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On the orthorhombic phase in ZrO2-based alloys 
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During TEM observation, a tetragonal (t) to orthorhombic (o) phase transformation often 
occurs in thin portions of ZrO2-containing foils. This transformation is stress-induced and in 
some senses artefactual, in that the reaction product is actually a high-pressure phase, relative 
to monoclinic (m) ZrO2, that can form from metastable t-ZrO2 in the TEM because its density 
is intermediate between t- and m-ZrO 2. Examples of the formation of o-ZrO 2 in a number of 
different systems are given. 

1. In troduct ion  
The polymorphism of pure ZrO2 at atmospheric press- 
ure has been extensively studied [1-7]. The high- 
temperature polymorph has cubic (c) symmetry and 
has the fluorite structure; the intermediate tempera- 
ture tetragonal (t) form and the low-temperature 
monoclinic (m) form are both distorted versions of the 
fluorite structure. Alloying with various stabilizing 
solutes such as MgO, CaO, Y203, or CeO2 affects the 
polymorph stability and, depending on heat treatment 
and composition, can result in multiphase materials 
(c + t ,c  + t + m,c  + m, o r t  + m) a t roomtem-  
perature (partially stabilized zirconia, PSZ), or fully 
cubic material (fully stabilized zirconia, FSZ). Several 
authors [8-13] have also found a non-equilibrium 
tetragonal phase (t'-ZrO2) in Y203-ZrO2 alloys with 
high  Y203 contents, that forms diffusionlessly from 
c-ZrO2 during rapid cooling from high temperatures. 

The polymorphism of pure ZrO2 and its alloys was 
recognized many years ago and forms the basis for the 
well-known phenomenon of transformation toughen- 
ing [14, 15]. In recent years, however, additional 
polymorphs in ZrO z-based alloys have been reported. 
Hasegawa and co-workers have reported that a 
rhombohedral phase (r-ZrO2) forms either on 
abraded surfaces [16] or in ion-implanted layers [17] of 
Y-PSZ. Early work by Bendeliani et al. [18] showed 
evidence of a high-pressure (4 to 11 GPa) phase with 
orthorhombic (o) symmetry, which was confirmed 
later by Bocquillon and Susse [19]. Liu [20] reported 
yet a different orthorhombic phase with the cotunnite 
(PbCI2) structure after quenching from pressures 
above 10 GPa and temperatures of 100 ~ C. Block, et al. 
[21] found a "pseudo-tetragonal" polymorph at press- 
ures above 4.4 GPa (at room temperature), with sub- 
sequent transformation to the cotunnite orthorhombic 
phase at pressure above 16.5 GPa. Finally Suyama, 
et al. [22] synthesized powders of o-ZrO 2 and of 
o-Hfl_xZrxO 2 by quenching from high temperature 
and high pressure; Kudoh et al. [23] performed a 
high-pressure structural analysis of this phase. 

There have also been reports [24-34] of o-ZrO 2 in 
transmission electron microscope (TEM) thin foils, 
although X-ray diffraction (XRD) experiments, per- 
formed on similar bulk materials, showed no evidence 
of this phase. Heuer and co-workers observed a 
t ~ o transformation in Mg-PSZ alloys, either on 
fracture surfaces [24] or in thermally-shocked [25-28] 
materials; the formation of o-ZrO 2 in Mg-PSZ 
has been confirmed by other workers [29, 30]. 
Orthorhombic symmetry was also found in ZrO2 
precipitates formed in Cu-Zr alloys by internal 
oxidation. [31]. o-ZrOz has also been reported in 
Ca-PSZ, [32] in Y203-ZrO2 alloys [33, 34] and 
in a ternary (Mg, Y)-TZP (tetragonal ZrO2 poly- 
crystal) [35]. 

With the exception of the very high-pressure cotun- 
nite phase, all these reports of o-ZrO2 are believed to 
refer to a distorted fluorite structure, whose structure 
has been reported by Kudoh et al. [23]. This phase 
has a well-defined thermodynamic stability region, as 
shown on the T - P  phase diagram of pure ZrO 2 in 
Fig. 1, but will form from metastable t-ZrO2 in various 
ZrO 2 alloys. 

