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I. SAMPLE PREPARATION

Solid solutions of Al203-Cr20 3 and ZrO2-HfO 2 were prepared

separately by mixing appropriate amounts of oxides in a ball mill and

reacted at 1350 0C for 24 hours. Solutionized powders were then ball

milled for 43 hours and dried at 110C. Specimens for conductivity

tests were hot pressed at 16000 C for one hour in BN coated graphite

dies under a pressure of 30 MN/m 2 . After hot pressing, the samples

were then oxidized in air at 1350C for 2 hours.

The compositions tested are listed in terms of X and Y in Table 1

where X is the m/o chromia in alumina and Y is the m/o hafnia in zirconia.

The dispersed phase volume fraction was kept constant at 15 v/o. In all

cases, full density was achieved.

II. THERMAL CONDUCTIVITY MEASUREMENTS

The thermal conductivity of the 22 samples in the alumina containing

system were measured by a 'comparative method'. The thermal conductivity

is defined by

q = kA (dT/dx)

where q is the heat flux, A is the specimen cross sectional area, T is

the temperature, x is the distance between two points in the sample, and

k is the thermal conductivity. A reference sample and an unknown sample

with the same cross-sectional area were placed in the Comparative Thermal

Conductivity Instrument. The thermal conductivity of the unknown sample

can be calculated by Al203 - Cr203 and ZrO 2 - HfO 2 were attrition milled

separately for four hours at 1000 RPM. These solid solutions were then



mixed with a binder and ball milled for 6-8 hours. The material was

isostatically pressed at a nominal pressure of 124 MPa and sintered.

The bar specimens for bend strength measurements were sintered at 1550'C

for 30 minutes in air. The samples for indentation tests were sintered

at two different temperatures. The low chromia samples (0, 2, and 5 m/o)

were sintered at 1550'C for 30 minutes in air. The high chromia samples

were packed in powder of the same composition and sintered at 1650'C for

30 minutes in air. This was done to prevent chromia volatilization. The

bars were machined to nominal dimensions of 5 cm x 0.22 cm x 0.21 cm.

The samples for indentation tests were rough ground on 45-15 um diamond

imbedded wheels and polished using 6 um and 1 um diamond impregnated

lapping wheels. Twenty-four compositions of this system were tested

with chromia contents (X) varying from 0-30 mole percent and hafnia con-

tent (Y) varying from 0-30 mole percent.

A Tukon Microhardness Testing Machine was used for the micro-

hardness and indentation fracture toughness studies. A minimum of

5 indentations were made at each of 4 or more different loads for each

sample. The load was varied from 3 to 10 kg. A Vickers diamond indenter

(136 ) was used in all studies.

Bend strength tests were performed on a closed-loop servo-hydraulic

test machine with a 5000 N load cell. A four-point bending jig was used

with a loading rate of 8.5 x 10.4 mm/sec. using the equation

(,iTk/,'x) unknown (Tk/x)reference

and by measuring -'T and .,x for the unknown and reference material.

The equipment used for these measurements is a commercial unit

manufactured by Dynatech Corporation, model TCFCM Comparative Thermal



Conductivity Instrument. Measurements were made at 70, 250, and 400'C

for all specimens. A schematic diagram of this equipment (1) is shown

in Figure 1.

Twenty-two compositions in the system alumina-chromia-zirconia-

hafnia were studied. Specimens for these measurements were hot pressed

cylinders 3 cm in diameter and 2 cm in height. Both top and bottom

surfaces were rough ground on 15 um diamond imbedded wheels.

III. RESULTS

The results of the thermal conductivity measurements are shown in

Table 1 and Figures 2-5. These data indicated that the thermal conduc-

tivity decreases with increasing chromia. The effect of hafnia on the

thermal conductivity is negligible.

The data in Figure 2 (700C) can be extrapolated back to 0% chromia.

