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Abstract

Zirconia/alumina composites were fabricated by hot pressing 10 mol% yttria-stabilized zirconia (10-YSZ) reinforced with 0—30 mol%
alumina particulates or platelets. Flexure strength and fracture toughness of both particulate and platelet composites increased with increasing
alumina content. For a given alumina content, strength of particulate composites was greater than that of platelet composites; whereas, difference
in fracture toughness between the two composite systems was negligible. No difference in elastic modulus and density was observed for a
given alumina content between particulate and platelet composites. Thermal cycling up to 10 cycles between 200 @ndid 800 show
any strength degradation of the 30 mol% platelet composites, indicative of negligible influence of coefficient-of-thermal-expansion mismatch
between YSZ and alumina grains.
© 2004 Elsevier Ltd and Techna S.r.l. All rights reserved.
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1. Introduction to an appreciable extent. Strength, fracture toughness, and
other properties such as elastic modulus, density and micro-

Yttria-stabilized zirconia (YSZ) is the most commonly hardness of YSZ/alumina composites were determined as a

used electrolyte in solid oxide fuel cell (SOFC) because of function of alumina content. The effect of residual stresses

its high oxygen ion conductivity, stability in both oxidizing and/or microcracking, due to coefficient of thermal expan-

and reducing environments, availability, and low cfigt sion (CTE) mismatches between YSZ matrix and alumina

However, similar to other ceramics, YSZ is brittle and sus- grains, was also examined by thermal cycling experiment.

ceptible to fracture due to the existence of flaws, which are

introduced during fabrication and use of the SOFC. In addi-

f[ion, the pro_perties' of YSZ such as Iovy therma} ponductiv— 2. Experimental procedures

ity and relatively high thermal-expansion coefficient make

this material thermal-shock sensitive. Fracture in the solid 2.1. Processing and microstructural characterization
oxide electrolyte will allow the fuel and oxidant to come in

contact with each other resulting in reduced cell efficiency  \jaterial processing has been described in detail elsewhere
or in some cases malfunction of the SOFC. Therefore, YSZ [2,3]. Briefly, the starting materials used were 10-mol% yt-

solid electrolyte vyith high fracture toughness as well as en- 5 fully stabilized zirconia powder (HSY-10, average parti-
hanced _str_e_ngth is required for good performance and struc-¢jq size 0.41.m, specific surface area 5.Gfg) from Daiichi
tural reliability. _ _ Kigenso Kagaku Kogyo Co., Japan, alumina powder (high
The objective of this study was to improve the strength purity BAILALOX CR-30, 99.99% purity, average particle
and fracture toughness of 10 mol% yttria-stabilized zirco- ;0 0.05.m, specific area 25 #g) from Baikowski Interna-
nia (10-YSZ) by reinforcing with 0-30 mol% alumina par-  jional Corporation, Charlotte, NC, USA, and alpha alumina
ticulates or platelets without degrading ionic conductivity hexagonal platelets (Pyrofine Plat Grade T2, average aspect
ratio 10-15, average length 10—181) from EIf Atochem,
« Corresponding author at Ohio Aerospace Institute. France. Appropnatg qugnt|t|es of alumma.and zirconia pow-
Tel.: +1-216-433-8366; fax:1-216-433-8300. ders were slurry mixed in acetone and mixed 424 h us-
E-mail address: sung.r.choi@grc.nasa.gov (S.R. Choi). ing zirconia media. Acetone was then evaporated and the
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powder dried in an electric oven. The resulting powder was 0.5 mm/min. Five specimens were tested for each compos-

loaded into a graphite die and hot pressed at &0 ite. Fracture toughness (§ was calculated based on the
vacuum under 30 MPa pressure into 152 mrh52 mm bil- formula by Srawley and Grog6] as follows:

lets using a hot press. Grafoil was used as spacers between 12
the specimen and the punches. Various hot pressing cyclesy, _ Pr(Lo— L) 3« fa)
were tried in order to optimize the hot pressing parameters BWE/2  2(1— a)%/2
that would result in dense and crack free ceramic samples
[3]. YSZ/alumina composites containing 0, 5, 10, 20, and
30 mol% alumina were fabricated for each particulate and
platelet composite systems.