The aim of this paper is to report new TEM thin-foil 
observations of o - Z r O  2 in various Z r O  z-based  alloys: 
Mg-PSZ, Y-PSZ, Ca-PSZ, ternary (Mg, Ca)- and 
(Mg, Y)-PSZ and ZrO2-toughened A1203 (ZTA). 
Based on these observations, we suggest that the 
formation of the orthorhombic phase from metastable 
t-ZrO2 particles in TEM thin foils is always artefactual; 
however, we note that Marshall et al. and James [36] 
have found o-ZrO2 in bulk samples of supertough 
Mg-PSZ cooled below room temperature. 

2. Experimental procedure and results 
We have found that o - Z r O  2 forms from t-ZrO 2 in 
every ZrO2-containing ceramic we have studied, regard- 
less of composition and heat-treatment, although the 
propensity to undergo this transformation does vary. 
TEM specimens were prepared following the standard 
methods of sectioning and mechanical thinning to a 
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thickness of about 60 ktm, followed by "dimpling" and 
ion-thinning with 6 kV Ar + ion until perforation. The 
specimens were coated with a thin carbon layer to 
avoid charging during observation in a Philips 400T 
EM operating at 120 kV. 

2.1. M g - P S Z  
This system has been the most extensively studied by 
TEM and shows many features that will be used to 
interpret the t ~ o transformation in all ZrO2-based 
systems. The heat-treatments used to form strong and 
tough Mg-PSZ containing t-ZrO2 precipitates are now 
well known, [14, 15]. o-ZrO2 is thus present as discrete 
particles in Mg-PSZ, having transformed from t-ZrO2 
precipitates; the lattice parameters are quite different 
from the high temperature-high pressure orthorhombic 
phase reported by Liu [20]. This orthorhombic phase 
was first observed in TEM foils of thermally shocked 
materials [25-28] although two orthorhombic forms 
were actually identified [27] and referred to as o- and 
o'-ZrO2; the lattice parameters of the former [28] 
are ao = 0.508nm, bo = 0.518nm, co = 0.508nm 
(Table I), while the lattice parameters for o'-ZrO2 are 
ao, ~ 2ao, bo, ~ bo and co, ~ Co; the space groups of 
these phases were determined (from high-angle tilting 
experiments and analysis of  selected-area diffraction 
(SAD) patterns) to be Pbcm and Pbca, respectively 
[27]. In many samples of Mg-PSZ, heat-treated to 
increase the transformability of  t-ZrO2, the precipi- 
tates transform to orthorhombic symmetry in the 
thinner regions of  the foil during routine TEM exam- 
ination. In thicker regions of these same foils, the 
t - ,  o transformation does not occur. The t --* o trans- 
formation also occurs adjacent to cracks which form 
accidently during foil preparation, as shown in Fig. 2a. 
It is interesting to note that in this example, the t-ZrO2 
precipitates transformed to monoclinic symmetry in 
the most highly-stressed region immediately adjacent 
to the crack surface, while those precipitates located 
farther from the crack surface transformed to ortho- 
rhombic symmetry. Lenz and Heuer [24] speculated 
that the t ~ m transformation in bulk materials 
might always by two-step - t  ~ o --, m-  as in this 
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Figure I P T phase diagram of pure ZrO 2 
(the heavy dashed lines are metastable 
extensions of the dash-dot solvuses). 
Diagram taken from H. Arashi [37]. 

example, but no evidence exists to support this notion 
for the bulk martensitic transformation. 

Some particles of o-ZrO2 in Mg-PSZ show heavy 
faulting, while others show uniform contrast. Using a 
convention consistent with the Pbcm determination of 
reference [23] and the data of  Table I, the faulting is 
found to occur primarily along the (0 1 0)o trace. Half- 
order maxima are observed for a number of orien- 
tations in SAD patterns (Fig. 2b). A dark-field image 
formed using the half-order maxima (corresponding 
to an approximately 1.0nm interplanar spacing) is 
shown in Fig. 2c. Subsidiary maxima along a streak 
can be due to a high density of  regularly spaced 
faults (the fault spacings in Fig. 2c range from 2.5 to 
4.0 nm), and it becomes a semantic issue whether or 
not to call such a faulted crystal a new phase (the 
o'-Zr02 with apparent Pbca symmetry [27]). o-ZrO2 in 
Mg-PSZ has also been studied by high-resolution elec- 
tron microscopy (HREM) [30]; the Pbcm space group 
was confirmed for the orthorhombic product by 
comparing HREM images with computer-simulated 
images based on the structure reported by Kudoh 
et al. [23]. 