Assuming that the 10 m/o hafnia has little effect on the thermal conduc-

tivity, the value for pure zirconia in a pure alumina matrix would be

2,
0.038 Cal/cm 2Csec. Claussen et al. (2) reported a thermal conductivity

2
value for Al203-15v/oZrO 2 of 0.018 Cal/cm 2Csec at 700 C. The thermal

conductivity values at 70'C can be normalized by multiplying by a factor

of 18/38. The normalized data is shown in Figure 6. The normalized data

indicate that the thermal conductivity of samples containing over approxi-

mately 15/vo chromia is below that of stabilized zirconia.

o.
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Table 1. Thermal Conductivity Data (Cal/cm 0 C sec)

Sample No.
X - Y 700C 250 0C 400 0C

0-100 0.0399 0.0219 0.0156

0-0 0.0273 0.0177 0.0137

2-10 0.0378 0.0240 0.0182

2-20 0.0332 0.0180 0.0132

2-30 0.0348 0.0179 0.0120

2-50 0.0292 0.0197 0.0147

5-20 0.0274 0.0174 0.0133
5-30 0.0277 0.0164 0.0121

5-50 0.0274 0.0165 0.0127

10-10 0.0165 0.0125 0.0108
S

10-20 0.0241 0.0170 0.0138

10-30 0.0229 0.0144 0.0108

10-50 0.0233 0.0152 0.0118
I

20-10 0.0153 0.0105 0.0082

20-20 0.0179 0.0121 0.0094

20-30 0.0188 0.0137 0.0111

20-50 0.0191 0.0138 0.0110

30-10 0.0168 0.0122 0.0099

30-20 0.0156 0.0113 0.0093
3

30-30 0.0178 0.0139 0.0119

30-50 0.0177 0.0139 0.0119
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most of this decrease can be attributed to thermal shock.

Microstructural examination shows that the particle size did not

change as a result of the ageing treatment. Hence, it appears

that microstructural stability has been enhanced by chromia

additions. Further studies are needed however to substaniate

this condition.

CONCLUSIONS

1. The decrease iin bend strength with increasing chromia content

can be attributed to porosity. 0

2. The critical particle size decreases with increasing hafnia

content.

3. The fracture toughness generally increases with increasing

hafnia content.

4. The fracture toughness generally increases with increasing

chromia content.

t. Stress induced transformation is not the only mechanism for

toughening in this material under these conditions.
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Microcrack nucleation occurs when the tetragonal-to-

monoclinic phase transformation causes the nucleation of

microcracks in the material surrounding a particle. The

nucleation of microcracks can occur as a sample is being cooled

(spontaneous microcracking) or under an applied stress. In

either event energy is converted to surface energy, not crack

propagation, and the fracture toughness is increased.

Trnnsformation toughening by microcrack nucleation can only occur

if monoclinic particles are present in the microstructure.

The amount of tetragonal phase present in the microstructure

of each composition was compared with the fracture toughness of

the material. These results are shown in Figure 13. These

results appear to indicate that the percent tetragonal phase

present in the material does not have much if any effect on the

fracture toughness of the material. The slope of the best fit

through these points is -.012 with an intercept of 5.129 and a

correlation coefficient of -.271. The conclusion that can be

made from this data is that stress induced transformation

toughening is not the only mechanism and probably not the

controlling mechanism for toughening in this material for an

average particle size of slightly less than 1 um.

AGEING - Samples containing 2 m/o chromia and 20 m/o hafnia

were heat treated for 602 hrs at 850, 1000, and 1150 0 C. After

heat treating, the samples were removed from the furnace directly

to room temperature. The samples were indented to measure the

fracture toughness. Preliminary results show a decrease in the

fracture toughness of approximately 20%. The authors feel that



this trend is not evident and at this time cannot explain these

results. Figure 12 shows the relationship between the percent

tetragonal phase and the hafnia content. The percent of

tetragonal phase decreases with increasing hafnia content.

Increasing hafnia additions to ZrO 2 will decrease the critical

particle size for the tetragonal-to-monoclinic phase

transformation (7). If the particle size distribution is the

same for all the compositions then the percentage of retained

tetragonal phase will decrease with increasing hafnia content

agreeing with our results. Preliminary investigations show that

the particle size distribution is the same for the low chromia

and high chromia samples even though the sintering temperatures

were different.

