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Abstract, A brief overview of the application of the high resolution transmission electron
microscopy (HRTEM) method is given: the principle of HRTEM image formation in an
electron microscope; different modes of image formation; the role of contrast transfer
function (CTF) in HRTEM image formation; definition and improvement of electron
microscope resolution. As an example, the image processing of HRTEM micrographs of
mechanically alloyed ZrO,-10mol% Y,0, powders was performed in order to obtain
information about alloying and transformation at the atomic level,

In this wark the results obtained by applying the CRISP program to analyse the
HRTEM photographs of mechanically alloyed nanocrystalline materials are presented. The
investigation is focused on the following regions: a) the grain boundary region; b) the
region of stacking faults; ¢) the region of overlapping layers of zirconia and yitria.

Fourier filtering revealed at the atomic level one possible sequence of alloying that
occurred at the grain boundary, on the stacking faults and in the overlapping layers.
Performing the Fourier filtering with different filtering mask, it was possible to isolate the
separate planes introduced into the correct order of particular family of m-ZrO, lattice. The
introduced planes belonging to m-ZrG, or Y,0, could be regarded as dislocations
introduced into the perfect m-Zr0, lattice. Since they were identified in corresponding FT,
from which the filtering was performed, it was possible to give an interpretation about the
transformation due to the mechanical alloying observed in the particular HRTEM image.

1. Introduction
In the last ten years the construction of clectron microscopes (EM) was highly

improved and the resolution reached 0.11 nm. The modern electron microscopes are
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construcled to work with acceleration voltages as high as 200 kV, 300 kV, 400kV and
gven 1250 kV (Matomic resolution® microscope).

A transmission electron microscope uses a scrics of clectromagnetic lenses to
manipulate the electron beam generated at a high potential in an electrically heated
filament. Depending on imaging conditions either the particle or wave propertics of the
emitted electrons have to be considered. The wavelength of the cicctrons depends on the
acceleration voltage (A=h/(2meV)'?). As an electron wave penetrates the sample, the
resulting ditfraction pattern reveals the structure of the observed sample.

Analysing the image and the corresponding diffraction one can obtain uselul
information on the grain sizes, the precipitates, the orientation of precipitates to the
matrix and on the appearance of superstructure. With the aid of the energy dispersive X-
ray altachment (analytical microscope) it is also possible to measure qualitatively and
quantitatively the concentration and composition of elements, using the characteristic
X-ray spectra.

In the transmission electron microscope, one can simultaneously obtain the image
and the corresponding diffraction pattern from the same part of the sample, and the
concentration of elements in the sample, as well as the mapping of the elements in the
same region of the sample. The mapping of the elements is also possible with the
scanning probe resolution of ! nm. Related to the particular diffraction pattern it is
possible to obtain the bright field (BF) and dark field (DF) image. Under special
imaging conditions (large incident convergent beam, a thicker region of the sample) it is
also possible to obtain the convergent beam electron diffraction pattern (CBED).

HRTEM provides a direct evidence in the local structure and its irregularities at the
atomic scale. HRTEM images taken under optimal weak-phase-object conditions, at
Scherzer defocus, represent the projected potential of the crystal and can be used for
structure determination of an unknown crystal.

IIRTEM observations are of special interest in solid state physics, solid state
chemistry and materials science because of the importance of the investigation of the
relationships between the microstructure and the properties of the solids, particularly in

the influence of the different kinds of structural defects on macroscopic behaviour.
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The following [1] illustrates the wide-spread applicability of HRTEM in
crystallography as well as in materials science, including solid state physics and
chemistry, mineralogy, and life science: structure analysis (refinement) of crystalline
and amorphous materials; characterisation of the real structure, especially of structure
defects; analysis of internal interface structure (homo- and hetero-phase boundaries);
investigation of the dislocation core structure; phase analysis (information on local
chemical composition); detection of superstructures; investigation of phase transitions
(crystalline-crystalline, crystalline-amorphous, including polymorphism); detection of
order-disorder phenomena; structure investigation of non stoichiometric compounds;
nvestigation of dynamic processes (e.g. in situ observation of crystal growth); imaging
of single atoms and atom clusters; detection of point defects and point defect
agglomerates.

