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e inco-
herent Zr0O;’Al0, interfaces in ZrQ:-toughened Al; ); con-
taining intragranular ZrO;. These particles are generally
spherical but are sometimes faceted. High-resolution elec-
tron micrographs provide atomic-level information on the
interfacial structure. For spherical particles. both ledgelike
images and misfit dislocation-like images accommodated the
lattice misfit, depending on the orientation of the interface,
while faceted particles imply at least one low-energy ZrQ,/
ALLO, interface. ,

L. Introduction .. -

Ay
'ZlRt'l)\:I-\—T()l'(}Hh.\'ED alumina (ZTA) is the most important

member of the wide class of ZrJ%-containing dispersion-
toughened ceramics.” Such materials typically consist of modest
amounts of ZrO- (up to 30 vol%) dispersed in a fine-grained Al O,
matrix. The ZrO. particles can have tetragonal (1) or monoclinic
{m) symmetry, are incoherent with the AlO: matrix. and can be
cither intergranular or intragranular (Fig. 1).

In the present paper, we will show high-resolution electron
micrographs which provide information on the nature of the inco-
herent ZrO:; Al.O. interfaces on an atomic level, particularly for
ntragranular ZrQ- particles. Intergranular ZrO,/Al:O. interfaces
appedr to be wetted by an amorphous grain-boundary phase:” these
intertaces have also been imaged by high-resolution electron mi-
croscopy (HREM), but these results will be reported elsewhere. '

Il. Experimenlal Procedure

ZTA samples containing 3.8, 10. and 15 vol% ZrO. have been
studied using HREM: the mbruanon or provenance of the samples
is described elsewhere.” All microscopy was performed in a trans-
mission electron microscope* dedicated to HREM and fitted
witit a top entry = 10° tilting stage: the TEM pole piece has a C,
(spherical aberration constant) of 1.1 mm. This microscope rou-
tinely provides point-to-point resolution down to 0.236 nm.

Thin-foi! HREM samples were prepared by ion beam thinning
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using conventional means, except that the thinned foils were an-
nealed at 1200°C for 15 min before HREM examination. This
anncaling induced the (reverse) m — 1 transformation in particles
in which the (forward) 1 — m transformation had occurred during
foil preparation, a common occurrence in ZTA. (A preliminary
report showing micrographs of an m-Zr0O./AlL:O, interface. in
which such a + — m transformation had occurred in an intra-
granular ZrQO: particle during thin-foil preparation. has beeen pub-
lished elsewhere.”)

Before describing our results. we note that imaging conditions
for HREM are very stringent. Firstly, the foil must be very thin,
<20 to 30 nm. Secondly. both the ZrO. particle and the AlO,
matrix have to be oriented such that a low index zone axis for both
phases is exactly (or nearly) parallel to the electron beam. Because
the ZrO: particles in these dispersion-toughened ceramics are ran-
domly oriented with respect to their Al.O.: matrices. this require-
ment is very difficult to satisfy. particularly as the interface itself
should also be parallel to the clectron beam. Of the more than
100 ZrO: particles examined to date. only a handtul satisfied these
difficult constraints. In this paper. we report images of two intra-
granular ZrO./Al:O. interfaces from which useful structural infor-
mation can be obtained.

Thirdly. it is customary to take a through-focus series of images
at various amounts of defocus. as the optimum defocus to achieve
maximum structural information in the final image (the so-called
Scherzer defocus) is difficult to know a priori.* Finally. un-
ambiguous image interpretation requires exact image matching
between computed (simulated) and experimental images. starting
with assumed structural models and known microscope parameters
(amount of defocus, C,. ctc.). While acceptable image matching
for defect-free ZrO- or Al;O; is straightforward (we have used both
Skarnulis® CELLS program® and O’ Keefe's SHRLI program_ for this),
modeling of the interface is much more difficult; this topic is
currently a subject of much attention in our group. Because of the
lack of computed interface images. our conclusions about interface
structure must be considered tentative at this time.

II1. Results and Discussion

Two ZrO; intragranular particles. one nearly spherical and one
faceted. that satisfied the stringent HREM requirements are shown
in Figs. 2(A) and (B), respectively. We discuss the spherical par-
ticle first.
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Fig. 2. (A) Intragranular ZrO, particle; a single set of (111) planes is visible in ZrO,, while AL,O, matrix is exactly oriented to [31 1} zone. (B)
Faceted ZrO; particle in Al,O; matrix, which is oriented exactly to [1010] zone; note Moire fringes in ZrO, particle.
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Fig. 3. Higher magnifications of various areas of Fig. 2(A). (A) Lattice mismatch accommodated by a series of ledges. (B) Periodicity changes along
interface from every fourth Al,O, plane stopping short of interface (arrowed) to every third one. (C) Lattice mismatch accommodated by misfit dislocations.
(D) Interface which appears smooth: sighting along atomic planes reveals misfit dislocations.
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Fig. 4. Higher magmitication of Fig. 281, AlLO. basal plane td spacing
of 0,433 no 1s paralle! to ZrQ). facet.