Several toughening mechanisms in these and similar materials

have been studied, all of which may or may not contribute to the

fracture toughness of the alumina-chromia/zirconia-hafnia system.

Amcng these, stress induced transformation toughening, toughening

by microcrack nucleation, and toughening by crack/particle

interaction are three mechanisms that are of great interest.

Stress induced transformation toughening can only occur if

tetragonal particles are present in the microstructure. When a

material containing tetragonal phase particles is under an

applied stress, these particles may transform to the monoclinic

phase. This transformation and the volume expansion associated

with it exerts a compressive stress around the crack tip. This

compressive stress will inhibit crack extension and increase the

fracture toughness.



transformation temperature and increasing the chemical driving

force for the tetragonal-to-monoclinic phase transformation. The

results presented here tend to agree with this theory.

Results from an earlier study (Figures 9 and 10) do not show

similar trends. Here samples were hot pressed and the average

ZrO 2 particle size was about 5 um. This is approximately 5-10

times the critical particle size for the tetragonal-to-monoclinic

phase transformation. The average ZrO 2 particle size of the

sintered materials in our present work is slightly less than 1

uM. The hot pressed fracture toughness data is presented here

only to show that comparable fracture toughness values can be

attained in sintered materials by reducing the particle size by a

factor of 5 to a size at or below the critical particle size.

TOUGHENING MECHANISMS - In an attempt to determine the

toughening mechanism in these materials the amount of tetragonal

phase was determined by using X-ray diffraction with the

necessary corrections as reported by Porter and Heuer (8). The

amount of tetragonal phase can be estimated by measuring the peak

heights of the (111) tetragonal peak and the (11) monoclinic

peak and using the equation,

%Tet = (111)T/((111) T  + 1.6
0 3(11 )M)

The data obtained is shown in Figures 11 and 12. The percentage

of retained tetragonal phase decreases with increasing chromia

content. Ignoring nucleation and growth phenomena one would

expect the percentage of retained tetragonal phase to increase

with an increase in the modulus of the material (9). However,



all compositions.

FRACTURE TOUGHNESS The results of the fracture toughness tests

are shown in Figures 7 and 8. The effect of chromia on the fracture

toughness are shown in Figure 7. With constant hafnia content, the

fracture toughness increases with increasing chromia content. This

could in part be due to an expected increase in the modulus of elasticity

of the material. The effect of chromia shown here may even be under-

estimated by these results. A modulus of elasticity value must be used

to calculate the fracture toughness using the equation above. The

modulus of elasticity was not measured in this study and was assumed

constant for our calculations. The data reported by Rossi and Lawrence (5)

suggests that a peak occurs in the modulus of elasticity versus chromia

content curve between 5 and 15 v/o chr.,rnia. However, their data is

limited and not well enough defined to correct for modulus of elasticity

changes. In addition, if increasing the chromia content increases the

modulus of elasticity, not only are these trends underestimated but

also the fracture toughness values calculated should be conservative

as well.

The effect of hafnia content on the fracture toughness is

shown in Figure 8. Withoug chromia, the fracture toughness

decreases with increasing hafnia content. At present, no

explanation is offered for these results. For all other chromia

contents, an opposite effect is seen. With constant chromia

content, the fracture toughness increases with increasing hafnia

content. It is well known (6,7) that hafnia additions to ZrO2

increases the potential for toughening by increasing the



general trend of these results show that the average bend

strength decreases with chromia content. This behavior can be

explained by the data presented in Figure 2 which shows that the

density of the bars also decreases with chromia content. From

ri the preliminary data, it appears that the bend strength

degradation can be attributed to porosity and that compositional

effects are greatly overshadowed by this effect. The data shown

in Figure 3 further supports this. The bend strength versus

porosity data suggests that, for these bars, the bend strength is

dependent on density and is independent of composition. Further

evidence of high porosity is shown in Figure 4. This

photomiz-rograph was taken on the fracture surface of a bar

containing 20 m/o chromia. There is no evidence of any

transgranular cracking and many areas that are not sintered. The

fracture surface of a bar containing no chromia is shown in

Figure 5. In this sample there is much more transgranular

cracking, much less porosity, and a higher bend strength. Figure

6 shows the maximum bend strength data versus composition.