Finally, a rare example (for Mg-PSZ) of linear 
defects having the contrast of anti-phase domain 
boundaries (APBs) is shown by the "in-plane" pre- 
cipitates in Fig. 2d; diffraction analysis reveals that 
these particles now have monoclinic symmetry. As is 
discussed in detail in the next section, such APBs often 
occur during the t --, o transformation in Y-PSZ and 
can be inherited in m-ZrO2 if a subsequent thin-foil 

T A B  LE I Lattice parameters of  o-ZrO 2 determined by TEM 

System t-ZrO 2 o-ZrO 2 A Vt~ o 

at(nm) ct(nm ) ao(nm) bo(nm) Co(nm) 

Mg-PSZ 0.507(7) 0.518(3) 0.508 0.52(3) 0.51(7) +0 .1% 
Y-PSZ 0.511(6) 0.515(7) 0.509 0.52(9) 0.51(7) +3 .1% 
Ca-PSZ 0.509(4) 0.518(0) 0.509 0.52(4) 0.51(2) +1 .7% 
ZTA* 0.508(2) 0.518(9) 0.5005 0.5235 0.5051 +1 .3% 

*The lattice parameters are for pure ZrO 2 and are included for 
convenience, a t and ct were taken from Lanteri et al. [37] while ao, 
b o and c o are from Kudoh et al. [23]. 
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Figure 2 (a) Dark-field micrograph of Mg-PSZ showing monoclinic precip!tates (m) near the crack (the dark vertical feature on the right) 
and orthorhombic precipitates (o) farther away. (b) SAD pattern ([100] zone axis), from the region of (a) containing orthorhombic 
precipitates (c) Dark-field micrograph of an orthorhombic precipitate, showing heavy planar faulting on (010)o planes. (d) Dark-field 
micrograph of monoclinic orthorhombic (originally) precipitates showing curvilinear APB-like defects within particles. 

o ~ m transformation occurs. We suggest a similar 
origin for the linear defects of Fig. 2d. 

2.2. Y-PSZ 
Skull-melted 8 w t %  Y-PSZ single crystals were 
annealed at 1600~ C for 50 h to develop the equilibrium 
two-phase (c + t) microstructure. The as-received 
material contained small t-ZrO2 particles formed 
by homogeneous precipitation in a cubic matrix, 
which matrix undergoes the c ---, t' displacive trans- 
formation during cooling [11]. Annealing at high tem- 
peratures results in the coarsening of  the t-ZrO2 
precipitates into a "colony" structure, which consists 
of stacks of two twin-related t-ZrO2 variants sharing 
the same habit plane, (1 0 1)t or (0 1 1)t, but whose c 
axes are at nearly 90 ~ . (The actual angle between the 
c axes of the two variants is about 89 ~ due to the 
small ( ~  1%) tetragonality of t-ZrO2.) The two 
variants fits nearly perfectly on the {101}t plane 
without appreciable lattice strain [39, 40], as has been 
verified using HREM [41]. 

Fig. 3a is a SAD pattern taken from the t-ZrO2 
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colonies oriented to the ( 1 0 0 )  zone axis. The fine 
structure within the {022} reflections (the arrowed 
spots) is due to the two twin-related t-ZrO: variants 
within each colony. During TEM observation, some 
of the t-ZrO2 colonies, especially those located in very 
thin areas (i.e. near the perforation in the TEM foil), 
transformed to orthorhombic symmetry. This trans- 
formation occurred so rapidly that it was not possible 
to follow the transformation sequence in detail. 
Several forward and reverse t ~ o phase transform- 
ations could be observed, however, the reverse (o ~ t) 
transformation being induced by using the electron 
beam as a heating source. 

