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Strengthening of alumina by cerium-zirconate
(Ce2Zr,04)

A. SAHA, D. C. AGRAWAL
Materials Science Programme, I.I.T Kanpur, Kanpur 208016, India

Composite powders of Al,O3 and 0 to 30 vol% Ce,Zr,0; are prepared by a hybrid sol-gel
method using Al,O3 powders and a sol formed from Zr-alkoxide and cerium nitrate. All the
Zr from the sol goes to form the cerium zirconate phase when the powders are calcined in
N,. Pressureless sintering in air at 1500°C yields composites with high density (~98%).
Maximum values of fracture toughness and strength, 6.5 MPa ./m and 620 MPa
respectively, (e.g. 3.5 MPa /m and 350 MPa for pure Al,03) are obtained in 10 vol%
Ce,Zr,07 composite sintered in air. The dominant mechanism for enhancement in K¢ is
believed to be crack bridging. Crack bridging activity in the 10 vol% composite is found to
be maximum and extends upto ~190 um from the crack tip. © 2000 Kluwer Academic
Publishers

1. Introduction ites were found to give different values depending on
Fracture toughnes¥(c) and strengthd;) of ceramics their location in the sintered pellets. The samples taken
can be enhanced in many cases by incorporation of &om the interior of the sintered pellets (Set Il) had in
reinforcement in the form of particles [1-4], whiskers general better mechanical properties than those taken
[5-7], platelets [8], fibres [9] etc. Many such studiesfrom the near surface regions (Fig. 1). The samples from
have been carried out on alumina. TlKg andos for  the interior were found to contain ¢&r,07, a phase
unreinforced alumina prepared by pressureless sintewith cubic structure which contains Ce in €estate
ing are approximately 3.5 MP@m and 250 MPa re- and forms in an inert or reducing atmosphere [15, 16].
spectively [10]. These can be improved to varying de-n the present work therefore we have studied the ef-
grees by inclusion of tetragonal (t) zirconia particlesfect of this non-transforming cerium zirconate phase
[1], SiC whiskers [5—7] and particles of TIC4B etc  (CexZr,07) onthe mechanical properties of8;. The
[3, 4]. Some of the data is summarized in Table I. zirconate phase is prepared by co-precipitation of Ce
Preparation of AlO3-ZrO, composites can be car- and Zr hydroxides followed by calcination iLNCom-
ried out using pressureless sintering with substantigposites of AJO3; and CeZr,Oy are frabricated to high
improvement in properties. The preparation of ceramialensity (-98%) by pressureless sintering. Enhanced
composites, other than AD3-ZrO3; composites, gen- properties superior to those of many othes@4 com-
erally requires hot pressing or hot isostatic pressingposites are obtained. Crack bridging is shown to be an
which makes these materials expensive and less versémnportant mechanism in these composites and is be-
tile. In case of A}O3-ZrO, composites, careful mix- lieved to be the dominant mechanism contributing to
ing of constituent powders to ensure a uniform disperenhancement iKc.
sion of unagglomerated Zgds needed. Furthermore,
the improvement in properties is lost at higher temper-
ature because the stress induced i (monoclinic) 2. Experimental
transformation of Zr@, which is mainly responsibe for Composites of AIO; and CeZr,0; containing 5, 10,
improvedKc, becomes increasingly difficult with in- 20 and 30 vol% zirconate are prepared by a hybrid sol-
creasing temperature. The low temperature aging [11¢el method [17]. First a sol containing Ce and Zr in mo-
also induces +> m transformation and leads to degra- lar ratio 1 : 1 is prepared by dissolving Ce ()@ 6H,O
dation in K|c. A reinforcement material for alumina in triple distilled water followed by dropwise addition
and other ceramics which allows easy processing andf zirconiumn-propoxice (Zra-p) toit. A white precip-
is not very sensitive to environment and temperature igtate is formed which is dissolved by dropwise addition
therefore desirable. of nitric acid (HNGQ;) while stirring. Calculated amount
One of the additives used to stabilize the t phase irof Al,O3; powder is added to the sol and the slurry is ul-
ZrO, is CeQ. It forms tetragonal solid solution with trasonicated to break-up the 83 agglomerates. The
ZrO, in amounts upto 20 mol%, although a significantslurry is then added drop by drop to sufficient quan-
discrepency exists on the solubility limit of Ce@n  tity of an aquous NKOH solution of pH 10.5 to en-
t-ZrO, [12—14]. In an earlier work by us, the strength sure complete coprecipitation of Ce and Zr hydroxides.
and toughness of samples 0bL8k-(Ce)ZrQ, compos-  The pH of the mixture is adjusted to 10.5 by further
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TABLE | Mechanical properties of some alumina based composites
SILNo  Material Kic (MPay/m)  of (MPa) Ref. <
1 Al,03 +40vol% 12 900 1
t-ZrO, = b
2 Al203+15vol% 10 480 24 &
m-ZrO, g
3 Al>03 + 5 vol% 5.2 570 4 E a
B4C g
4 Al>03 + 30 vol% 6.2 635 3 =
TiC
5 Al>03 + 30 vol% 9.5 650 6
SiC whisker L
6 Al203 + 20 vol% 9 800 7
SiC whisker 1 I |
4000 3500 3000 2500 2000