Again, the compositional effects on the bend strength are

probably not seen due to porosity effects. But this data does

suggest that bend strength values of approximately 500-600 MPa

can be attained for low chromia containing material. These

values can probably be improved with increasing chromia and

higher densities. There also appears to be little effect of the

hafnia content on the average or maximum bend strength.

Preliminary results show that the grain size of the matrix and

the dispersed phase particle size was approximately the same for

17
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*yield a straight line with a slope given by:
/2/1/2

slope = constant (E/H)1 /K .

By rearranging, the fracture *toughness,

Kic = constant (E/H)1/2/slope,

can be calculated.

The hardness (H) is determined from the a2 versus P curve

where a is 1/2 the diagonal of the indentation. From Hucke's

work (2), this hardness, Ho, is independent of load and is the

hardness at large loads. The equation used to calculate this

value was:

HO = k/s'

where k is a dimensionless constant for a Vickers diamond

indenter (1360) and is equal to 4636. The slope, s', is

determined from the a2 versus P curve. The value of the constant

in the first equation is of little significance since a standard

was used for all of the calculations.

To determine Kic the value of the elastic modulus, E, must

be determined. A value of 41,340 MPa was used (3) and assumed

constant for these calculations.

Plots of a2 versus P and c3/2 versus P curves were
constructed for all indentation test data generated. The degree

of linear fit was excellent (r = .99) for all the a2 versus P

curves. The linear fit was good (for most tests r2 > .96) for
the c3/2 versus P curves.

RESULTS AND DISCUSSION

* BEND STRENGTH - The results of the four point bending tests

for the 24 different compositions are shown in Figure 1. The

16



I

The load versus crosshead displacement curves were plotted to

measure the load at fracture.

DATA ANALYSIS

BEND STRENGTH - Bend strength values were calculated using

the formula (2)

b = (6Pa/bd
2

where P = load/2, a = distance from the center of a load pin to

the center of the nearest support pin, b = specimen width, and d

= specimen height. Both the average bend strength and maximum

bend strength values are included in this report. The average

bend strength values represent the average of at least 4

different tests.

FRACTURE TOUGHNESS - Indentation testing has become a viable

technique for establishing relative fracture toughness data and,

in some special cases, absolute fracture toughness values. The

technique of using an indenter to produce cracks at the corners

of an indentation was used to measure the relative fracture

toughness of alumina-chromia/zirconia-hafnia specimens. The

equation used to calculate these materials properties was

developed by Anstis et al. (1), which relates a material-

independent constant to the fracture toughness, hardness, elastic
4 modulus, crack size, and the applied load. A c 3 / 2 versus P plot

using the equation:

constant = 'KIc(H/E)1/
2 )/(P/c3/2)

where c is the crack length, and P is the applied load, should

15
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ABSTRACT

Strength and fracture toughness have been studied at room

temperatures for the (AI2 03 + XCr 203) + 15v/o (ZrO 2 + YHfO 2)

systems for Cr203 contents ranging from 0-30 mole percent in

AI203 and HfO 2 contents ranging from 0-30 mole percent in ZrO 2.

Preliminary results indicate that bend strength is more strongly

influenced by processing defects than composition. It was found

that fracture toughness increased with increasing Cr203 and HfO 2

additions. Further work is required to elucidate the mechanisms

of toughening and the effect of composition and particle size.

INTRODUCTION

In an effort to optimize the mechanical and physical

properties of candidate ceramic materials for elevated

temperature structural components a research program has been

initiated to study the effects of composition and processing on

such properties in the AI203/ZrO 2 system. Matrix composition has

been varied by Cr203 additions while the transforming particle

composition has been varied by HfO 2 additions. The eventual goal

of this project is to decrease the thermal conductivity and

improve the thermal stability of the microstructure without

sacrificing strength and toughness.