The billets were machined into flexure bar test specimens _
with nominal depth, width and length ofmmx 4.0 mmx fl@) = 19887~ 1.326x )
50 mm, respectively, in accordance with ASTM test stan- _ (1l - )(349— 0.68 + 1.3%)
dard C 11614]. Machining direction was longitudinal along 1+ a)?
the 50 mm-length direction. It should be noted that unlike
transformation-toughened (from tetragonal to monoclinic) 2-3. Elastic modulus, density, and microhardness
zirconias, the cubic yttria-stabilized zirconia is very unlikely
to induce any transformation-associated residual stresses on Elastic modulus was determined at ambient temperature
the surfaces of test specimens due to machining. The sharPy the impulse excitation of vibration method, ASTM C
edges of test specimens were chamfered to reduce any spul259 [7], using the flexure specimen configuration. Den-
rious premature failure emanating from those sharp edges. Sity was measured with a bulk mass/volume method using

X-ray diffraction (XRD) pattern were recorded using a the same flexure specimens that were used in elastic mod-
step scan procedure (0029, time per step 0.5 or 1s) ulus experiment. Five specimens of each composite were
on a Philips ADP-3600 automated diffractometer equipped used for elastic modulus as well as in density measurements.
with a crystal monochromator employing CuxKadiation. Microhardness of the composites was evaluated at ambient
Microstructures of the polished surfaces were observed intemperature with a Vickers microhardness indenter with an
a JEOL JSM-840A scanning electron microscope (SEM). indent load of 9.8 N using five indents for each composite,
Thin foils for transmission electron microscopy (TEM) were in accordance with ASTM C 132[8].
prepared using a procedure that involved slicing, polishing,
and argon ion beam milling. The thin foils were examined in 2.4. Thermal cycling testing
a Philips EM-400T operating 120 keV. A thin carbon coating
was evaporated onto the TEM thin foils. X-ray elementanal-  Thermal cycling (fatigue) test was carried out for the
yses of the phases were carried out using a Kevex Delta thin10-YSZ/30 mol% platelet alumina by applying a total of 10
window energy dispersive spectrometer (EDS) and analyzer.thermal cycles of heating (100€) and cooling (200C)

in air using five flexure specimens. The rate of heating and
2.2. Flexure strength and fracture toughness testing cooling was about 10 and 2C/min, respectively. These
specimens were then fractured at ambient temperature in

All strength testing was carried out in flexure at am- four-point flexure to determine their corresponding flexure
bient temperature in air. A four-point flexure fixture with ~strength. This testing was conducted to better understand
20 mm-inner and 40 mm-outer spans was used in conjunc-the effect of CTE mismatches on flexure strength, possi-
tion with an electromechanical test frame (Model 8562, In- bly resulting in strength degradation due to residual stresses
stron, Canton, MA, USA). A fast stress rate of 50 MPa/s was and/or microcracks induced by CTE mismatches between
applied in load control using the test frame to reduce slow YSZ matrix and alumina grains.
crack growth effect of the materials. A total of 10 test spec-
imens were tested for each composite. All tests were con-
ducted in accordance with ASTM test standards C1#$.1 3. Results and discussion

Fracture toughness using flexure bar specimens measur-
ing 3mmx 4 mmx 25 mm or 50 mm was determined at am- 3.1. Microstructural characterization
bient temperature in air using single edge v-notched beam

wherePs, Lo, Lj, B, W are fracture load, outer span, inner
span, specimen width, and specimen depth, respectively,
alW with a being precrack size, arf(x) is expressed as:

