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The two kinds of the hydrothermally crystallised zirconia powders were used to toughen
alumina matrix. The one composed of isometric crystallites of tetragonal symmetry, the
other one of elongated monoclinic particles. In the sintered ZTA material either isometric or
elongated particles form tetragonal disk shaped inclusions. Zirconia inclusions originating
from the elongated particles tend to arrange crystallographically on the uniaxial
compaction. This resulted in the material showing different ultrasonic wave velocity, Young
modulus, crack lengths and fracture toughness along directions perpendicular and parallel
to the compaction force. An explanation of this phenomenon is suggested. Zirconia
inclusions originating from the powder composed of isometric crystallites lead to the

material of isotropic mechanical properties. ©

1999 Kluwer Academic Publishers

1. Introduction

It comes from the equations that the energy absorbed

Usually zirconia toughened alumina (ZTA) shows during the transformation is proportional to the strain

isotropic mechanical properties [1]. But, in some ap-and stress related to it. So, the greater is the strain
plications anisotropic properties can be useful. It waghe higher should be the toughening effect. It can be
shown [2, 3] that the materials of such features couldconcluded from the strain tensor that the largest shear
be manufactured by applying the elongated zirconiestresses operate along theaxis in the vicinity of the
particles. Such particles crystallise from the hydroudransforming monocrystalline zirconia inclusion. The
zirconia gel hydrothermally treated in the sodium hy-normal stresses along thé and Z-axis are close to
droxide solution [4, 5]. By the same method isometriceach other and one order of magnitude greater than
zirconia particles can also be prepared. But, in this casalong theX direction. So, the highest value of the total

crystallisation has to be performed in pure water.

stresses should be expected alongZhaxis. This ef-

The toughening effectin the ZTA materials is relatedfect should be more pronounced in the case of zirconia

to the tetragonal to monoclinic {4 m) transforma-

particles preferentially elongated towards theaxis.

tion of zirconia particles incorporated into the alumina  Since the strain caused by the-tm transformation

matrix [6]. The total free enthalpy changAG:_. m)

of the single zirconia crystal is anisotropic, the tough-

caused by this transformation is giving by the expres-€ning effect should depend on the crystallographic ori-

sion [7]:

AGt—>m = AGchem+ AGS + AGE (1)

where: AGchemis the free enthalpy change due to the

lattice transformation of zirconia. It is the function of
temperature and chemical compositiohGs corre-
sponds to the surface energy factiGe is the strain
energy contribution to the free enthalpy change.
According to [8] the last term can be expressed as:

1
AGE = E Eltj

where:oj;—state of stress around the particle ape—
is the stress-free strain tensor giving by [9]:

(@)

* Oij

—0.00023 0 00826
0 0.02421 0
0.08263 0 00234
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entation of the inclusion. It suggests that the material
containing crystallographically oriented zirconia parti-
cles should show increased toughness when crack prop-
agates perpendicular to tEeaxis. Fig. 1 illustrates the
two extreme orientations of the zirconia particle against
the crack. According to the presented discussion in the
case “a” the crack arrest should be more effective than
inthe case “b". In the material containing well arranged
zirconia inclusions the anisotropic mechanical proper-
ties should be observed.

2. Experimental

Fig. 2 shows the transmission electron micrographs of
the zirconia particles applied in the present work. The
isometric zirconia particles (Fig. 2a) crystallised from
the hydrous zirconia gel hydrothermally treated in dis-
tilled water fa 2 h at 250°C. The treatment under the
same conditions but in the NaOH water solution of
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4 mol/l concentration resulted in the elongated zirconia
particles. Thex-Al,03 powder was prepared by calci-
nation of the freshly precipitated aluminium hydroxide
gel at 1250C for 3 h.

X-ray analysis allowed us to determine the phase
composition of the zirconia powders by the method
described in [10]. The powder composed of isometric
crystallites contained 36+ 1.1 vol % of the mono-
clinic phase, the balance being of tetragonal symme-
try. The elongated zirconia particles were totally mon-
oclinic.