The transformed areas often contained APBs within 
individual twins (Figs. 3b and c). An SAD pattern in 
the ( 1 0 0 )  zone axis, from the transformed colonies 
containing APBs, shows {001}t and {010}t extra 
reflections (Fig. 3d) forbidden for t-ZrO2 but charac- 
teristic of orthorhombic symmetry in this case. (Wide- 
angle tilting experiments were performed to confirm 
that m-ZrO2 was not present to account for these 
otherwise-forbidden reflections.) 



Figure 3 (a) SAD pattern ([100] zone axis) from t-ZrO: colonies in Y-PSZ. (b) Dark-field micrograph showing orthorhombic colonies with 
APBs. (c) Lower-magnification view of (b). (d) SAD pattern ([100] zone axis) from orthorhombic colonies. 

The splitting of the extra spots (arrowed in Fig. 3d) 
clearly indicates that both t-ZrO2 variants in the 
colony have transformed to orthorhombic symmetry. 
Streaks are also present in several different low-index 
SAD patterns. One possible origin for these streaks, as 
in the case of Mg-PSZ, is one-dimensional faulting in 
the o-ZrO 2 lattice, which originates during the t ~ o 
transformation (see section 4). 

Diffraction analysis has shown that, with the 
crystallographic convention referred to above for 
orthorhombic crystals, the orientation relationship is 
[001]t J] [100]o and [100]t II [001]o. The lattice 
parameters of  o - Z r O  2 in this alloy determined by 
TEM are included in Table I. As discussed in other 
work from our laboratory on the t --* o transform- 
ation in individual t-ZrO2 grains in a 4.5 mol % poly- 
crystalline Y203-ZrO 2 alloy [34], which also show the 
same orientation relationship, the reduction in crystal 
symmetry accounts not only for the extra reflections 
observed in SAD patterns, but also for the formation 
of APBs via a mechanism similar to that postulated 
for the c - *  t' transformation [11, 33]; the ortho- 
rhombic phase can nucleate at different lattice sites 
within a given tetragonal variant, and the impinge- 
ment of  such growing domains can result in APBs. 

The stability of o-ZrO2 within the colonies was 
studied by re-focusing the electron beam, which 
resulted in the sudden disappearance of  the APBs. 
SAD patterns before and after the t --, o transform- 

ation showed that the transformed orthorhombic 
colonies re-transformed to tetragonal symmetry, and 
the twin-related tetragonal variants were recovered. In 
some cases, however, the orthorhombic phase trans- 
formed martensitically to monoclinic symmetry, 
resulting in a microstructure of interpenetrating twins 
with the pre-existing, original {1 0 1}t twin planes still 
visible (Fig. 4). The presence of APBs within the 
transformed monoclinic colonies is an indication that 
in this instance, a two-step reaction had occurred 
(t ~ o ~ m) during the overall t ~ m reaction; the 
APBs are inherited by m-ZrO2 from o-ZrO2. 

2.3. Ca-PSZ and (Mg, Ca)-PSZ 
An artefactual t ---, o transformation in thin-foil speci- 
mens in 7.8 tool % Ca-PSZ has been described in the 
Appendix to Dickerson et al. [32]. However, only 
sparse details were given there, which will be elabor- 
ated on here. 

Zone-axis diffraction patterns, most notably the 
(0 0 1) zone, often showed additional reflections for- 
bidden for both the cubic and tetragonal polymorphs 
but without the twin-induced spot splitting associated 
with several variants of  m-ZrO2. In some cases, 
�89 (1 0 0)o streaks were present in the (0 1 2) and (0 1 1) 
zone-axis diffraction patterns, and were associated 
with fine, parallel striations, 1 to 3 nm in width, within 
the precipitates. 

Analysis of a number of diffraction patterns in areas 
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Figure 4 Bright-field micrograph of monoclinic colonies showing APBs inherited from orthorhombic colonies (arrowed). 

containing the orthorhombic phase showed the same 
orientation relationship as in Y-PSZ, and similar lat- 
tice parameters (Table I). Further analysis of a series 
of different zone-axis diffraction patterns, taken from 
the same area of a particular foil, showed that the 
three unit-cell axes were accurately perpendicular, 
conclusively demonstrating that the precipitates do 
not have rhombohedral or monoclinic symmetry. 