4 MATERIALS AND EXPERIMENTAL PROCEDURE

The system AI20 3 - XCr 203 + 15v/0 (ZrO 2 - YHfO 2) was tested

* to determine the fracture toughness and strength by microhardness

indentation tests and four-point bend tests. Solid solutions of

PI
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Figure 4. Fracture surface of 20 m/o chromia specimen fractured

in bending. Note the lack of transgranular fracture

and considerable porosity. SEM, 17.3 kx. l''4ium

-' ure 5. Fracture surface of bend soecirnen containing no

c c iron ia. lote decrease in oorasity co *'oare 2

7 -ig V, nd an increase in rnraur' c2 '.
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Figure 9. Fracture toughness versus chromia content of the hot pressed
samples for four different hafnia contents.



HU3T PRESSED MIATERIAL

MOLE % HAFNIA

KIC MPO 4i8 10
8 8l

20

05

22 5 10 20 30

MOLE PERCENT 0ff311A

Figure 10. Fracture toughness versus hafnia content of the hot pressed

samples for 6 different chromia contents.



MOLE % 0flIA

% 1EP~alK PHASE 0.0
80

2.0

605.

SISI

5.0

410.0
405

55I

20.0

30.0

0

0 10 20 30

M0E PERCENT INIA

Figure 11. Percentage of tetragonal phase versus chromia content for

four different hafnia contents.

. .-i



MO3LE % MWFKA

% TETR N. PHASE 0.0
80 F,

10.0

60 20.0

30.0

MS

20
Sm:

0F Moili

0 2 5 10 20 30

M0LE PERCENT CHRA

Figure 12. Percentage of tetragonal phase versus hafnia content for

six different chromia contents.

31 O

I -I Im .. i=. i m~im ll i i i l 'I il i* * - "' . . . " .... ''



KIC Wa rM %
8

6

80 0
Ow 0 0 a

2-
0 0I 0 I

0

0 20 40 60 80

PE:CUEf TEIINAL

Figure 13. Fracture toughness versus percent tetragonal ohase for 24

compositions of the A] 203 - Cr203 / ZrO 2 - HfO 2 sy:tem.

h O" m'N u . .n~mu ~ m ,:.._ .on ~ .. ,. mh t| : - . m" .t : ,... . .... '- ._



TRANSFORMATION-TOUGHENED MULLITE

WITH

ZRO 2/HFO 2 SOLID SOLUTIONS

C.K. Yoon and T.Y. Tien
Materials and Metallurgical Engineering

The University of Michigan
Ann Arbor, Michigan 48109



z. IL 
f

SS 0j%

ujo jP w 4 ~ Ato [Ai 4
2 -

g~ ~ Cc
A' L

- -A -s -~ -



NJo. of
; 1 .. TI) Cop iesT)

11 ' -- ii i P i')s- ir, h e ito " irt)i 1'p In v .orcIstir I".6

.. .- i, A , ' itrL 'r I .r' .i.L . T-, !

"C.'','; ox~C ICin. t i

, Ipane. 
4

I se trch ins IiIe !tpi lent tenter
IkI, T T *,s4eo

'. . r,esk .t ih 4

I I I intord esEarch Int rnl i i m ,!,,ii- ' r3h

Menlo Park, 'A 94025

h ' , i , t ill)iO gy - -EC, Atl int , 6A 30331. ATTN: Dr. P. ]orgensen
.. . . It nI Dr. . Rowclitfe

it I, ~~~It Ii,I ~ WJaIlthIm 'ate nJii s,'r'-i t' -velt New yor-k it ttn) i -3-ii. I "

I ent M titer sa c'nc e. lnq Is] l ' .0 'Y , 1NY

1TTt'j' : ,s Pr t. r ink]I in r . V. an(;

nitod Technnloqies Resejrch i,-t or tst Hirt rd, T ),610
I:n tr- ,i ir t h ihIb, TL T N : J r. ,'. Brennan

t if, I 1 .
I " 