Fig. 3 shows the transmission electron micrograph
of the elongated zirconia particle and the electron
diffraction pattern of the outlined area. The typical pat-
tern for the monocrystal is observed. Fig. 3c presents

Figure 1 Two extreme orientations of the zirconia particle against the SCheme of the part of the diffraction pattern twisted

crack.
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(b)

Figure 2 Morphology of the zirconia powders containing isometric (a) and elongated (b) particles.

by the distortion angle (about 80 Solution of the



TABLE | Intensities of the (00 2), (02 0) and (2 0 0) monoclinic 2rO

100 nm

reflections
Powder composed of
Elongated Isometric Reference
Reflection particles particles intensities
(002) 8+1 17+1 20
020) 9+1 12+1 14
(200) 22+1 1241 15

=+ denotes confidence interval at the confidence level of 0.95 throughout
the work.

particle. In Fig. 4b the shining faces, (2 2 0), are also par-
allel to the longer edges of the particle. SinceZhaxis
is the zone axis for the (200) and (22 0) plains, there
is no doubt that the monoclinic zirconia particles are
elongated along th&-axis. This conclusion was cor-
roborated by the X-ray peaks intensity analysis of the
powder which surface has been subjected to the shear
force. Under such conditions the arrangement of the
elongated particles parallel to the direction of the ap-
plied force is expected. If so, the intensity of the (00 2)
reflection should be substantially weaker than for the
non-arranged particles. Table | demonstrates that this is
really the case. This effect does not occur in the case of
the powder composed of isometric particles. In order to
compare the presented results with the standard values
the ICDD data [11] are included.

Alumina and zirconia powders (80/20 wt %) were
mixed in water at pHE 2 fixed with HNG;, using a ball
mill and the alumina grinding media. Aft& h mix-
ing and drying, the powders were uniaxially compacted
under 400 MPa. The samples of 26 mm diameter and
~15 mm height were sintered in air atmosphere in an
electrically heated furnace at 1700 for 2 h. As a ref-
erence sample pure alumina sample sintered together

e, . with the ZTA materials was applied. The samples con-
. taining the elongated zirconia particles additive are re-
B e ferred as “AE”, those with isometric ones as “Al” and
o, am the pure alumina samples as “A’.
o,
(0o1) * 3. Results and discussion

Phase analysis of the sintered samples revealed that in
the both studied materials containing zirconia the phase
of tetragonal symmetry is the dominating one. Inthe AE
(c) sample it corresponds to &7+ 0.9 vol %, and in the Al
. . . . N . one, to 963 £+ 2.1 vol %. It indicates that the majority
Figure 3 Transmission electron micrograph of a single zirconia particle . .. . .
(a), electron diffraction pattern from the outlined area (b) and scheme opf_ t,he Zirconia |ncl_u_3|0ns have sizes smaller than the
the part of the diffraction pattern twisted by the distortion angle (c). ~ Critical ones. Densities of all samples were{e88%.
Fig. 5 shows the distribution of the zirconia inclu-

sion surface area in the alumina matrix. It was mea-
diffraction leads to the conclusion that the longer size ofsured using polished surfaces observed under the scan-
the crystal corresponds to tizeaxis of the monoclinic  ning electron microscope. The modal values are in the
structure. Fig. 4 demonstrates the bright and dark fieldame range of 0.12—0.24n? corresponding to 0.39—
electron micrographs of the elongated zirconia parti-0.55 um diameter of an equivalent circle. It suggests
cles. In the case “a” the angle of lighting was selectedhat a single inclusion is composed of numerous ele-
in the way satisfying the Bragg condition for the (2 0 0) mentary particles no matter of their starting size and
plain and in the case “b"—this condition was met for shape.
the (220) plane. It is clearly demonstrated in Fig. 4a To characterise anisotropy of the green and sin-
that the bright faces are parallel to the longer axis of theered samples the following features were measured:
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bright field

(o)

Figure 4 The bright and dark field electron micrographs of the elongated zirconia particles. Angle of lighting fits the Bragg condition for the (20 0)
plain (a) and for the (22 0) one (b).
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Figure 5 Distributions of the surface area of the zirconia inclusions in the alumina matrix in AE (a) and Al (b) materials, respectively.
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TABLE Il Ratios of the (00 2)/(2 2 0) tetragonal reflection intensities
in the sintered samples

moulding force

Direction
Material ()] (L) 0
| | AE 1.10340.060 11214 0.058 Q3604+ 0.046
Al 0.469+ 0.044 Q463+ 0.047 Q476+ 0.041

as for the AE sintered body. It should be notice that
no crystallographic orientation within alumina phase
occurs in any of the studied systems.
Figure 6 Orientation of the samples. The Feret sizes of the zirconia inclusions were mea-

sured along the two perpendicular directidpgndd )

in the plane parallel to the compaction force (Fig. 6).
propagation velocity of the longitudinal ultrasonic Ratio of these sizesli( /d;) amounted to 25+ 0.46
waves (10 MHz), length of the cracks caused by theand 1384+ 0.54 for the AE and Al systems, respec-
Vicker's indentation and the particle Feret sizes. Theively. Statistical evaluation of these figures confirms
X-ray diffraction helped us to gain information on the that they differ essentially from unity. It points out that
crystallographic orientation of the zirconia inclusions. in the both cases inclusions are disc shaped. Most prob-
All these characteristics were observed in the two perably it is due to the deformation of soft zirconia ag-
pendicular planes. The first was perpendicular to theglomerates under the compaction force. The variance
direction of the compaction force (marked)and the analysis of these size ratios gave evidence that they dif-
second parallel to it (see Fig. 6). In the parallel planefer from each other. It indicates that the agglomerates
the two directions were distinguished: perpendicularcomposed of the small, isometric zirconia crystallites
(1) and parallel |) to this force. reveal higher deformation ability.

