of the process zone at the crac k front is rel ativel y independent of

temperature. The expression for the lower-bound so lution is

Kc 
= [K0 - A E V d i (2)

2~ 
chemaRwhere A = 

~~~~

9
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K.0 is the crit ical stress intensity factor for the composite material without

the transformation , is the differential chemical free energy for the

Zr02(t)+Zr0 2(m) reaction , E
~ 

and 
~c 

are Young ’s £ ‘bdulus and Poisson ’s ratio

for the composite, respectively, V d is the vol ume fraction of the retained

tetragonal Zr02 and R is the size of the process zone.

The upper bound solution assumes that the stress- i nduced transforma- V

tion at the crack front is irreversible due to a stress hysteresis effect.

With this assumption , the size of the process zone (r) depends on temperature

and K0. The upper bound K
~ 

so lution has the form

L
K~~= K0(1+BE~

V
~Y
”2

chem2aGt+I~ ~v’where B =  2 h 2[2ir(1 - V c )
~

Gt+~
m

+Use]

Use is the strain energy and ~V/V is the vol ume change associated wi th the

transformation.

Comparisons of the upper and lower bound solutions with the experi-

mental data were made by calcul ating the constants A and B in Eqs (2) and (3),

respectively, by using the experimental data for the 45v/oZrO2 (#2m/oY203) V

composition. These constants were used along with the experimental E
~ 

(Fig.

3) and K0 (Fig. 4a) for the A1203/1r02(7.Sm/oY203) series to calcul ate K~ and

V K lb as a function of Vi,. As seen in Fig. 4, the lower bound solu ti on agrees

wi th the experimental data for VP < 0.6.

10
Cl 980A/bw
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Further compar i son can be made with the lower bound solution by using

Whitney 4 s (12) thermodynamic data for pure Zr02. By assuming the same value

of t5A G/ 6T reported by W hitney for pure Zr02 and an unconstrained transform-

ation temperature of 800°C for the Zr02 (+2nVoY 2O3) , A~~~
em (25°C ) — 193 x

1O6J/m3. Substitut i ng this val ue i nto Eq. (2) along with the other exper-

imental factors , the radius of the process zone (R) is calcul ated to be

1 pin. This calculation suggests that the transformation depth on the crack

surface is 1 pm which is the approximate particle size of the retained, tetra—

gonal Zr02 in these materials. The agreement between the calcul ated zone size

and the particle size adds some confidence to the theoretical results for the

lower bound solution.

The maximum in the K
~ 

data for the A1 203/Zr02 (pure) series can be

explained by the decreasing retenslon of tetragonal Zr02 for V
~r02 > 0.10. 

V

That is , the maximum K
~ was obtained for the composition in which the reten-

sion was a maximum. Claussen(9) al so observed maxi m um in his Kc data for two

series of A1203/Zr02 (pure) materia ls over a similar range of V
~rO2~ 

For his

data , the max i mnmiui Kc shifted to a higher volume fraction for the smaller par-

ticle size series where greater retention of the tetragonal phase is expected

from theory. From these observations , it can be concluded that tetragonat

Zr02 is the toughening agent and can be optimized by retaining the maximum

content of this phase.

11
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4.3 Strength vs Composition

The strength data presented In Fig. S has been analyzed to determine

Its dependence on the ex per i mental K
~ 

values . In this analysis , It was assumed

that the crack size distribution responsibl e for failure remained unchanged

from material to materia l . With this assumption , the strength of each

material should be related by their respective critical stress Intensity

factors:

K

~ 
(g~•~)° 1 ‘ (4 )

This relation was used with the average strength and for the purt’ A l - 0 3 to

obtain the broken line in Fig. 5. As shown , three of the original f ive sets

of data were in good agreement with thi s anal ysis , but two of the data sets

(v iz  V P 0.182 and 0.295 ) were higher than predicted.

Pascoe and Garvle 03) have shown that surface compressive stress

ari ses In materials contain ing mnetast able , tetragonal 2rO~ when the trans-

formation at the surface is induced by an abrasion process. The vo l ume

increase assc iat ed with transfo rmed surface layer g ives rise to the com:mpres -

sive stresses. Si nce each set of strength specimens was Independently surface

ground , it was suspected that several of these sets (the t~~ th~it r’sulted in

the higher values) nay have received surface dam age to imparted su tt ic ient
V surface compressive stresses to increase their strength. To test t his h~~xt h—

esls , a smal l task was initiated to examine the effec t of surface ~thrasion on

strength. Altho ugh the pr inc ipal results of this task wi l l b ’  rt’ported

1’
C I ‘~ OA , bw
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elsewhere ,(14 ) It was sho wn that if the abrasively ground spec imens were an-

nea led at 1300°C to el iminate the transformed surface layer , the average

strength was lowered to that expected from Eq. (4). These data are shown by

the open triangle In Fig. 5.