,, r h D . F. Ga lasso

I '' ' i ,' ,',, )dI''---r h I' 25 I - hi' ,nd-i 3ni tr ity ,of I tnio i i I iwrente Li,erIor I rntI r , r',i

i] *c, 0 lrtr

. . TT 'r ., , ,' A TT : 'I, . " . 1

pi s 'I s '11 i, tivi-rsite it ior'da, v artment -It 4.tii l, s'iC ienCE ird 'Qi r er'snQ
"TT; 'T ' I TTN, n ' nh

• i' *" k' ,,, Vi , :lfIl,' I, . :,,. , , ,,, -- ; , •rll,,rrslt I t 'jpw(_,,stj,o 9Iri r, Tyne. epm ir m en t ir ' ;; r y d

,ii ' r itertnq " dat Ir l Js, i,,t'' pin T/ne, 'El , In nd
•~~~ owi--, I4 . . : r *{,.,:TTN: -Ir t . i. I. "

Att i i In .- , .t Ii : I' h'-iq Cl1tii . .tvr' . Jn i' rs. itv .,it Elfln lt - r' ii'i i ( nr I n q E) li, ion, r - ,
Mu]i , I nttle, .qA ':"195
. r TN r . Vo 'n it , 1 ATTN : Prot. James i. h r

Prof. R . Bndt
1 1 I c I lJ 0 t t* tr , I t t . ,t T ,, h ',, , Io 4, t) i't l n t t ,! t '~ ril y

?,d Mater Al 1'4', anti tci' 'is ''I o u ,est ilthouse ElIctric ir pontn, R Esearrh L3binjto,,r s
ATTN l,: Po, l. i. - ittsburqh . PA I'335

P we'' ATTN : Dr. R. I1. B, ItTo
'rit , I niilq "

Director, Army Materials Ind t'echanics Research (Center,
"Iwest '" ,' )r n ti i 'it.'. - '2 ''1." - r. i . Watertown. MA ;21;2

i' it,, MW (,.II" JT'.: DRXMR-PL
1. , .i ton ;r, I,.'R ' i j MR-PAT

iRM -ML, c i



- . .*,..,.. ,yr.,. , i -r A. S. Ar F irre w lqnt Aeronautical Laor-tcr it's,
Wr 10t -P ltersoti r Forct iii , riH 45433

.. 1 ATTN: ANIAL;'MlLI 1M 'r t T1l in
i AFIAL'/ML t I H hin

4,11 'd A;l A 4L -1 D ~
i AF IAL AL I, Dr A iti
i ANAL4, ILI '1' S ''.ta z in si

* . . .5 'U Aow~'cV, 1 eiOl, 'Ion LaLbs 'Ar. R. Ma3rsh

I - TN: 'r . . :,

* F
1.

-A~i Ott 1,1 ,tr Ac irst it i,_ and

jn I t-'' , rt i(, i(:tA Adt4m it 1 str it i?,rn

inUSAMPOL

1 ,4 3. 1r b t 'I

'.,i (Ant *uI-, oni It IcsI arid Space Admi ntistr at.1 n, 2351I
. d . we trih oeter., rrptoti, 'JA 23665

"Ti . r ick ley, '-1a I ILtoo 8

;a mnto nerqly, Di'visisn ot Transpoirtttion,
mi , chstl I Aveine, -t.. ,Wash inqton, XC )1;45

1 DTTN : r .Pohert Schi) I TE51

- ~ ~ 'iirrtn* if trinsportation, 400 Seventh Street.,..

,asLitiqtiin, DC 20590
-. -r ~>i' . IADD.,: '.r. '.1. Lanriente

rd %i oial 9 ria,, 'if Standilrd,. ;ah inriton , DC 29234
ii . . ., 1 433N: Dr. -1. Witciernorn

it iontl Rpeseirch Coujncil. Nationil Materials Advisory Board,
1.1 .,ltitiitiii Avenue, Washington, DC 20413