The transformed precipitates occasionally showed 
fine striations in dark-field images (see Fig. A1 in 
Dickerson et al. [32]); curvilinear APBs such as those 
observed in Y-PSZ are also present, although they are 

much rarer (Fig. 5a). (The striated particles in the last 
figure have monoclinic symmetry.) 

o-ZrO2 particles in this system occasionally show 
linear alignment along (1 0 0)c directions, usually in 
partially-transformed grains (see Fig. A2, in [32]), 
suggesting that the t ~ o transformation has an 
autocatalytic component. This alignment, which was 
previously reported [42] as an aspect of the precipi- 
tation of t-ZrO2, could not be found in c-ZrO2 grains 
in which all the precipitates had tetragonal symmetry. 

Diffraction information from two o-ZrO2 variants 
are seen in all of the (00 1) zone-axis diffraction 

Figure 5 (a) Dark-field micrograph of orthorhombic precipitates in Ca-PSZ, showing APB-like defects (arrowed regions). Monoclinic 
precipitates (m) are also present in this region of the foil. (b) Dark-field micrograph of orthorhombic precipitates in (Mg, Ca)-PSZ. 
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Figure 6 Dark-field micrograph of orthorhombic precipitates in 
(Mg, Y)-PSZ. 

patterns in this system. These can, as previously noted, 
be identified by the presence of split reflections at 
positions forbidden for tetragonal and cubic symmetry, 
and by the distortions of the fundamental reflections. 
The two variants have their a (shortest lattice par- 
ameter) and b (longest lattice parameter) axes coplanar 
and rotated by 90 ~ with respect to one another; the b 
axes are parallel and normal to the plane of the foil. 

The fraction of orthorhombic particles decreases 
rapidly with distance from the foil edge. However, this 
fraction increases with repeated observation under the 
electron beam, and with time after foil preparation, 
clearly suggesting that the t ~ o transformation 
is induced by stresses arising from localized beam 
heating; the o ~ m transformation in this system can 
be induced by focusing the electron beam and thus 
creating much larger thermoelastic stresses. 

The microstructure of a ternary (Mg, Ca)-PSZ, 
containing 4.5 mol % MgO and 4.5 mol % CaO, sin- 
tered at 1700~ for 4h and slowly cooled and then 
reheated at 1400~ for 4h, is shown in Fig. 5b. The 
t --, o transformation has occurred in this region of 
foil, resulting in both striated and APB-containing 
particles. 

2.4. (Mg, Y)-PSZ 
The morphology of the tetragonal precipitates in a 
ternary (Mg, Y)-PSZ containing 2.62 mol % MgO and 
4.45 mol % Y203 has been analyzed by TEM [43]. 

Fig. 3 of Lee and Heuer [43] shows dark-field 

images of three t-ZrO2 variants formed using the three 
{1 1 2}t reflections near the ( 1 1 1 )  zone axis; each 
precipitate is formed by the juxtaposition of ,three 
t-ZrO2 variants. In some cases, however, generally 
near the edge of a foil in a (1 1 1) orientation, the 
whole precipitate could be imaged with a single 
{ 1 1 2}t reflection, which could not occur if the com- 
posite particle was composed of three t-ZrO2 variants 
(Fig. 6). Careful inspection of SAD patterns in (1 0 0) 
and ( 1 1 1 )  orientations revealed the orthorhombic 
symmetry of the precipitate; the precipitates of Fig. 6 
are actually being imaged with three overlapping 
{l 1 2}o reflections. 

2.5. ZrO2-toughened AI203 (ZTA) 
o-ZrO2 has also been found in the dispersion- 
toughened ceramic, ZrOz-toughened A1203 (ZTA). In 
this material the t-ZrO2 exists as second-phase part- 
icles physically dispersed in a polycrystalline A1203 
matrix. The ZrO2 particles can be intergranular, i.e. 
located between AI203 grains, or because of matrix 
grain growth can become intergranular, i.e. trapped 
within A1203 grains. 

