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Abstract

Magnesia partially stabilized zirconia is one of the most commonly used engineering ceramics

based on zirconia. A detailed discussion about how to identify the various phases in the high

resolution transmission electron microscopy images of this material is presented. It shows that

in some cases, the standard procedures of image simulation are inadequate to interpret these

images. By including the effect of astigmatism in both experimental and simulated images,

together with the digital Fourier transforms of the images, orthorhombic ZrO2 in [001]

orientation was identified. The 8-phase, which has a marked effect on the thermomechanical

properties of MgO-PSZ, can most easily be identified by high resolution imaging in the

[130]c zone which coincides with a low-index zone axis of the 8-phase.

Introduction

Magnesia partially stabilized zirconia (MgO-PSZ) is a multiphase material which usually

contains tetragonal (t) and monoclinic (m) polymorphs of zirconia in a matrix of cubic (c)

phase. Orthorhombic (o) and 8-phases are also known to be present in the subeutectoid heat

treated samples [1]. Both o-ZrO2 and t-ZtO2 can be transformed to m-ZxOz by thermal effect

or an applied stress. Therefore, distinguishing among these phases is a crucial step for

analysing high resolution transmission electron microscopy (HRTEM) images of these phases

and thus to understand the transformation mechanism.

It should be noted that it is impossible to distinguish these phases by accurate fringe-spacing

measurement because m-ZrO2, o-ZxO2 and t-TxOz are only slight distortions of the cubic

structure, and there are only minor differences in unit cell parameters. Usually, it is also

impossible to distinguish these phases by dark-field images because reflections from different



phases can superimpose together. For most high resolution microscopes, the specimen holder

has a limited tilt in both x and y directions, and so it is impossible to get two low-index high

resolution images for the same crystal region. Hence, usually it is also impossible to identify

the phase of the imaged crystal by imaging the crystal in different zone axes. For a conducting

specimen it is possible to identify the phase of the imaging region by taking a series of

through-focal images of the same area and comparing with a matched series of simulated

images. In most cases it is very difficult to get a series of good quality through-focal images

because the specimens usually carry residual charge. In fact useful images were only possible

after taking considerable precautions to limit this effect; thus it was essential to operate the

microscope at 400kV, use a small condenser aperture and a primary magnification of 400 -

500x [2]. Even then some images often showed effects of uncompensated astigmatism due to

residual specimen charge.

In most cases, different phases can not be distinguished by selected area electron diffraction

(SAED) because the geometry of the diffraction patterns of different phases can be

indistinguishable (Fig.l) and the SAED pattern usually includes reflections from all the

phases present in the imaging area. In principle, it is possible to distinguish different phases

using convergent beam diffraction, but it is difficult to do this because several phases can be

present in a single particle and the transformed region can be as small as only a few

nanonmeters in diameter. This also means that even the microbeam (point) diffraction cannot

resolve this problem. In this paper, by combining image simulation with digital Fourier

transform and including the effect of astigmatism, the various phases present in the MgO-PSZ

sample were identified.



Material and Methods

MgO-PSZ containing 9.8mol% MgO was prepared from mixed powders of the component

oxides. The powder was sintered and solution-treated at 1700°C, cooled at 275°C/h to 1000°C,

and then at 70°C/h to room temperature. The sample was reheated to 1100°C in air, aged

for two hours, and then furnace-cooled. Thin foils for electron microscope were prepared

from the sample, which were cut and polished and then ion milled. A JEOL-4000EX high

resolution transmission electron microscope was used to examine the specimen at 400kV

Results and Discussion

Identification of the phase of tetragonal Z1O2

Although the high resolution image of t-XtOi is quite similar to that of cubic, it is still can be

identified by its morphology and image contrast. The t precipitates are lenticular in shape and

usually show a darker image contrast (Fig. 2) compared with the high resolution image of the

cubic matrix. The t precipitate is nearly pure ZtOz, so the MgO stabilizer is mainly contained

in the cubic matrix and this could be why the contrast of ?-ZrO2 is darker than that of the

matrix. If the image appearance of the precipitate is different from the cubic matrix this is an

indication that the original t precipitate has been transformed to either m- or o-TxOt.