(SEVNB) method2,5]. This method utilizes a razor blade Scanning electron microscopy from polished cross-
with diamond paste, grain size ofu®n, to introduce a fi- sections of YSZ/alumina composites showed that alumina
nal sharp notch with a root radius ranging 10420 by ta- particulates[2] as well as alumina platelets were rea-

pering a saw notch. The sharp v-notched specimens with asonably well dispersed throughout YSZ matrix but some
notch depth of 0.9 mm were fractured in a four-point flex- conglomeration was inevitable. Typical micrographs for
ure fixture with 20 mm-inner and 40 mm-outer spans us- polished surfaces—planes perpendicular to hot pressing
ing the electromechanical test frame at an actuator speed ofdirection—of 20 mol% particulate and platelet composites
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(b)
Fig. 1. SEM micrographs showing polished surfaces (normal to hot-pressing direction) of 10-YSZ/20 mol% alumina particulate and plateletscomposite
(a) particulate; (b) platelet.

are shown inFig. 1 The dark areas represent alumina tively. Fracture originated from surface defects, associated
particulates or platelets while the light areas indicate the with pores and machining damage in many cases. Over-
10-YSZ matrix, as analyzed via SEM/EDS. Pores were also all flaw sizes, ranging from 20 to @0m, were greater for
visible as dark objects. Bulk density of both particulate the platelet composites than for the particulate counterparts.
and platelet composites and 10-YSZ was in the range of Typical examples of fracture surfaces of specimens showing
98-99% of theoretical density. Results of X-ray diffraction surface-flaw-associated failure for both 30 mol% particulate
analysis for both composites showed phases of cubic YSZand platelets composites are showrFig. 6.

and a-alumina. TEM micrographs and X-ray elemental
maps indicated that an average, equiaxed grain size was
about less than 140m for YSZ matrix, as shown ifrig. 2

Figs. 3 and 4ndicate that grain boundaries and triple junc-
tions exhibited little presence of amorphous phase for both 0
and 30 mol% particulate composites. No appreciable defor-
mation or microcracks of adjacent grains that might occur
due to thermoelastic mismatches between YSZ matrix and
alumina were observed in the particulate composites from
a TEM micrograph analysig,3].

3.2. Flexure strength

The results of strength testing for both particulate and
platelet composites are shown kig. 5 Strength of the
particulate composites increased with increasing alumina
content, while strength of the platelet composites remained
almost unchanged with increasing alumina content, except at
5mol%. Hence, increase in strength was much more signif-
icant in the particulate composites than in the platelet com-
posites. For a given alumina content, strength of particulate
composites was 15-30% greater than that of platelet com-
posites. Strength of the 30 mol% particulate composite was
40% greater than the 10-YSZ (matrix) strength. The 10-YSZ
strength £ 2804+ 23 MPa) was in reasonable agreement
with the strength valuex240-300 MPa) typically observed
in 6.5 to 8-YSZ[9,10]. Weibull modulus ), estimated de-
spite a limited number=£10) of test specimens, was in the

range of 5-15, a little greater for the platelet composites Fig. 2. TEM micrograph showing zirconia and alumina grains and X-ray

than for the particulate composites: = 13+ 4, 7+ 2, element maps of different elements for 10-YSZ/alumina particulate com-
and 11 for the platelet, particulate, and 10-YSZ, respec- posite containing 30 mol% alumina.
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Fig. 3. TEM micrographs showing grain boundaries in 10-YSZ/alumina particulate composites containing: (a) 0 mol% alumina; (b) 30 mol% alumina.

Some other zirconia/alumina composites exhibited a 500 -

strength decrease with increasing alumina content, in part & - _
. . . o Particulates

as a result of internal (tensile) residual stresses by the CTE = 400 -
mismatch between zirconia matrix and alumina particu- ‘& .
late (or platelets)11,12] By contrast, fracture toughness £ 300 |
is known to increase due to more enhanced crack deflec- 2 L Platelets
tion/bridging[13]. Based on the results of strength increase £ 200 L
with increasing alumina content as seerfig. 5, it can be ° |
stated that the alumina particulates or platelets used in this ‘3' 100 |
work might not have interacted with the matrix to produce @ E .