Fig. 7a and b show the zirconia X-ray diffraction  Table Il shows longitudinal ultrasonic wave veloci-
peaksinthe green Al and AE samples, respectively. Acties measured in the two perpendicular directions. In all
cording to Fig. 6 they were measured along the specifiegreen samples wave velocities in the two perpendicular
directions. The evidence of the preferential orientatiordirections differ from each other. These differences are
of the zirconia particles is visible in the AE material; statistically valid. Sintering removes anisotropy of the
in the surface perpendicular to the compaction forcevave propagation in the pure alumina (A) and in the
the (00 2) reflection (monoclinic) becomes weaker insample containing isotropic zirconia crystallites (Al).
relation to the (02 0) one. It indicates that the startinglt suggests that the differences of the ultrasonic wave
monoclinic inclusions are arranged with their longerpropagation velocities in the green samples should be
dimension Z-axis) perpendicular to the compaction rather attributed to the disk shaped pores [12] and not to
force. No such phenomenon occurs in the case of the Ahe non-isometric zirconia inclusions. So, the crystallo-
sample (Fig. 7b). It points out that the inclusions com-graphic orientation of the elongated zirconia inclusions
posed of isometric crystallites do not arrange crystalfemains as the only factor explaining the behaviour
lographically under the action of the compaction force.of the sintered AE material. Basing on the longitudi-
The described situation is preserved in the sintered mazal (V) and transverseMf) ultrasonic wave veloci-
terials. This is illustrated by the date of Table Il. The ties Young modulek) along the both distinguished di-
(002)/(220) ratio of the tetragonal zirconia reflectionrections in the sintered samples were determined [13].
intensities in the Al sample shows no dependence oifhey are shownin Table Ill. These data lead to the same
the direction of the moulding force. This is not the caseconclusions as those presented above.
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Figure 7 Zirconia X-ray peaks in the green samples AE (a) and Al (b), respectively.
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TABLE Il Properties of the green and sintered samples of the zirconia toughened alumina

AE Al A

Green Sintered Green Sintered Green Sintered
() 9223+6.9 13452+ 32 15214483 10341+ 76 10026 + 3.1 11000+ 20
m/s (L) 12782+ 4.2 10584+ 20 15469 + 4.4 10334+ 126 11077+ 1.9 10982+ 58
v, (1) — 5943+ 38 — 5901+ 59 — 6305+ 97
m/s (L) — 59744 60 — 6050+ 78 — 6213+ 58
E, () — 389+ 7 — 344+ 11 — 392+ 16
GPa () — 361+ 10 — 356+ 17 — 384+ 9
L, (D — 157.7 £ 40.2 — 1499 + 37.6 — 2231+543
um (L) — 207.3+46.3 — 1487 + 46.4 — 2315+ 421

the material of anisotropic mechanical properties could
be prepared. Elongated zirconia crystallites have to be
usedto achieve such result. They arrange on the uniaxial
pressing in such a way that their longer axis becomes
perpendicular to the compaction force.

: It was demonstrated that the zirconia crystallites
grow preferentially along th&-axis when hydrother-
mally treated in the NaOH solution. Crystallisation in

/ i || / ;I | pure water results in the isometric zirconia crystallites.

" KIC” , MPa .mO.S
(o}

~ Their application to alumina matrix does not result in
1 a material of anisotropic mechanical properties.

It was found that both kinds of zirconia powders
give similar in shape inclusions in the ZTA material;
in each case they were disk shaped; they originated
from the agglomerates of the starting powders. But, as
it was pointed out above, only agglomerates composed

Cracks provoked by the Vickers indentation wereOf eIongated zir_conia crys_tallites Ieaq to the materials
used to assess the toughening effect along the two dire&f the anisotropic mechanical properties. The necessary
tions; the one paralle||j and the other one perpendicu- pondltlon to obtain the ZTA material of such properties
lar (L) to the direction of the compacting force. TheseliS the crystallographic arrangement of the zirconia crys-
crack lengths I() are given in Table IIl. They differ tallites within the inclusions.
substantially in the case of the AE material. No statisti-
cally valid differences occur in the composite contain-
ir)g isomet.ric zirconig_ crystallites_ (Al) and in alumina Acknowledgement
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