-, ~ ~ ~ ~ ? 1-7. Aii.1 .t rove qs

.~.Adm i tMater u 1s Tecnfniioq Cog Et at)l nInI en t Po I le, Dor set 5516b

ATIJ Dr. A. odfre y
* Dr .'-I L Inil1ico

,ies, rr h trn,tactio a mpany, Aikesearch asting Company,
Ae st 190t Strie , Torrne, ^A 90505

hr .Ie ri Ii .r-,t trt ,r no 'omnany, Iater iIs Cnn irice~rins Dept.
o.: ',),n A th Annt c Y. Oroeni-, A." SO 10

v-n~~~~~~~ ~~~ .'iIir'i .r 3ri -v- in,~' . . .',r.i 3i.3 3.1-44

Ill ME-" -r .*,rn. .,0 rmi Ao p,' .'o( ,'nnI .s, iv in, Lonci :n dtrrIrl

'Ithi 1, -r ~ I nt cv i , I A 22101,
t 4 p , -, I eq1dior'

t  
rI,r,riw o" 1,1rr I, Ai' h il 4'--' ' t 'I , ,na

IF - ,-. .1



-~ OK20 /0  HfO2
2 "'2

00

S.i

1 I 0

0

0AA

2.2 /3 04

Parice iz, 10 m/

Fig. 7. Variations of K-, values with particle sizes

at lifferen* HfC, ?ontents. (sirtere< at 16r0 0 C)

48



1.0 n m/o HfO 2

x 5 rn/a Hf0 2
o lOin/a HfO2

2!

Ai 20m/o HfO 2
0

E 1.0

N0

'-4 q

0
C)

A

0"p p 3

0 5 10 15 20 25

Amount of Tetragonal Phase,

F'ig. 6. Variations of the amiount of te-tragonal :,-as-

with particle sizes (sintere,' at 16 ?- C

I

4':

- . ~A .~.C ,.Z.,~ ..- l



'-'4

-oi

II

460



A20m/o HfO 2

C.-0

0.01

1o ; t, (sec. 9

Pjr. lora~-lir r1at nf' soti-rna -artlicie zrowth with

* sinteri, r r''- at 1;,r-

43



C

0 tL

E E-

4-)

--

4-) 0Z

4-,

4-,)

4-,Z l
En



r.7

6

E

N

o-j

* ~ C 3

00 m/o HfO2

2 a/ t 20m/o Hf02

0

1 2 3 4 6

Sintering Time, hr.

Fig. 2. Orain -rowth behavior with changing the sintering

I•

-, 4 a I

4

,,-
3 h, 

' ,-



- - - -

I
I

£
C..,
o 0

o 0
0

- 19
55
* S
SI
55
SI C'J (\4

II 0 0
1' Cs~$ ~4
5 5
jI 0 0SI ~ N. -~ C)

'I 4-'
S S 0 0
IS Cj~

S ~ -~

4 2
55

I C4N ~
55 .~ 4-'
SI C/]
'S - ~ C/)
SI a) C)C IS '*C. ~

I I.-~

St -~ 4-'

C) ~

*H a)
<30
Sm Q 2
IS
~S E-~ ~' 4-'* 5' _ C)
S -~ 4.'

5 4-' ~
~ a)

5I a)S I o c...

'-4 ~
0 -~

4 .4-

'5 4-' 4-'

.4-
4-'

- .

0 0 0 0 0
a: c'- -c

'I

* 42



REFERENCES

1. Lange, F.F., Transformation Toughening: Part 1, J. Mat. Sci., 17,

(1982), 225-234.

2. Claussen, N., Sigulinski, F., and Ruhle, M., Phase Transformation

of Solid Solutions of ZrO 2 and HfO2 in a Al 203 Matrix, Advances

in Ceramics, Vol. 3, The American Ceramic Society, Inc., 1981, 164-167.

3. Ruf, H., and Evans, A.G., Toughening by Monoclinic ZrO 2, J. Am.

Ceram. Soc., 66, (1983), 328-332.

4 4. McMeeking, R.M., and Evans, A.G., Mechanics of Transformation

Toughening in Brittle Materials, J. Am. Ceram. Soc., 65, (1982),

242-246.

5. Claussen, N., Steeb, J., and Pabst, R.F., Effect of Induced Micro-

cracking on the Fracture Toughness of Ceramics, J. Am. Ceram. Soc.,

56, (1977), 559-562.