. X o i L our-point flexure/RT
residual stresses by CTE mismatches sufficient enough to 0 L

degrade composite strength. This issue of CTE mismatches 0 10 20 30 40
on strength degradation will be discussed with the result of
thermal cycle testing irSection 3.5 The reason why the

particulate composites exhibited more improved strength Fig. 5. Flexure strength of 10-YSZ/alumina particulate and platelet com-
than the platelet composites is probably due to the fact thatPosites as a function of alumina content at ambient temperature in air.

alumina particulates might have acted as more reinforcing Etrror bars indicatet1.0 standard deviation. The lines represent the best

Alumina content, mol %

Fig. 4. TEM micrographs showing triple junctions in 10-YSZ/alumina particulate composites containing: (a) 0 mol% alumina; (b) 30 mol% alumina.
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(@) a (b)

Fig. 6. Typical examples of overall fracture surfaces showing fracture origins with arrows for: (a) 10-YSZ/30 mol% alumina particulate cotmposite; (
10-YSZ/30 mol% alumina platelet composite. Ba500u.m.

medium than strength-controlling flaws, while alumina ture toughness between the particulate and platelet compos-
platelets might have acted as less reinforcing medium, ites was negligible. It has been observed that an incompat-

typical of many platelets-reinforced composites. ibility is generally operative for many composites between
strength and fracture toughness such that one property in-
3.3. Fracture toughness creases while the other decreases. However, this was not the

case for the current two composite systems, resulting in not

A summary of the results of fracture toughness testing is only strength increase (particularly for the particulate com-
presented irFig. 7, in which fracture toughness determined posites) but also fracture-toughness increase with increasing
by the SEVNB method was plotted as a function of alumina alumina content.
mol% for both particulate and platelet composites. Simi-  Although not presented here, it was observed that in-
lar to the trend in flexure strength, fracture toughness in- dent crack trajectories of both 0 and 30 mol% composites
creased with increasing alumina content. Fracture toughnesgvere characterized such that the straight path and greater
increased by 65 and 62%, respectively, for the particulate andCOD (crack opening displacement) of a crack was typified
platelet composites when alumina content increased from 0for 10-YSZ (0 mol% composite); whereas, the tortuous path
to 30 mol%. Fracture toughness1.6 + 0.1 MPant/?) of around alumina grains and less COD was exemplified for the
10-YSZ was in line with a general trend as exhibited by other 30 mol% particulate or platelet composite. More enhanced
fully stabilized zirconias with >8 mol% yttria, in which frac- ~ crack interactions with alumina grains with increasing alu-
ture toughness ranged from 1 to 2 MPYfn[14,15] It is mina content is thus believed to be responsible for the in-

noted that unlike the flexure strength the difference in frac- creased fracture toughness for both composite systems. A
notion that platelets would be more efficient in enhancing

fracture toughness than particulates was not applicable in

51 SEVNBIRT these composite systems. Note that the cubic 10-YSZ is not
- a stress-induced, transformation toughened ceramic. There-

4l fore, the increased fracture toughness with increasing alu-
L mina content would be a logical reasoning for the increase in

3L flexure strength observed from the two composite systems,

since flaw sizes of either particulate or platelet composites
appeared to be not much different, regardless of alumina

Fracture toughness, K . [MPam'?]

2 -

i ¢) content.
1k A Platelets

O Particulates . . .

- 3.4. Elastic modulus, density, and microhardness

0 1 1 1 L 1 1 1 1 1
" 0 20 30 40 The results of elastic modulus, density and microhard-
Alumina content, mol % ness measurements are presenteBign 8 Elastic modu-