The ZTA studied contained 12vo1% ZrO2; its 
fabrication is described elsewhere [44]. Sintering in air 
for 2 h at 1450 ~ C was followed by hot isostatic press- 
ing for 10rain at 1600~ The material was then 
heated for 32 h at 1550~ to cause A1203 grain and 
ZrO2 particle growth. 

Several intragranular particles in the same A12Oj 
grain transformed during observation. Transformed 
particles with monoclinic symmetry (not shown here) 
were twinned, while other transformed particles con- 
tained irregular "domains" with non-distinct boun- 
daries (Fig. 7a). Analysis (not shown here) of the SAD 
pattern revealed that a0 ~ 2at, thus indicating the 
presence of o'-ZrO2. 

HREM has been used to image another intra- 
granular o'-ZrO2 particle in this ZTA (Fig. 7b); the 

1 nm spacing is readily visible. Image simulations 
[45] of HREM images of such particles are particu- 
larly effective in establishing or confirming the crystal 
structure of the material of the micrograph. A particle 
subject to such analysis is shown in Fig. 8a; in this 
case no particular features characteristic of o-ZrO2 are 
visible, although the SAD pattern (shown in 

Figure 7 (a) Dark-field micrograph of o' particle. (b) High-resolution electron micrograph of orthorhombic particle near Scherzer defocus. 
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Figure 8 (a) Low-magnification image of o-ZrO2 particle (Z) in an A1203 matrix (A). The outlined area is shown in (c) at high resolution. 
(b) Corresponding SAD pattern of both ZrO 2 ([00 11 zone axis) and AlzO 3 ([l 1 11 zone axis). (c) HREM image of the outlined area in (a). 
The insets show the SAD pattern of the ZrO 2 particle, and an image match produced using the SHIRLI program [44]. The best image 
matching was found for a thickness of 15 nm and a defocus of - 69 nm. The parameters used in the SHIRLI simulation are: lattice parameters 
ao = 0.5005 nm, bo = 0.5235 nm co = 0.5051, zone axis orientation [0 0 1], crystal tilt 2.222 mrad, beam tilt 0.243 mrad, objective aperture 
radius 7.3nm, half-width of vibration 0.045rim, half-width of spread of focus 6.0nm, C s = 1.10nm, semi-angle of beam convergence 
1.00 mrad. The lattice parameters of the orthorhombic phase were taken from Kudoh etal. [23]. 

Fig.  8b) c lear ly  shows tha t  the  par t ic le  no  longer  
has  t e t r a g o n a l  s y m m e t r y  b u t  has  t r ans fo rmed .  D u e  
to  the  smal l  t i l t  capabi l i t i es  o f  the  h i g h - r e s o l u t i o n  
e lec t ron  mic roscope  it  was  n o t  poss ib le  to ca r ry  
ou t  l a rge-angle  t i l t ing  expe r imen t s  to  d i s t ingu i sh  
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be tween  m o n o c l i n i c  a n d  o r t h o r h o m b i c  symmet ry .  
Image  s i m u l a t i o n s  [45] were therefore  p e r f o r m e d  o n  a 
series o f  t h r o u g h - f o c u s  m i c r o g r a p h s  to  de t e rmine  the 

s y m m e t r y  o f  the part icle .  I t  was  n o t  poss ib le  to m a t c h  
the  expe r imen ta l  images  by  a s s u m i n g  the par t ic le  had  



monoclinic symmetry; however, assuming the ortho- 
rhombic structure (in reference [23]) it was possible to 
match the experimental and computed through-focus 
images for a number of defocus conditions. Such 
good matching is shown in one case near Scherzer 
defocus (Fig. 8c). 

3. Group theoretical considerations 
It is now clear that the t --+ o transformation in ZrO 2 
can occur in several different instances. According to 
Kudoh et al. [23] the space group of the orthorhombic 
high-pressure phase is Pbcm; if we assume that the 
o-ZrO2 phase discussed in this paper is isostructural 
with this high-pressure phase, then the point group of 
this structure is mmm. Moreover the TEM obser- 
vations indicate that the transformation is displacive 
but not martensitic (quasi-martensitic in the termin- 
ology of Cohen el al. [46]), and involves only small 
displacements of the oxygen atoms. It is therefore 
possible to apply group-theoretical considerations to 
predict the number of rotational and translational 
variants. 