For crystallography, it is important that high resolution electron microscopy
(HRTEM) and electron diffraction (ED) with crystallographic image processing (CIP),
could solve, under some condition, an unknown crystal structure.

The first structure was solved by ED in 1949 by Vainstein and Pinsker [2]. Since
then a lot of rcsults were obtained in this field [3,4] and different methods were applied.
[t has been shown that HRTEM combined with crystallographic image processing (CIP)
can be used to determine co-ordinates of metal atoms in oxides with an accuracy of
about 0.01 nm [5].

n 1992 Wenk [6,7] et al. were the first to combine 2D HRTEM images into 3D
reconstruction for solving the structure of an inorganic crystal, mineral staurolite. [n the
3D map all atoms (Fe, Al, Si, oxygen) were clearly resolved (al the resolution of 0.138
nm).

With the development of clectron microscopes it is now possible to determine an
unknown crystal structure with the accuracy of 0.002 nm [8]. In the last vears, more and
more structurcs were solved from HIRTEM images and ED.

Convergent beam electron ditfraction (CBED) has also been developed for
structure analysis. CBED can provide information on the lattice parameters and crystal

symmetry. It 1s more favourable to the thick crystal (larger than 50 nm) with a small unit
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cell (smaller than 1 nm). Structure analysis by CBED has been summarised in two
review arlicles [9,10].

The other problems are related to the resolution of an electron microscope as an
mnstrument. The resolution depends mainly on the accelerating voltage and the
aberration of objective lens (especially spherical aberration coefficient €, and
chromatic aberration coefficient C.). Questions related to the utilisation of HRTEM and
ED, as was listed before, are related to the resolution of the instrument, when the
crystal structure is known.

What can be really resolved in the HRTEM image? Now, for the medium voltage
microscope of 200 kV the resolution is below 0.2 nm, and in the atomic resolution
microscope, as the one installed in Stuttgart, working at 1250 kV [11,12], one
approaches the atomic resolution of 0.1 nm.

The electron crystallography has two important advantages over X-ray
crystallography for the determination of atomic positions in crystal structure:
crystallographic phases can be determined directly from HRTEM images and the
samples having dimensions 0.1x0.1x0.1 pm® can be analysed [3]. Contrary to that, for
single crystal X- ray diffraction the crystal should have sizes larger than 100x100x100
pm’.

The present paper deals with HRTEM and selected area electron diffraction
applied in kinematics conditions and under weak phase object approximation of a thin
object. The CRISP programme [13] used in the image processing analysis works under
these conditions. An application of HRTEM image processing analyses for extracting

some information on mechanically alloyed materials is given in the third part of this

paper.

2. General Consideration About EM and HRTEM
2.1, Image Contrasts in EM

There are two important mechanisms which produce image contrast in the

electron microscope:
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1) Diffraction contrast: Diffracted electrons leaving at the lower surface of the
crystalline specimen are intercepted by the objective aperture and prevented to
contribute to the image. Only few of the diffracted beams form the image. The
image contrast is produced by changes in absorption coefficient from one to
another region ol the specimen. At medium and low resolution the contrast in the
image would arise from amplitude reduction in region of large scattering where the
scattered rays are intercepted by the objective aperture.

i) Phase contrast: Some of the diffracted beams leaving the specimen are
recombined to form the image so that the phase difference present at the exit
surface of the specimen is converted into intensity difference in the image. Phase
contrast arises from the interference between waves included within the objective
aperture and whose plane should be controlled by an accurate focusing to produce
a confrast.

Diffraction contrast is the dominant mechanism revealing objcct details larger than
L5 nm in crystalline specimens. It was widely used for study of crystal defects [14].
Phase contrast is the dominant mechanism for an object detail smaller than 1 nm and is
important in high-resolution studies, in early stages of short-range order and amorphous
materials. Phase contrast is the basic mechanism describing image formation in high
resclution electron microscopy [1,15-20].

