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Effect of cerium zirconate (Ce>Zr,07) on
microstructure and mechanical properties

of Ce-ZTA

V. V. MISHRA, A. SAHA*, D. C. AGRAWAL?
Materials Science Programme, I.I.T. Kanpur, Kanpur-208016, India

Powders for ZrO, toughened Al,03 (ZTA) composites containing 8, 11, 13.8 and 16.5 vol%
ZrO, (stabilized with 11.5 mol% CeO,) are prepared by a hybrid sol-gel method using Al,03
powders and a sol formed from Zr-alkoxide and cerium nitrate. Besides ZrO,, a small
amount of a Ce-zirconate phase (Ce,Zr,07) forms when the powders are calcined in air. The
zirconate phase persists in the sintered specimens and its amount increases from surface
to centre of the specimen. Presence of higher amount of Ce,Zr,0; promotes exaggerated
grain growth of Al,Os. Particles of Zr rich phases are found to be trapped inside the Al,03
grains. Composites exhibit higher fracture toughness despite lower transformability of
t-ZrO, during fracture when they contain high amount of zirconate. Crack bridging is shown
to be an important mechanism contributing to enhancement in fracture toughness in these
composites. © 2002 Kluwer Academic Publishers

1. Introduction

ZrO; toughened Al,O3 (ZTA) finds wide application
owing to its high fracture toughness and strength. The
stress induced tetragonal to monoclinic (t — m) trans-
formation usually provides the major contribution to
enhanced mechanical properties in ZrO, toughened ce-
ramics. The metastable tetragonal phase of ZrO, added
to ceramic is obtained by addition of oxides like Y,O3,
CeO; etc. In CeO; stabilized tetragonal zirconia poly-
crystal (TZP), a Ce-zirconate phase (Ce,Zr,O7) having
apyrochlore structure separates out when the ceramic is
subjected to high temperature (>1000°C) annealing in
vacuum or in a reducing atmosphere [1]. The formation
of CeyZr,07 is due to the reduction of Ce** to Ce3*.
The reduced availability of CeO, causes the tetragonal
phase to be partially or fully destabilized, transforming
it to the monoclinic phase [2, 3]. Heussner et al. [2]
demonstrated that the increased t — m transformation,
due to the formation of Ce,Zr,O; generates compres-
sive stresses on the surface of the 12 mol% Ce-TZP and
enhances its strength from 245 to 545 MPa. Xue et al.
[4] found that the presence of Ce** in ZTA enhances
the grain boundary mobility of Al,O3; the ZrO, parti-
cles, above a certain size, break-away from Al,O3 grain
boundaries. This produces a microstructure consisting
of intragranular ZrO; located in large Al,O3 grains.
Although significant change in microstructure of ZTA
due to reduction of Ce** to Ce** is reported, however,
the effect of Ce,Zr,O7 on the microstructure and me-
chanical properties of ZTA has not been studied. In
the present investigation, the effect of Ce;Zr,O7 on the

mechanical properties of ZTA has been studied. Crack
bridging mechanism is shown to be operative in ZTA
containing high amounts of zirconate and leads to en-
hancement in toughness despite lower transformability
of t-ZrO;.

2. Experimental

Al,03-ZrO, composites containing 8, 11, 13.8 and
16.5 vol% ZrO, (stabilized with 11.5 mol% CeQO,) are
fabricated by hybrid sol-gel technique [5]. A sol based
on Zr-n-propoxide (Zr-n-p) with composition Zr-n-p:
acetic acid:isopropanol :: 1 : 1 : 20 (molar) is prepared.
First Zr-n-p is added to acetic acid and is stirred for
10 minutes. Half of the propanol is then added to it
and stirring is continued for 30 minutes. A solution of
Ce(NOs3)3-6H,0 is prepared separately by dissolving
the required amount of the nitrate salt to the rest of
the propanol. Then the nitrate solution is added drop
by drop to the sol and stirred for another 30 minutes.
The pH of the sol is found to be ~5. Al,O3 powder is
added to the sol with continuous stirring and the result-
ing slurry is ultrasonicated to ensure complete break
up of the Al,O3 agglomerates. Triple distilled water in
the ratio of Zr-n-p:water :: 1 : 4 (molar) is added to
the slurry leading to gelation. The gel is oven dried at
100°C for 24 hours and subsequently crushed lightly
in a mortar pestle and sieved through 70-80 mesh. The
calcination of powders is carried out at 600°C for 2 h in
air. The calcined powders are mixed with PVA solution
as binder so as to yield 1 wt% PVA in the powder. The
powders are uniaxially pressed into circular pellets of
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Figure 1 X-ray diffractograms of AlyO03-13.8 vol% ZrO; compos-
ites; (a) calcined powder and (b) sintered specimens (T = Tetragonal,
M = Monoclinic and CeZ = Ce;Zr,07).

diameter 25 mm and height 4 to 4.5 mm at a pressure
of 250 MPa. The pellets are held at 620°C for 1 h to
remove binder and subsequently sintered at 1600°C for
1 h in air.