Distinguishing monoclinic ZrO2 from orthorhombic ZrO2

Both m-ZrO2 and o-ZrO2 found formed in MgO-PSZ were transformed from t-TxOz. The

lattice correspondence observed so far is such that the ct axis will become the cm axis with the

m domains extended either parallel or normal to the long dimension of the original precipitate

(Fig. 3). In most cases, the adjacent monoclinic variants are only twin-related rather than

twins [2,3].



For MgO-PSZ, the best imaging orientation is <100>c [2]. The high resolution image of m-

ZrOi in [010]m orientation can be easily identified because of the unique angle between the am

and cm axes (Fig. 4). For m-ZrCh in [001]m, the only situation which may be encountered is

Fig. 3b, since cm does not coincide with the ct (parallel to <100>c) axis for the situation shown

in Fig. 3a. Thus, if a monoclinic particle in [001]m orientation were observed, it could be

identified by its morphology. It would be round in shape and contain substructure of twin-

related variants. In practice, an example of such a particle was not encountered

experimentally.

Normally high resolution images of m-ZrCh in [100]m orientation and high resolution images

of o-7xOi can be distinguished based on image simulation. But for certain defocus settings,

the high resolution image of m-ZrO2 in [100]m and high resolution images of o-ZrCh in

<100>o can be indistinguishable. In such a case, high resolution images in these orientations

can be distinguished by the digital Fourier transforms because the superlattice reflections are

different in these orientations.

Fig. 4 is a high resolution image showing a portion of a partially transformed particle. It is

apparent, by symmetry, that the region labelled with "m" is m-ZrO2 in [010]m orientation. It is

also evident that region "o" is not tetragonal ZrC>2 as clearly shown by the digital Fourier

transform (inset). The Fourier transform shows that region "o" could be either m-2xQ% in

[001]m orientation or 0-ZtO2 in [001]o orientation, because the [010] and [010] reflections are

forbidden for these two orientations (see Fig. 1).

The ct axis is parallel to the short dimension of the t particle [4]. Depending on which m axis

is derived from the unique c axis of the parent t-phase, three possible lattice correspondences



(LC) can be identified [5] which were denoted by A, B, and C with the tetragonal c axis

becoming the monoclinic a, b, or c axis respectively. The only correspondence observed so

far in MgO-PSZ is LCC. Prior to the transformation, the ct axis of the particle shown in Fig. 4

is perpendicular to the beam. Therefore, region "o" can not be m-ZxOi in [001]m orientation

(see Fig. 3a). For a specimen with thickness greater than 100A, however, image simulation

shows that orthorhombic ZrO2 does not have an image similar to this for perfect conditions

regardless of the defocus. Here, perfect conditions mean that the microscope was perfectly

aligned, and there was no astigmatism, no crystal tilt and no beam tilt. By including the effect

of astigmatism in calculations, it was found that region "o" can be interpreted as being o-ZrO2

in [001]o orientation. The effect of astigmatism on high resolution images of orthorhombic

ZrC>2 is discussed bellow.

Identification of the phase of orthorhombic ZrO2

For a 9.8mol% MgO-PSZ sample, the typical "peak-aged" (two-hour aging at 1100°C) bulk

sample contains about 2.4% o-ZtO2 [1]. The o-phase content will be increased dramatically

during the process of TEM specimen preparation. It has been confirmed that the o-ZrC>2

formed in TEM thin foils has a space group Pbcm [3]. Figure 5(a) shows an experimental high

resolution image of o-Zr02 in [001] orientation and the inset is a calculated image. The

imaging area is around 80A. This image closely resembles the structure image in which the

black regions correspond to two Zr atom columns.

Astigmatism has a severe effect on the high resolution images of o-TxOi taken in [001]o zone

axis. For even a small amount of residual astigmatism, the images show marked changes in

comparison to images calculated for non-astigmatic conditions. In fact, it was found that in



most cases, it is not possible to match simulated images with experimental images without

considering the effect of astigmatism. Fig. 5b is an experimental high resolution image of

the same specimen area as that for taking Fig. 5a. Astigmatism was included in the image by

changing the current of the objective lens corrector. This is the most frequently observed

image during high resolution observation.