For the sake of brevity, only the essential results 
will be given; the interested reader is referred to the 
original paper of Van Tendeloo and Amelinckx [47] 
for further details of the theoretical analysis. 

The point group G of the tetragonal prototype 
phase is 4/mmm (space group P42/nmc ) and contains 
the 16 symmetry elements represented in Fig. 9a. The 
point group H of the orthorhombic phase is, as men- 
tioned earlier, mmm, a subgroup of 4/mmm, and 
contains 8 symmetry elements (Fig. 9b). From a 
group-theoretical point of view the group G can be 
decomposed in terms of co-sets of the subgroup H in 
the following manner: 

G = E H  + g H  

where E is the identity symmetry operation and g is 
an element of G but not an element of H. The sets E H  

and g H  mean that all elements of H (h~, h2,. �9 �9 , hs) 
are multiplied by E and g, respectively. In our case the 
set-theoretic sum is given by 

G = E H + C 4 H  

where (74 is the four fold axis of the original tetragonal 
structure. The two sets E H  and Cal l  have no elements 
in common. 

From this simple analysis it can be concluded that 
the t -+  o transformation gives rise to two ortho- 
rhombic rotational variants. The two orthorhombic 
variants are related by a rotation of 90 ~ about the c 
axis of the original tetragonal structure, giving rise to 

e - - e . - - - e  

,,/.ij \ ! Y  
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Figure 9 Stereographic projections showing the symmetry elements 
of  (a) 4/mmm point group, (b) mmm point group. 

permutation boundaries between the variants (the a 
and b axes of the orthorhombic phase are permuted). 

The number of translational variants for a given 
rotational variant is simply given by the ratio e of the 
volume of the primitive unit cells of the product and 
parent phase. However, for the tetragonal structure it 
is more convenient to use a doubly primitive unit cell; 
therefore we multiply e by 2, which is the multiplicity 
of the non-primitive tetragonal unit cell, and since we 
can neglect the small fractional volume change involved 
in the transformation (see Table I), we conclude that 
there are two translational variants associated with 
each rotational variant, and they are separated by an 
antiphase domain vector �89 [1 1 0]o which is consistent 
with experiment [34]. 

4. Discussion and conclusion 
It appears that the occurrence of the t ~ 0 trans- 
formation is ubiquitous in all ZrO2-based materials 
during TEM study. The diffraction information is 
consistent with the proposed space groups Pbcm and 
Pbca for o- and o'-ZrO2, respectively, although we 
have not attempted further refinements of the crystal- 
lography (using convergent-beam techniques, for 
example). Comparing the several materials studied, 
several similarities and differences can be noted. 

Firstly, the transformation is most easily induced in 
Mg-PSZ. One possible explanation is the small 
increase in volume (see Table I) associated with the 
transformation in Mg-PSZ. Secondly, linear defects 
are often present in o-ZrO 2 in Mg-PSZ, Ca-PSZ and 
ZTA, giving rise to streaks in some SAD patterns, 
while in the case of Y-PSZ and a (Mg, Y)-PSZ (not 
discussed in this paper), and possibly in Mg-PSZ as 
well, APBs can be present (these APBs are not 
observed in the other systems). More work needs to be 
done to understand these different transformation 
microstructures in the several systems. 

Finally, by comparing the calculated lattice par- 
ameters of o-ZrO2 to the lattice parameters of the 
tetragonal and monoclinic polymorphs, the unit cell 
volume of the orthorhombic phase is always between 
that of the tetragonal and monoclinic cells. This is 
expected, as the reaction product of the t ~ 0 trans- 
formation can be thought of as an intermediate stage, 
facilitated by the thin-foil conditions, in the t ~ m 
transformation. Given that the density of o-ZrO2 is 
higher than that ofm-ZrO2 but lower than for t-ZrO2, 
it is also clear that while o-ZrO2 is a high-pressure 
phase relative to m-ZrO2, and will only form under 
hydrostatic confining pressure, it is a low-pressure 
phase relative to t-ZrO2, and so forms readily as an 
artefact in thin foils. 
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