Wavenumber (cmi™')

Figure 2 Infrared (IR) spectra of G&r,O7 powders calcined in N(a)
after calcination, (b) after further annealing in air at 30Gor 2 h and
(c) after annealing in air at 50Q for 2.5 h.

100°C, crushed lightly and sieved through 70—-80 mesh
and subsequently calcined at 10G0or 3 hiin N,. IR
spectrum of this powder shows a peak corresponding
to -C-H- streching indicating that the carbon from the
residual organics is not completely removed by calci-
nation (Fig. 2a). Fig 2b and ¢ show the results of fur-
ther calcination of this powder in air at 500 for 2 h

and 2.5 h respectively. The -C-H- peak disappears af-
ter 2.5 h treatment. Hence in most cases the powder is
1 subjected to a second calcination in air at8D@or 3 h

Kic (MPavm)

TN T

to remove the residual organics. The calcined powder
; Zei ! is ball milled far 8 h using propanol with alumina balls.
et 11 The powder is mixed with PVA solution as binder so as
| | ! | ! to yield 1 wt% PVA in the powders and subsequently
8 10 12 14 16 18 pressed in a steel die into 20 ma¥ mmx 2.2—3.6 mm
Vol * Zirconia bars at a pressure of 300 MPa and sintered at X500
(@) for 3hin N, orin air.

The sintered density of the samples is measured by
Archimedes method. The phases in the calcined pow-
der and in the sintered bars are determined by X-ray
T - diffraction (XRD) using X-ray diffractometer (Reich

i Seifert Isodebyeflex 2002, Germany) with Ni filtered
CuK, radiation. Rectangular bars having dimension
1.2 mmx 1.8 mmx 15 mm are cut and polished to
1 um finish using diamond paste. These are tested in 3
B point bending with span length of 7 mm for determin-
1 ing the fracture strengtlo(). Fracture toughnesK(c)
S is measured by single edge notch beam (SENB) tech-
2001 nigue in 3 point bending on polished samples having
B S T Sy T dimension 1 mmx 3 mmx 15 mm. The notch depth is
Vol % Zirconia half of the sample depth.
(b) For microstructural observation, the samples are pol-
Figure 1 Mechanical properties of ADs-ZrO, composites with (Set 1) ished and therma"y-etChed at _132Dfor 30 mir-IUteS'
and without (Set I) C&r,0O7 phase; (a) fracture toughness and (b) frac- They are observed in a scanning electron microscope

ture strength. Data points for Set [l samples have been shown by brokelModel JSM _840_A’ JEOL, Japan). Th_e diameter of
lines and shifted slightly to the right for clarity. CexZr,07 grains is calculated as the diameter corre-

sponding to the circle of equavalent area. Stereological

conversion for grain size distribution from 2 dimen-
addition of NH,OH. After stirring for 2 h, the suspen- sional (2D) planar surface to representative 3D distri-
sion is allowed to settle. The precipitate is then washedbution is done [19]. The average grain size of zirconate
with triple distilled water followed by propanol to re- is calculated from the distribution. The average grain
move ammonia and to prevent agglomeration duringsize of ALO3 is measured by mean intercept length
drying [18] respectively. The precipitate is oven dried atmethod taking about 300 grains. A multiplying factor
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of 1.56 is used and correction is made for zirconate

second phase [20]. Cracks produced on the polished
surfaces of the composites by indenting with a vicker

indentor at a load of 30—40 Kg are observed.