3. Characterization

The sintered density of the specimens is measured by
Archimedes method using water as immersion liquid.
The different phases present in the calcined powder
as well as in the sintered specimen are identified by
X-ray diffraction (XRD) using a X-ray diffractometer
(Isodebyeflex 2002, Reich Seifert, Germany) with Ni
filtered Cu K,, radiation.

The calcined composite powder is found to contain,
besides ZrO;, a small amount of Ce,Zr,O; (Fig. 1a).
In the present investigation, Ce(NO3)3-6H,0 is used
as the precursor for CeO, where Ce is present in +3
valence state. Calcination in air is unable to convert
Ce’* to Ce** completely, leaving behind some Ce*
which is thought to be responsible for the formation of
Ce,Zr,07. The zirconate phase persists in the sintered

TABLE I Zirconate content (X7;) in different set of specimens

specimens (Fig. 1b). The amount of Ce,Zr,O; varies
from specimen to specimen depending on the position
in the sintered disk from where the specimen is cut. Its
amount is found to be more in the bars cut from the inte-
rior of the sintered disk due to lower availability of O,
during sintering. An estimate of the relative amount
of the zirconate phase, Xz, can be made using the
relation

Iz
Xy = 4 (1)
]Zr
where,
Iz7: = ity + Imay + Ly 2)

Here, Iy, is the intensity of Ce,Zr,O7 peak correspond-
ing to (222) line and /147y and Iyk;) are the peak inten-
sities of monoclinic and tetragonal ZrO, correspond-
ing to (hkl) line respectively. To identify the effect of
cerium zirconate on the mechanical properties and mi-
crostructure of Al,03-ZrO, composites the specimens
are classified into two groups for each ZrO, content in
the composites.

Set I: Specimens having low zirconate (Xz < 0.05)
Set II: Specimens having high zirconate (0.1 <
X7 <0.2)

The actual amount of zirconate present in the different
set of specimens characterized here is given in Table 1.

ZrO, exists in all the specimens in the monoclinic
and tetragonal forms. The relative volume fraction of
the monoclinic phase, V,, is obtained using the relation
[6, 7]

P X,
Vp= ———— 3)
1+ (P - DXy
where,
X, = Ity + Imain @

Inaity + Imary + Ly

Here, Imuiy and Iy are the peak intensities of the
monoclinic and the tetragonal ZrO, corresponding to
(hkl) line respectively. The value of P is taken to be
1.311 [7].

For microstructural observation, the specimens are
polished and thermally etched at 1320°C for 30 min-
utes. They are observed in a scanning electron micro-
scope (Model JSM 840A, JEOL, Japan). The size of
the Zr rich grains is taken to be the diameter corre-
sponding to the circle of equivalent area. Stereological
conversion for grain size distribution from 2 dimen-
sional (2D) planar surface to representative 3D distri-
bution is done [8]. The average size of Zr rich grains is

ZTA Set1 Set IT
Vol% ZrO» 8 11 13.8 16.5 8 11 13.8
X7 0.03-.05 0.02-.03 0.02-.03 0.02-.04 0.13-.18 0.12-.19 0.18-.20
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TABLE II Density (p) of set I and set II specimens containing different vol% zirconia

ZTA Set 1 Set IT
Vol% ZrO, 8 11 13.8 16.5 8 11 13.8
p (gm/cc) 4.10-4.13 4.15-4.17 4.18-4.22 4.24-4.27 4.08-4.10 4.12-4.16 4.15-4.19

calculated from the distribution. The average grain size
of Al;O3 is measured by mean intercept length method
taking about 300 grains. A multiplying factor of 1.56 is
used and correction is made for the presence of second
phase [9]. Cracks produced on the polished surfaces of
the composites by indenting with a Vickers indentor at
a load of 30 Kg are observed.