It can be conclu ded that the strength of the Al 203/Zr02(+2m/oY203)

composite material s increases prop ortionally to their Increase In Kc as ex-

pected. Additional strengthening can be obtained by compressive stressing the

surfaces through abrasion. Studies are currently underway to characterize and

optimize the abrasion phenomena.

V 4.4 Strength vs Temperature

Strength data In Fig. 6 were analysed in the same manner as described

by Eq. (4). Eq.(2) was used to obtain K
~ 

as a function of temperature.

Whitney ’s resul ts (12) for vs temperature for pure Zr(J2 were used to

determine the temperature dependence of the factor A in Eq. (2) with an

as s umed unconstrained transformation temperature of 800°C for Zr02

(#2m/o1203). The results of this analysis are represented as the solid line

in Fig. 6.

As shown In Fig. 6, the l ower bound solution for Kc results in near

perfect agreement with strength vs temperature data over the range of 25° to

1000°C. At temperatures <25°C, agreement is poor - which may be due to either

an increase process zone size at these tower temperatures (suggesting that the

13
CL9dOA/bw
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upper bound Kc solution may be valid at lower temperatures) or some other cur-
rently unexplained reason.

14
C 1 9~3 ,  bw

I- 

-______  ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
- -~



I
Rockwell International
Science Center

SCS1I1 .7T R

5.0 CONCLUSIONS

It has been demonstrated that the critical stress intensify factor

and the strength of polycrystalline A l 203 can be s igni f icant ly increased by

I ncorporat i ng tetragonal Zr02. Fabrication conditions required to retain the

tetragonal phase at room temperature IndIcate a critical particle size must

not be exceeded. The critical particle size appears to be rel ated to the

elastic properties of the constraining matr ix and the alloy additions to Zr0-~

as indicated by theory.

The fracture toughness is rel ated to the amount of retained

tetragonal phase , i.e., tetragonal Zr02 Is the toughening agent. When the

present data are compared to similar data obtained for the 1r02(cu bic)/Zr02

(tetragonal) composite series,(6) It can be shown that greater gains in are

observed with the higher el astic modul us of the Al ,03/Zr02 constraining matr ix

as predicted by theory. A lthough more fundamental thermodynamic data and

direct measurements of the process zone size are needed, the current K~ and

strength data Indicate that the process zone size is independent of compo-

sition and temperature.

Regard less of the views expressed relating theory and exper imiment , it

should be noted that materials fabricated for this study are some of the

strongest ceramics and that surface abrasion is not detrimental. These bottom

l ine results strongly suggest that transformation toughening should be pursued V

for other systems within the fr amework of present and Improved theoretical

direction.
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TA8LE I
FABR ICAT ION CONDITIONS. PHASE CONTENT AND PROPERTIES OF A1 203 /Zr02 CONPOSITES

i/o Zr02 mb Y 203 
- 

Fabricet ion Density I 2r02’ H £ [ kc

Condition (~ m/cm3 ) phrase (GPa) (GPa) (MPa ph12 )

A1 203/ZrO 2 ( ’2mb oY 20~ ) Series

0 - 1400 C/2Pw 3.98 - [7 .6 390 4.39
6 2 1600’C/2hr 4. 12 L OOt 16.8 — 5. 97

12.3 2 1600 C/Zhr 4.26 lOOt 15.9 - 6.22
18.2 2 1600 C/2hr 4. 38 lOOt 16.1 356 6.58
23. 9 2 1600 C/2hr 4. 50 LOOt 16.4 - 6. 38
29.5 2 1600 C/2hr 4. 62 lOOt 15.7 . 7.43
45.0 2 1600 C/Zhr 4.69 tr m 15. 1 291 8.1~
60.0 2 1600 C/Zhr 5.24 -95t 13.7 . 7 .45

V 80.0 2 1400 C/2hr 5.57 —SSt 1.~.o 237 6. 9
100.0 2 1400 C/2hr 6. 01 ~8Ot 11.6 210

Ah03/1r02( pure) Series V

7.5 - [500 C/Zhr 4. 12 -90t 17.2 . 5.38
[0.0 - 1500 C/Zhr 4.15 —80t 15.8 - 6. 73
12.5 . 1SO0~C/2hr 4 .22 —l Ot 16.9 - 6.2 1
15.0 . 150O~C/2hr 4 .25 —5~Jt 17.3 V - 5• ~1
20.0 . L 600 Cf2hr — 20t 10. 1 - ~~~~~

A 1 203/Zr O 2t .7 .Sm/oY 203) Series
20.0 .5 1600 C12hr 4~.46 LOO c 15.8 . 4.54
40. 0 

V 

•~~ 1600 C1Ziw 4 .39 100c 15.9 - 3. •5

60.0 ‘.S [bO0’C/Zhr 5.28 LUO c 15.0 — 3.50
80.0 7 .5 16O0~C12hr 5.53 lOO c 14.3 - ~~. ~4

100.0 7.5 1600’Cj2hr s.95 lOOc 11.4 - 3.~ O

t . tetr ago nai
C • CubiC
trm • tr ac e ‘~ noc i$ n t c
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FIGURES

Fig.1 SEM mnicrographs of po lished surfaces of Al 203/Zr07 (+2mn/oY 203)
composites at Zr02 vol ume fractions of 0.063, 0.123, 0.45 and 0.80.
Al203 is dark phase.

Fig. 2 Vichers Hardness ( measured at 20 kgm) for the true composite series.

Fi g. 3 Young’s Modul us vs composition for the Al 203/Zr02(+2m/oY2O3) series.

Fig. 4 a) Crit ical stres s intensity factor vs composition for the
A1203/Zr02(+2ni/oY203) (c i rc l es) and the Al 203/Zr02(+7.5m/oY2O3)series (squares).

b) Critical stress intensity factor vs composition for the
A1203/1r02( pure) series.

Fig. 5 Flexural strength vs composition for the Al203/Zr02 )+2m/oY 2O3)
series.

Fig. 6 Flexural strength vs temperature for the A1203/Zr02( 25.9 yb +

2mn/oY 2O3 ) mater ial .
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