3. Results

Fig. 3 shows the XRD plot of the calcined powder and
the composites sintered inoNind in air. Zirconia is
present in the calcined powder (with or without air an-
nealing) only as a G&r,0; phase (Fig. 3a). In the air
sintered samples, in addition to the zirconate phase, a
small amount of Zr@ (t' or c) is also present (which
does not undergo any phase transformation during frac-
ture) (Fig. 3b). Air annealing of calcined powders does
not alter the relative amounts of the two phases after
sintering in air. The samples sintered in 8how only

the zirconate phase with traces of AIN phase (Figs 3c
and 4 respectively).

(400) Ce2Zr207

(104) Alz03

Intensity (arb. units)

(002) AIN

| L |
33 34 35 36 37

5 29 (degrees)
~—~ N
§ ';l: Figure 4 X-ray diffractogram of sintered surface of composite contain-
& ing 20 vol% CeZr,05 sintered in N (NN).
0.30
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c
-8 Figure 5 Fraction of ZrQ (Vzro,) vs vol% CeZr,O7 inthe air annealed
[~ ol
— air sintered (NAA) samples.
The fraction of ZrQ (Vzo,) in the air sintered sam-
ples is estimated using the relation,
lt111)
Vzio, = ——————
lta11) + lcez(222)
wherelyni andlcezqkiy are the intensities of thékl)
lines of tetragonal Zr@and the cerium zirconate phase
©) respectivelyVz.o, remains constant upto 15 vol% zir-
conate (nominal) after which a slow increase is ob-
served (Fig. 5).
1 1 l I Fig. 6 shows the change in densigy, with vol%
27 28 29 30 31 32 CeZr,05. It is seen thatonaa > pna > onn Where
26 (degrees) NAA indicates calcination in N followed by anneal-

ing and sintering in air, NA indicates calcination in N

Figure 3 X-ray diffractograms of AJO3-20 vol% CeZr,0O7 (a) pow-
ders after calcination in Nand annealing in air at 50CQ for 3 h, (b)

and sintering in air and NN indicates both calcination

powders treated as in (a) and sintered in air (NAA), and (c) powdersand sintering ir? N. The relative density ha_s been cal-
calcined in N and sintered in AN (NN). culated assuming that the samples contaigOaland
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Figure 6 Density of sintered samples vs volume%,Ze0;. Figure 8 Fracture strength vs vol% G2r,O7. Data points for air an-

nealed/air sintered (NAA) samples have been shown by broken lines and
shifted slightly to the right for clarity.

has been observed to form when Ce ions are-n 3

valence state under reducing ambient. Sintering in air

ambient may change the stoichiometry of this phase and

may also lead to the formation of other phases such as

Ce75Zr 250, [21]. Since the XRD peaks of G&r,0;

and Ces5Zr 250, phases overlap, it is difficult to deter-

mine the respective amounts of these phases. However,

st the formation of CesZr 50, or a change in the stoi-

chiometry of CeZr,0- such that some C& changes to
Cée*+ and replaces Zt in it, would be consistent with

2 ' ' : ' : ' the formation of some ZrgXt’ or c), which is observed

0] 10 20 30 . L

in the air sintered samples.

Incorporation of the non-tranforming zirconate phase
Figure 7 Fracture toughness vs vol% £&,0;. Data points for air IS found to be very effective in enhancing the mechan-
annealed/air sintered (NAA) samples have been shown by broken linegcal properties of AJO3 as shown in Figs 7 and 8. The
and shifted slightly to the right for clarity. best properties are obtained in the air sintered sam-

ples from powders calcined inNand subsequently
CexZr,07 phases inthe amounts initially used; this mayannealed in air.
not be strictly correct, specially for the NAA samples, Some of the primary toughening mechanisms pos-
as discussed later. However, the error due to this is nadible in the non-transforming particulate reinforced
likely to be large. A high density<96%) is obtained ceremics are a) crack deflection [22], b) crack bridg-
in both air and N sintered samples. ing [23], ¢) microcracking [24] and d) residual stress

In N sintered samples, th&c increases slowly with  (strain) field due to mismatch between the coefficients
the addition of zirconate from 3.5 MRAm for Al,Osto  of thermal expansion (CTE) of the ceramic matrix and
amaximum value of 4.3 MP@m for 30 vol% zirconate the particulate [25]. According to the model of Faber
(Fig. 7). The improvement if,c is more dramatic in and Evans [22] the enahancement in toughness due to
the air sintered samples where a peaKig occurs at  crack deflection should be in the range of 12 to 15% for
10 vol% zirconate, the maximui,c of 6.5 MPa,/m  uniformly distributed particles having volume fraction
being obtained in the air annealed, air sintered (NAA)of 0.1 to 0.3. Clearly an enhancementit by >85%
samples (Fig. 7). in our 10 vol% zirconate-AlO; samples is not likely