The solution of Schrédinger equation in the vacuum for electrons in an EM is :

Yo(r)= exp(i ko r)
General solution of Schridinger equation in Born approximation (electrons energy
L>>e @(r}) of periodic potential (1) is :
W) = Z, Ajexplify +i(kg+g)r]

Ay are the amplitudes, ¢y are the phases of transmitted and the diffracted electron beams.
g; 18 the reciprocal vector of the /-th beam, where /0 is the order of the diffracted beam,
and /=0 is transmitled beam. The wavce function at the exit face of the sample, in this
approach [17], is considered as a synthesis of different /-components of diffracted

waves. Now we can go to image formation in the EM.
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Amplitude {diffraction) contrast results from a filtering process whereby some of
the electrons from the incoming electron beams are unable to reach the image plane. In
normal (low resolution) bright field electron microscopy only the direct electron beam is
allowed (/=0) to reach the image plane; all the scattered electrons are excluded by the
objective lens aperture. In normal dark-field microscopy, the direct electron beam is
excluded from the image plane and only one or more scattered beams having determined
g: are allowed to pass through the objective- lens aperture. The selection of scattered
beams is performed by tilting the direct beam, or by moving the aperture so that the
direct beam is blocked.

For high resolution imaging it is desirable to obtain as much structural information
as possible about the specimen. This means allowing the maximum number of
diffracted beams g; to pass through the objective-lens aperture to form an image in the
image plane (see Fig. 1 (b, ¢, d and e)). Further explanation will be given in HRTEM

image formation 2.3.
2.2. Phase Object Approximation

Some approximation simplify the mathematical description of the scattering of the
electrons by crystals, Here we assume that the crystals are pure phase objects [17-20],
L.e. electrons passing through the crystal suffer only a phase shift; this is the phase
object approximation (POA). The POA demands that electrons are only elastically
scattercd and the energy of electrons is so high that scattered electron waves are almost
parallel to the incident wave.

If the electron beam has the direction of z-axes, the phase A®d(x,y) at the exit of
the sample, having thickness t = ¢N, , (N is number of unit cells in direction of z), is
expressed as follows:

AD(x,y) =2 me L h? N, (x,y)=c N, P(x,y)
The interaction constant o =21 me). /h?, where m, ¢ , A, are the mass, electron charge

and elcctron wavelength, respectively. The electron wavelength 2=h /mv = h /(2meV)"?,
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where V {in Volts) is the accelerating voltage. For V=200 kV, A=0.002508 nm. N,=
number of unit cells in z-direction.

The interaction constant o, represents the strength of interaction of electrons with
matter. o decreases with increasing voltage V . The phase shift A®(x,y) depends on
the voltage anld reflects the projected potential of the crystal p(x,y). The wave function
at the exit surface of the crystal can be written as

Vo= exp(-ic N, 9(x,y))
This wave can be expressed as a Taylor series:
Yex(Xy)= 1-6 N, 9(x,3) - 6° (N2 9Qe,y) 72 +....
When the weak-phase object approximation is valid the amplitude of the wave function
Wex(X,¥) at the exit surface is proportional to the amplitude of the structure factor of the
crystal, while the phase of we(x,y) is shifted by (-n/2) with respect to the structure
factor F(x,y}. For the details see references [18-20].

2.3. High Resolution Imaging

In the image formation process [18], when the electron beam passes through the
microscope we distinguish the following phenomena (see Fig. 1{(a) ):

- diftraction phenomena in the plane of the object,

- the image formation in the back focal plane of the objective lens,

- the interference, of diffracted beams, in the image plane of the objective lens.
The wave function e (1) of clectrons at the exit face of the object can be considered as
a planar source of spherical waves according to the Huygens principle. The amplitude of
diffracted wave in the direction given by the reciprocal vector g is given by the Fouricr
transformation of the object function , i.e.

Ww(Eg) = Jg v @)

The intensity distribution in the diffraction pattern is given by | v (g) |2 in the back

focal plane of the objective lens.

ly@*=13, ynl?
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It the object is periodic, the diffraction pattern, the square of the FT of the object
function, will consist of sharp spots. In the second stage of the imaging process the back
focal planc acts as a set of IMuyghens sources of spherical waves which interfere,
through a system of lenses, in the image plane. This stage in the imaging process is
described by an inverse Fourier transform which reconstructs an enlarged object

function y(R). The intensity in the image plane is finally given by | y(R) |2

a
y ' J L VJ "
| ~] oBJECT w(r)
i
i
} OBJECTIVE LENS
- _ >
!
i
BACK FOCAL PLANE : OBJECTIVE o~
—— - N2 - w(g)= 3 ()

OF 0BJECTIVE LENS /191 /i 93/ \ APERTURE

i
i
i
i
] I
i ~r
I
i
i
i
i
; IMAGE PLANE Vin(R)= IT(2) w(g)
R. iR R:
b c d ©
. + O - . . : : ) ®
- - L : : . ’ .