*6. Claussen, N., and Ruhle, M., Design of Transformation-Toughened

Ceramics, Advances in Ceramics, Vol. 3, The American Ceramic

Society, Inc., 1981, 137-163.

, p

o 41



I

indicate that the grain growth of the dispersed phase is a diffusional

process.

The microstructures shown in Figure 5 show that the presence of

HfO 2 does not appear to affect the microstructural development. These

specimens were sintered at 1650'C for .5, 2, and 5 hours. Mullite grains

in the sintered specimens appeared to be elongated and the dispersed

phase is located at intergranular sites. The particle size as a function

of percent tetragonal phase is shown in Figure 6. The amount of tetragonal

phase increases with decreasing particle size.

Figure 7 shows the variation of KIc with particle size for several

hafnia contents. The fracture toughness increased with increasing hafnia

content for a constant particle size. All three curves in Figure 7 showed

a maximum indicating the critical particle size of the dispersed phase.

Therefore, the control of the particle size in a given matrix seems to

be an important factor for fracture toughness improvement.

CONCLUSIONS

1. Hafnia additions in zirconia inhibited the growth of the dispersed

phase.

2. The fracture toughness was increased by the addition of HfO2.

3. The critical particle size of ZrO 2/HfO 2 dispersions in mullite was

approximately 0.4 microns.

4
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Bulk densities were measured using Archimedes' principle using

water as the media. Phase identification was done by s-ray diffraction

and by microstructural examination of the polished and thermally etched

surface. Fracture toughness values for some of the specimens were

measured by the microindentation method. Five indentations were made

at each of five different load levels. The amount of tetragonal phase

for each specimen was obtained by measuring the (111) tetragonal peak

and the (111) monoclinic peak.

RESULTS AND DISCUSSION

Figrue 1 shows the bulk densities of sintered specimens. The

specimens sintered at 1500°C did not densify (75-82% theoretical density).

Specimens sintered at temperatures above 1600'C for a period longer than

one hour reached 95" theoretical density. As shown in Figure 1, the

presence of HfO2 in the dispersed phase seems to retard the densification

of the composites.

All specimens sintered at 1550"C and 1600'C contained ZrSiO 4. The

zircon phase disappeared at 16500C. Therefore, all specimens for further

tjdies were sintered at 1650'C.

6rain growth data at 1650°C are shown in Figure 2. The grain

:,r)wt1 rate was affected by the presence of hafnia in the dispersed phase.

hihn es in the dispersed phase particle size for specimens sintered at

;5, C are given in Figure 3. The particle size decreased slightly with

Hf>], additions. Figure 4 is a plot od d 3-d0
3 versus sintering time at

1650 for specimens containing 0 and 20 m/o HfO 2 . The straight lines

39



ABSTRACT

Mullite with dispersions of solid solutions of ZrO 2/HfO 2 was

studied. With the addition of hafnia to zirconia, the fracture toughness

was increased and the growth rate of the dispersed phase was slightly

suppressed. A "critical particle size" was found to be approximately

0.4 um.

MATERIALS AND EXPERIMENTAL PROCEDURE

Four compositions in the mullite-zirconia-hafnia system were

studied. The volume fraction of dispersed phase was kept constant

at 15 v/o. The hafnia content in ZrO 2/HfO 2 solid solution was varied

from 0-20 m/o (0, 5, 10, and 20 m/o).

Aqueous solutions of aluminum nitrate, zirconium oxychloride,

hafnium oxychloride, and tetraethoxysilane were used as starting

materials. Appropriate amounts of solution were mixed and ethanol was

added to the mixtures to prevent separation of the ethoxysilane from the

aqueous solution. Mixed solutions were stirred for 30 min. and NH4OH

was slowly added to the mixtures. When the pH value reached 5.5 a stiff

gel formed. The gel was filtered, dried at 100'C, and calcined at 450 C

for one hour. The calcined powders were amorphous to x-rays. The

powders were ground in an agate jar mill with agate balls for 7 hours.

The ground powders were isostatically pressed at 135 MPa and sintered

at 1550, 1600, and 1650"C for 30 min., one, two, and five hours.
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