The trends in the fracture strength)are similarto  to be solely due to crack deflection although in several
Kic, with maximum values being obtained in the air systems enhancementin toughness as high as 40to 70%
annealed/air sintered (NAA) samples. The maxima aréas been attributed to crack deflection [2, 26-28]. In-
flatter, extending from 5 to 20 vol% zirconate (Fig. 8). crease irK,c due solely to the change in fracture mode
Maximum strength obtainedis620 MPa. Strengthand from intergranular to transgranular has been estimated
toughness intermediate betweepndintered (NN) and to be 58% [29]. Niihar&t al. [2] have attributed the im-
air annealed/air sintered (NAA) samples are obtaineghrovement in fracture toughness by 40% in®4 con-
when the powders are not air annealed prior to sinteringaining SiC particles to this change in fracture mode.

Fracture Toughness (MPaym)

Vol °/s Ce-Zirconate

in air (Figs 7 and 8). Hansseret al. [29] have found the&c of hot pressed
Al,O3 and ALO3-33 vol% SiC whiskers composites to
4. Discussion be 4 MPa,/m and 5 to 8 MPa/m respectively and have

In the present investigation, Ce-zirconate of composiproposed crack deflection in combination with change
tion CeZr,0y5 is intended to be prepared. This phasein fracture mode as an explanation for this increase.
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No evidence of any crack bridging was found in their
samples.

Toughening by crack bridging is well known for pure
Al 03 [30], SsN4 [31] and other non-transforming ce-
ramic composites [32]. Swansat al. [30] convinc-
ingly demonstrated that the crack growth resistance in
Al,O3 increases with crack extension due to localized
grain bridging. Padturet al. [32] studied the effect of
volume fraction and the particle size of the second phase
on toughness in ADs-Al,TiOs system and showed
that addition of a second phase below a certain limit
can improve the flaw tolerance behaviour well beyond
any law of mixture by enhancing the effectiveness and
density of the bridges. He also observed that beyond §&
critical composition, the strength is severely degradegs’
indicative of microcrack coalescence. Homretyal.
[6] found that the addition of 30 vol% SiC whisker
increases the strength and toughness to 650 MPa al
9.5 MPa,/m respectively (vs 385 MPaand 5 MRan |
for pure ALOs3). Better properties are reported by Wie
and Becher [7] in AJOs-SiC whisker composites con-
taining 20 vol% SiC whisker wher&c ando; are
found to be 9 MPa/m and 800 MPa respectively (vs
4.5 MPa,/m and 350 MPa for pure AD3). For both
the cases the enhancement in properties is attributed
fibre bridging and crack deflection. (b)

In our samples also, we believe that the major contri-
bution to enhanced toughness is due to crack bridging
Clear evidence of crack bridging is obtained in the in-
dentation produced cracks as discussed below:

Fig. 9 shows the cracks produced by indentation
in Al,O3 and AbO3-10 vol% CeZr,O;. No crack -
bridging is seen in zirconate free alumina sample
(Fig. 9a). On the other hand, several crack bridging sites
can be seen in the ADs-10 vol% CeZr,O; samples
(Fig. 9b—d). The crack bridging activity is continuous
upto >190 um from the crack tip (Fig. 9d). Swanson
et al [30] have also found that crack bridging by grains | @ .
continues to persist at distances as large as 100 grai ©
diameters from the crack tip.

In 5 vol% CeZr,07 samples, the crack bridging ac- !
tivity is much less and observed only near the crack ti
(Fig. 10a). Crack bridges are conspicuously absent at \
distance>90m from the crack tip (Fig. 10b). In the 30 \ v

’l
vol% CeZr,0; samples the crack passes through the i C5
specimen causing clear separation between two paif % ) BN e
without any crack bridging activity even near the crackiS s S X Kd P

tip (Fig. 10c). It appears that for crack bridging to A e 2
occur, the grains should be large and simultaneous . '

some residual stresses should be present. The grain s ™

of Al,O3; decreases with increasing zirconate conte ™ ¢

(Table 11). Thus at higher zirconate contents the exte
of grain bridging should decrease as is observed fc d

th? 30 vol% ngr207 Sa_mples' The residual _St_resseSFigure 9 Indentation cracks in (a) zirconate free @k sample at a
arise because of the difference in the coefficients ofjistance 6¢:m from the crack tip, and in air annealed/air sintered (NAA)
thermal expansion (CTE) between the different direccomposite containing 10 vol% zirconate at a distance (by89 (c)
tions of the same crystal (4Dz) or between the matrix 120xm and (d) 19Q:m from the crack tip.