Rectangular bars having dimensions 1.2 mm X
1.8 mm x 12-15 mm are cut from the sintered disks
using a low speed saw and are polished to 1 um
finish. These are tested in three point bending with
a span length of 7 mm for determining the fracture
strength (o¢). Fracture toughness (Kic) is measured by
the single edge notch beam (SENB) technique in three
point bending on polished specimens having dimension
1 mm x 3 mm x 12—-15 mm. The notch depth is half of
the specimen depth.

4. Results

4.1. Density

The sintered densities of the composites containing dif-
ferent vol% ZrO; are given in Table II. No significant
effect of Ce,Zr,O7 on densification of ZTA is observed.
Little variation in density is probably due to difference
in m-ZrO, and Ce,Zr,O7 contents in the two sets of
specimens.

4.2. Phases and transformability

The transformability i.e. the extent of t — m transfor-
mation of t-ZrO, during fracture together with pre-
existing monoclinic phase present in the composite
is shown in Fig. 2. The amount of monoclinic phase
present in the composites does not vary much with
vol% ZrO; in set I specimens whereas it increases
from ~11 to ~19% when ZrO, content increases from
8 to 13.8 vol% in set II specimens. Composites con-
taining lower amount of zirconate (set I) show more
transformability for intermediate ZrO, content. How-
ever, in set II specimens no significant change in trans-
formability with vol% ZrO; is observed. Moreover, the
transformability is lower than that observed in set I
specimens.

4.3. Fracture toughness (Kic)

The plots of fracture toughness with vol% ZrO, for two
sets of specimens are shown in Fig. 3. In case of set I
specimens, a peak in Kjc is observed at intermediate
values of ZrO; content. For set II composites, the K¢
is consistently higher and increases continuously with
ZrO, content upto 13.8 vol% ZrO,. A maximum Kjc
of 8.5 MPay/m is observed in set I as compared to
6.8 MPa,/m in set I specimen at 13.8 and 11 vol%
Zr0O;,, respectively.

4.4. Fracture strength (o%)

The plots of strength with vol% ZrO, are shown in
Fig. 4. In set I composites, the fracture strength drops
from ~500 MPa to 380 MPa when vol% ZrO, increases
from 8 to 11 vol% and then increases to 540 MPa at
16.5 vol% ZrO,. The dip in strength at 11 vol% ZrO,
coincides with increase in K¢ in set I specimens. For
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Figure 2 Bar chart showing the relative amounts of t-ZrO, (i.e. untrans-
formed, transformed to m-ZrO, during cooling from sintering temper-
ature and transformed to m-ZrOy during fracture) in different set of
specimens.
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Figure 3 Fracture toughness (Kic) vs vol% ZrO,. Data points of set 11
specimens have been shown by broken lines and shifted slightly to the
right for clarity.
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Figure 4 Fracture strength (ot) vs vol% ZrO;. Data points of set II spec-
imens have been shown by broken lines and shifted slightly to the right
for clarity.

set II composites, the fracture strength increases from
410 MPa at 8 vol% to 475 MPa at 11 vol% ZrO, and a
little change is observed with further increase in ZrO,
to 13.8 vol.

4.5. Microstructure

The microstructures of the polished surfaces of com-
posites containing 13.8 vol% ZrO,, belonging to set I
and set II are shown in Fig. 5. The Zr rich regions have
a bright contrast. It is seen that, in the composites with
low zirconate content (set I) equiaxed Zr rich grains are
uniformly distributed and are located intergranularly. In
the set Il specimens, the Zr rich grains are well dispersed
but the shape, size and morphology are remarkably dif-
ferent than in set I. Zr rich grains located at the Al,O3
grain junctions are found to be much larger as com-
pared to such grains observed in set I. Moreover, fine
and spherical Zr rich grains are observed to be present
within Al, O3 grains. Although the location of zirconate
has not been identified, however, its influence on mi-
crostructure is found to be dramatic in the compos-
ite. The Al,O3 grains of uniform shape are distributed
within a narrow size range in set I specimens. On the
contrary, considerable grain growth of Al,Oj3 is seen to
occur in set II specimens. Similar microstructures are
observed in two set of specimens at other vol% ZrO,
also. The average size of Zr rich and Al,O3 grains in

Figure 5 Microstructure of Al;03-13.8 vol% ZrO, composites containing (a) low (Set I) and (b) high (Set II) zirconate content.

200



] Untransformed
20+ P} Transformed during cooling
Transformed during fracture
16F ]
@ 12 ]
U B r— —
L
a8
& 8k
41

8 11 138
Set 11

0
Vol.% ZrO2 8 11 138165

Set |

Figure 6 Bar chart showing the amounts of t-ZrO; (i.e. untransformed,
transformed to m-ZrO; during cooling from sintering temperature and
transformed to m-ZrO, during fracture) in different set of specimens.