. ) ) lus increased linearly with increasing alumina content for
Fig. 7. Fracture toughness of as a function of alumina content for both . . . -
10-YSZ/alumina particulate and platelet composites, determined by the bOth, partlcula_te and_plateIEt composites, resultlng in-lit-
SEVNB method at ambient temperature. Error bars indigsted standard tle difference in elastic modulus between the two compos-
deviation. ite systems. The 10-YSZ agreed well in elastic modulus
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= A Platelets E =1
X i ]
200 | | ! | I | 2
0 10 20 30 40 11 L R
(a) Alumina content, mol% 0 5 10 15
60 Number of thermal cycles
. — T
- 1 Fig. 9. Flexure strength as a function of number of thermal cycles (between
& R 200 and 1000C) for 10-YSZ/30 mol% alumina platelet composite. The
g | numbers in parentheses indicate average strength. Error bars intlicéte
> i | standard deviation.
e 551 .
2 § for either particulate or platelet or 10-YSZ, as mentioned in
8 O Particulates E Section 3.1
| & Platslets 1 Microhardness increased linearly with increasing alu-
5.0 L mina content for the particulate composites up to 20 mol%
0 10 20 30 40 alumina and then leveled up above 20 mol%. By contrast,
(b) Alumina content, mol% microhardness of the platelet composites remained almost
20 — 7 unchanged up to 10 mol% and then decreased appreciably
E [ —O— Particulates 1 at 30 mol%, resulting in a significant difference in hardness
O, [ 4 Platelets 1 at 30 mol% between the two composites. The reason for the
T " ] unique decrease in microhardness for the platelet composite
@ i ] above 20 mol% is not known yet.
9 15} =
5 | ] _
s 3.5. Thermal fatigue
8 | _
=)
1~ = .
é | | The result of thermal cycling (fatigue) test for the 30 mol%
10 N T S T platelet composite is shown Irig. 9. There was no differ-
0 10 20 30 40 ence in strength between 0 (regular strength test) and 10
(©) Alumina content, mol% thermal cycles, indicating that repeated thermal cycling up

Fig. 8. (a) Elasti dulus determined by impul tatih (b) to 10-times did not show any significant effect on strength
ig. 8. (a) Elastic modulus determined by impulse excita . . "

density, and (c) Vickers microhardne§8], as a function of alumina degradation for,the compo_sne under the test Condl_tlon used.
content for 10-YSz/alumina particulate and platelet composites at ambient [N Other words, internal residual stresses and/or microcracks

temperature as a function of alumina content. Error bars indigzt® due to CTE mismatches between zirconia matrix and alu-
standard deviation. The line in elastic modulus indicates the prediction mina grains possibly occurring in thermal fatigue were neg-
based on the rule of mixture. ligible to affect flexure strength of the composite material of

interest. Hence, it is concluded that CTE mismatch would
not have been operative sufficient enough to degrade strength
(E = 219+ 2 GPa) with other zirconias such as 6.5-YSZ, of the composite systems.
8-YSZ, Y-PSZ, Y-TZP, and Mg-PS[,16,17]whose elas-
tic modulus ranged commonly between 200 and 220 GPa.3.6. Choice of material with respect to structural
The prediction based on the rule of mixture was in good reliability and SOFC performance
agreement with the experimental data as shown in the fig-
ure. Values ofE1g-ysz = 220 GPa andZaiymina = 370 GPa As seen in the foregoing results, both flexure strength and
were used in the prediction. Density)(decreased linearly  fracture toughness increased with increasing alumina con-
with increasing alumina content for both composite systems, tent. For a given alumina content, flexure strength of the
yielding negligible difference within the scatter for a given particulate composites was greater than that of the platelet
alumina content between the two composites. Note that thiscomposites, while fracture toughness of both composite sys-
bulk density ranged from 98 to 99% of theoretical density tems remained almost identical. Elastic modulus increased



SR. Choi, N.P. Bansal / Ceramics International 31 (2005) 39-46 45

with increasing alumina, and density decreased with increas- dicative of negligible influence of CTE mismatch
ing alumina content. Therefore, from a structural reliability between YSZ matrix and alumina grains.
point of view, a composite which is strongest (in strength),
toughest (in fracture toughness), stiffest (in elastic modu-
lus) and lightest (in weight) is certainly the best choice, Acknowledgements
which undoubtedly leads to the 30 mol% particulate com-
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