Identification of the 6-phase

The 8-phase, with composition Mg2ZrsOi2, has a marked effect on the thermomechanical

properties of MgO-PSZ. It was formed in MgO-PSZ during a subsequent aging treatment at

1100°C [6,7]. The 5-phase cannot be distinguished easily from the surrounding cubic and

tetragonal phases in high resolution images taken in orientations such as the <100>c, <110>c,

and <111>C. The special orientation for imaging the 8-phase is the [13 0]c which coincides

with a low-index zone axis of the 5-phase ([0112]). Fig. 6 is a high resolution image taken in

[13 0]c orientation, and the inset is the corresponding electron diffraction pattern. The faint

spots in the diffraction pattern are reflections corresponding to the 5-phase variants. A

detailed investigation about the 8-phase can be found in another paper [7] by the present

authors.

Concluding Remarks

Various phases of ZrOa presented in the high resolution images of MgO-PSZ can be

distinguished based on different approaches. Tetragonal ZrCh can be distinguished from cubic

matrix by image contrast and the morphology of the tetragonal particle. Monoclinic

ZrOa can be identified by its unique angle between the am and cm axes. Monoclinic ZrO2 in

[001]m can be identified by its morphology of the transformed particle the substructure of

twin-related variants, while monoclinic ZrO2 in [100]mcan be distinguished from



orthorhombic ZrO2 by combining image simulation and digital Fourier transform. By

including the effect of astigmatism in both experimental and simulated images plus digital

Fourier transform, orthorhombic ZrO2 in [001] orientation was identified. The 5-phase can

only be distinguished from other phases by choosing the special [130]c imaging orientation.
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Figure captions:

Fig. 1 Schematic representation of the diffraction patterns of m-ZrO2 and o-ZrOi. Open

circles represent forbidden reflections, (a) m-phase in [100]m; (b) m-phase in [001]m;

(c)o-phasein [001]o

Fig. 2 High resolution image of MgO-PSZ showing f-ZrCh, <?-ZrO2 and the cubic matrix.

Fig. 3 Schematic representation of monoclinic orientations in relation to the original t

precipitates.

Fig.4 High resolution image showing a portion of a partially transformed particle. The inset is

the digital Fourier transform of a selected image area from the region labelled with "o".

Fig. 5 (a) High resolution image of o-ZrO2 in [001]o projection. The inset (top left) is the

Fourier transform of a digitized image; (b) High resolution image of the same area as

that of image (a) showing the effect of astigmatism. The insets are simulated images

and the right region of each micrograph shows m-phase transformed from the o-phase.

Fig. 6 High resolution image of MgO-PSZ in [130]c orientation showing a <5-phase variant

nucleated at the corner formed by the two impinged ?-phase particles. The inset is the

corresponding [130]c zone axis electron diffraction pattern.
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Fig. 1 Schematic representation of the diffraction patterns of m-ZrO2 and

o-ZrO2- Open circles represent forbidden reflections, (a) m-phase in [100]m;

(b) m-phase in [001]m; (c) o-phase in [001]o



Fig. 2 High resolution image of MgO-PSZ showing f-ZrC>2, o-ZxOi and the cubic matrix.
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Fig. 3 Schematic representation of monoclinic orientations in relation to the

original t precipitates.



Fig.4 High resolution image showing a portion of a partially transformed particle. The inset is

the digital Fourier transform of a selected image area from the region labelled with "o".



Fig. 5 (a) High resolution image of o-TxO-i in [001]o projection. The inset (top left) is the

Fourier transform of a digitized image; (b) High resolution image of the same area as

that of image (a) showing the effect of astigmatism. The insets are simulated images

and the right region of each micrograph shows m-phase transformed from the o-phase.
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Fig. 6 High resolution image of MgO-PSZ in [1 3 0]c orientation showing a 5-phase variant

nucleated at the corner formed by the two impinged f-phase particles. The inset is the

corresponding [1 3 0]c zone axis electron diffraction pattern.