As seen in the fow-magnitication micrograph of Fig. 2(4). the
ALO - matrin is oriented exactly to the [3T21] zone axis and (OT11)
and (1703 planes can be discerned. On the other hand. the ZrO.
particle. which has 1 svmmetry. has only a single set of (11D
planes visible. as the closest zone axis ([THO]1 s tilted by a few
Jegrees to the electron beam. The (111 ZrO. planes are misor-
cnted by o3 from the WOTHh ALO. planes: furthermore. the
spacings for these two sets of planes difter signiticantly . 0.295 nm
for 1111 ZrO: and 0,393 nm for (0711 ALO.. In spite of this
marked lattice mismateh. no microcracks or other gross distortions
appear in the HREM image of the intertace.

Vurious regions of the ZrO- - Al-Ointerface are shown at hugher
magnification in Fig. 3. In the region shown in Fig. 3(4). the
latice mismatch between the two phases appears to be accom-
modated by series of ledges. each one atomic plane high: such
ledges are commonplace in semicoherent interfaces. as can oceur
between a precipitate and its matrix. but it is somewhat surprising
to see them in the incoherent interface in Fig. 3(A).

ALO: und +-ZrO. have significantly ditferent thermal expan-
ston coetticients (7 2 10 "0 8 x 10 “and 9 x 10 " w0 11 x
Y7 O respectively, depending on orientation). and thermo-
chastic strains between 0.2% and 0.4% are expected. assuming the
syatem was stress tree durmg sintering and stress reliet mecha-
nisms are ineperable below =1000°C. (Thermal strains ot this
order have been detected by Rithle and Kriven™ using HVEM
technigues

Evidence tor such strain is also available 1n the image of Fig.
W4 As noted above, the +Zr0) - s tilted =27 off its [110] zone
axts such that only one set of (111 planes is being imaged. Near
the intertace. however, one set of (222) planes. with halt the
spacing of the (11 seto s vistble. as well as an apparent structure
image We believe that the lattice bending due to these thermal
expansion mismatch strams has tilted the lattice towurd the [110]
rone axis so that the (222) planes are apparent. but computer
simulation 1~ necessary to contirm this interpretation.

Figure 308y shows another region of the ZrO./Al.O . interface.
which accommadates the lattice mismatch without any apparent
use of ledges, This region of the interface cxhibiis a type of peri-
odie quasi-fringe contrast in the low -magnification mmage of Fig.
204y At higher magnification this periodic contrast tat the top of
Fig. 3tB 11 is seen to be due to every fourth ALO. plane tarrowed)
extending less tur into the interface than its neighboring planes. As
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the interface orientation changes so does the period of the intertuce
structure. so that near the center of Fig. 3By it isevery third AL O
planc which stops short of the intertace

s peniodic contrast has some similartties to nistit dislocations
which can also exit i semicoherent interfaces to accommodate
latticc sniaich. this type of mismateh accommodation s certainhy
m evidence i the region of intertace shown i Fig 30y although
there are abso ledgelike regrons in conjunction with the dislocation-
like regrons i this nucrograph. Finally s big. 3100 shows wregion
ot the intertace which s apparentty smooth and free of ledges:
however, viewing along the planes of the images reveals the pres-
ence of periodic mistit dislocations. [t appears that for this incoher-
ent ZrO-/ALOntertace. the lattice mismateh s sccommeodated
by a combination of ledges and mistit dislocations, depending on
interfuce orientation.

A higher-magnification image of the fuceted iterface of Fig.
2(B) is shown in Fig. 4. As noted in this figure. the facet plane is
parallel to the basal plane of Al.O. and this orientation of
Z2r0,/Al;O, interface must have a lower interfacial energy than
any of the interface orientations of Fig. 3. Unfortunately. as will
now be discussed. we have been unable so far to specity the ZrO;
oricntation that leads to this low-energy interface.

It is common in HREM to determine the crystal orientation of
the material under study by taking an optical diffraction pattern of
the image. using a laser ditfractometer: and the cryvstal orientations
shown in Fig. 3 were determined in this way. The Moiré fringes
visible in Fig. 4 indicate that this 1s not possible with this image:
1 spite of the tact that this region of toil appeared to be quite thin
£=220 nmy. the ZrO- particle apparently does not go through the
toil and must be overlaid with some of the ALO: matrix. In fact.
this suggests the existence ot still another low-energy faceted
2r0 2 ALO ntertace. in this case paraliel to the (10T0) foil plane
of Fig. 4. We are presently sceking other examples of fuceted
ZrO-, AlLO . interfaces in which the ZrO - extends through both the
top and bottom of the foil so that the interface orientation can be
specitied exactly.

IV. Conclusion

HREM can be used to image incoherent ZrO:/Al:O. interfaces
in ZTA. Both spherical and faceted ZrO: particles occur in ZTA:
in the spherical particles. the mechanism of lattice accommodation
of the two phases is a combination of ledges and misfit dislocations
which depends on interfuce orientation.

The occurrence of fuceted particles implies the existence of
low-energy ZrQ, ALQO. interfaces. Although we are not vet able
to specify the ZrQO: orientation that leads to the low-encrgy inter-
faces. hoth basal (0001 and prism plane {1130} ALLO. orientations
appear to be present.
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