TABLE III Grain sizes of Al;O3 (da1,0,) and Zr rich phases (dz:0,)
in different set of specimens

Set I Set IT
_ dz:0, (um) dz:0, (um)

Volume % d ALO3 _— d AL O3 -
ZrO, (pm) dzio,  0z0,  (um) dz:0, 0710,

8 2.0 0.40 0.13 3.5 0.60 0.27
11 1.6 0.50 0.15 3.1 0.60 0.31
13.8 1.4 0.55 0.15 2.7 0.65 0.39
16.5 1.3 0.55 0.17

two sets of specimens with different vol% ZrO, are
given in Table III.

5. Discussion

The mechanical properties of ZTA largely depend
on the phases of ZrO, present as this ultimately de-
termines the toughening mechanism operative in the

Figure 7 Indentation crack in Al;03-13.8 vol% ZrO, composite; (a) in set I specimen at 110 pum from the crack tip and (b) in set II specimen at

120 pm from the crack tip.
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composite. The presence of microcracks is known to
improve the fracture toughness and degrade the strength
[10, 11], whereas the stress induced t — m transforma-
tion enhances both Kic and o in the composite [12—
15], although the peak values of K¢ and or may occur
at different ZrO, contents [13—15]. In our specimens,
besides tetragonal and monoclinic ZrQO,, an additional
phase i.e. Ce;Zr,0O7 is observed to form. The fracture
toughness behaviour of set I specimens, in general, fol-
lows the absolute amount of t-ZrO, transformed dur-
ing crack propagation (Fig. 6). Higher values of Kjc
are observed at 11 and 13.8 vol% ZrO, where the
transformation of the tetragonal phase is also higher.
However, the ot of the set I specimens is seen to be
lower where higher values of toughness are achieved
and vice versa. The reasons for this are not understood at
present.

On the other hand, specimens with higher zirconate
contents (set II) display the presence of higher amount
of pre-existing m-ZrO, and lower transformability dur-
ing fracture. The formation of Ce,Zr,O; phase low-
ers the CeO; content available for the stabilization of
t-ZrO, thereby resulting in the formation of higher
amount of m-ZrQO; in the as sintered composites. Lower
transformability of t-ZrO, during fracture due to pres-
ence of zirconate (Nd-zirconate, La-zirconate) is also
reported in Ce-TZP [16]. Microstructures of the set II
specimens reveal large grain growth of Al,O3 with fine
Zr rich particles within Al,O3 grains. Increased mobil-
ity of Al,O3 grain boundaries due to the presence of
Ce’t in ZrO, has been reported [4]. A similar effect
seems to be present here due to the presence of Ce’*
in zirconate.

The most significant observation in set Il specimens
is that, they exhibit higher toughness despite lower
transformability of t-ZrO, compared to that in set I
specimens (Figs 3 and 6). Although higher amount of
m-ZrO; (compared to set I) is formed but the contribu-
tion of microcracking as a result of pre-existing mon-
oclinic phase may not be high enough to account for
better toughness in set Il specimens. Moreover, it should
lead to a degradation in strength which is not observed.
Thus it appears that the presence of zirconate phase pro-
motes some toughening mechanisms other than trans-
formation toughening and microcracking.

Enhancement in toughness of Al,O3 ceramics due
to crack bridging has been reported by several inves-
tigators [17-20]. In the set II specimens also, it seems
that the significant contribution to fracture toughness
is from crack bridging. Fig. 7 shows the images of the
cracks produced by a Vickers indentor. No bridging
site is seen in the composite containing low zirconate
(Fig. 7a) while in high zirconate specimens, crack
bridging sites with transgranular fracture of Al,O;
grain are observed and continue to persist at a large
distance from the crack tip (Fig. 7b). Thus the modi-
fication of microstructure due to presence of zirconate
leads to crack bridging mechanism to be operative with
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other toughening mechanisms resulting in increase in
toughness without any degradation in strength.

6. Conclusion

Formation of zirconate (Ce,Zr,O7) phase is found to
occur in the sintered specimens of Al,O3-(Ce)ZrO,
composites. The amount of zirconate phase is maxi-
mum at the centre of the specimen where the availabil-
ity of oxygen is limited by its diffusion from the surface
to interior. The presence of the zirconate phase causes
a growth of the Al O3 grains, such that the crack bridg-
ing mechanism for toughness enhancement can oper-
ate. This helps in obtaining simultaneous high values
of strenght and toughness in the composites.
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