and the reinforcing phase. The average CTE oAl

is 8.43x 1076/°C [33]. The CTE of zirconate is mea- thereason forthe increase in the grain bridging with ini-
sured and found to be 12x 10°%/°C at 1056 K and tial addition of CeZr,O; to Al,O3. At higher zirconate

is expected to be higher at higher temperature. Thusoncentrations, in addition to adecrease in the grain size
the introduction of CgZr,0O; is expected to introduce of Al>O3, the fraction of zirconate grains with much
residual stresses in the composite. This appears to smaller grain size than ADs becomes significant. The
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TABLE Il Grain sizes of AJO3 and CeZr,0O;

Grain Size of CeZr,07
Volume% Grain Size of —
CeZr07 Al03 (um) dcez(1em) ocez(um)
0 3.2
5 2.4 0.45 0.12
10 2.5 0.50 0.16
20 2.0 0.50 0.16
30 1.8 0.55 0.14

Figure 11 (a) Microstructure of the composite containing 10 vol% zir-
conate sintered in N(NN), (b) Indentation crack in this composite.

understood. Such a behaviour has been observed in
SizsN4-SiC composites also [34].

The mechanical properties of the Nintered com-
posites are found to be much inferior than those of the
air sintered samples. Microstructure (Fig. 11a) reveals
that CeZr,0O7 phase is located at the AD3 grain junc-
tions and completely fills the ADs intergranular space.

Its grain size is also larger (0.74m for 10 vol% zir-
conate). This shows that at the sintering temperature
the surface energy of AD3-N, interfaces is more than
that of the ALO3-Ce,Zr,07 interface. The fracture oc-
curs along the AlO3 grain boundaries and through the
zirconate grains (Fig. 11b). Thus the,8k-zirconate
interface in this case is much stronger than zirconate.
There is no evidence of any crack bridging. Lack of
crack bridging, intergranular fracture and presence of
small amount of AIN phase, all appear to contribute to
the inferior mechanical properties obNintered sam-
ples.

Properties intermediate between $intered and the
air annealed/air sintered samples are obtained when the
Figure 10 Indentation cracks in air annealed/air sintered (NAA) sam- POWders are not calcined in air (Figs 7 and 8). This may
ples having different amounts of zirconate at different distances frombe due to incomplete removal of carbon from alkoxide

the crack tip (a) 5 vol% zirconate, very near the crack tip, (b) 5 vol% precursors during calcination.
zirconate, at 9Qum from the crack tip, (c) 30 vol% zirconate, very near

the crack tip.
5. Conclusion

overall grain size is thus small and the grain bridgingComposites of AlO3-CeZr,O7 can be prepared by
does not occur (Fig. 10c). starting from AbO3; powders and a Zr-propoxide sol

The strength of the composites increases with adwith dissolved Ce(N@)3.6H,O. The coprecipitated
dition of the CeZr,O7 and remains constant when it composite powder consists £&,0; and ALOj3 after
contains 5-20 vol% zirconate even though there is &alcinationin N at 1000C. Residual organics after cal-
dropin fracture toughness at 20 vol%. This is not clearlycination can be removed by annealing in air atSD0
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The powders sinter to high density (upt®8%) when
sintered in air at 150@€. Both K|,c and o; are en-
hanced upon addition of G&r,O;. The properties are
somewhat lower in composites in which residual or-
ganics are not removed or which are sintered in N 15
Improved mechanical properties in air sintered com-

10

11

posites are believed to be due to crack bridging by3.

the grains of the composites. The crack bridging is
enhanced in larger grain size samples. The residugl
stresses produced due to thermal expansion mismatch

between A}O3 and CeZr,0; are also believed to con- 1s.

tribute to grain bridging.
Highest values ofK,c (6.5 MPa ,/m) and ot
(620 MPa) are achieved in 10 vol% £Z&,0; compos-

ites which sinter to~98% density. Such high values 1g

are usually achieved only with pressure assisted sinter-
ing of Al,O3 based composites other thanp@k-ZrO,
composites.
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