Figure 1: (a) Image formation in an electron microscope; (b, ¢, d, ¢,) schemes of
diffraction patterns and aperture configurations; + - optical axis, o - undiffracted
beam; O - objective aperiure A as placed in (a).
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During the sccond step in the image formation, which is described by the inverse
Fourier transform, the electron beam undergoes a phase shift y(g) with respect to the
central beam. The phase shift is caused by spherical aberration and defocus and damped
by incoherent damping function D(a,A,g), so that the wave function wi(R) at the
image plane is finalty given by

ViR 37 T(g) v ()
where T(g) is the contrast transfer function (CTF) of thin phase object.
T(g) includes damping envelope D(a,A,g) and phase shift y(g):
1(g)= ne kg’ +n C 2’ g'2 T(g)= D(e,A,g) exp [i 7(g)]
o 1s the convergent angle of the incident electron beam and A is the half-width of the
defocus spread ¢ due to chromatic aberration. For the details consult references [ 18-
207.

The main experimental techniques in common use at present in the field of
conventional high-resolution electron microscopy, in phase contrast, are given in Fig. 1
(b, ¢, d, ¢) [1]. The different imaging modes are determined by the size and geometrical
position of the objective aperture in the back focal plane of the objective lens. A lattice
fringe 1mage is obtained, if only one (or a few) diffracted beams interfere with the
unscattered beam (aperture type b). The period of fringes corresponds to the interplanar
spacing of the excited beams. Using an aperture type c, a many-beam image will be
observed. For thin crystal having large unit cell parameters under experimental
conditions, obtained using aperture type d, the “structure image* could be obtained if the
micrograph 1s directly interpreted in terms of the projected atomic arrangement of the
crystal structure. A dark-field lattice image s formed if particular diffracted beams of

interest interfere and all other beams are excluded; aperture type e.

2.4. Contrast Transfer Funetion (CTF)

The specimen-independent properties of the electron optical imaging system are
characterised by the contrast transfer function (CTF). This function describes the phase

shift of the electron wave due to the influence of the spherical aberration and
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Figure 2: Contrast transfer function of JEOL JEM 2010 200 kV electron microscope:
Scherzer underfocus & =-43.4 nm, o = 0.6 mrad, g.= 5 nm”.

defocusing of the objective lens. In the WPOA contrast transfer function T(g) is:

T(g) =exp(y(g)), should be sin y(g)=1 and cosy (g)=0, y(g)=nn /2
for all g. Under this condition the intensity distribution will be an image of projected
potential, and the double scattered electrons will be eliminated to contribute to the
image [18-20].

The function siny(g), which describes how the electron beams that leave the object
are modified by the microscope and its variation with g, depends on the values of the
parame ters:

%, Cy{constant of spherical aberration) and ¢ (the defocusing value).
It is possible to find a defocus e that partly compensates for the spherical aberration,
bringing sin x(g) to value -1, over an extended interval of g. This underfocus, i.c.
negative value of €, 1s the Scherzer focusing condition, the best possible approximation

to the 1deal case and the optimum setting for struclure imaging with the correct contrast.
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For this condition, the projected potential is proportional to the negative of the image
intensity, i.e. black features in HRTEM positives (low intensity) correspond to atoms
(high potential). Contrast transfer function of Jeol 2010 UHR 200 kV microscope, for
Scherzer focusing condition of -43.4 nm is shown in Fig. 2.

CTF determines resolution and interval of d-values (interplanar spacing) to be
transferred and imaged in the image plane of EM, by particular microscope adjustment

determined by instrument and particular experimental conditions.
2.5. Resolution

Speaking about resolution:

a) poini-to-point resolution or structure image resolution is a measure of the ability
of the TEM to fatefully reproduce the structure of the sample as projected in the
direction of the incident electron beam.

b) line (fringe) resolution, considers the smallest distinguishable separations
between regularly spaced fringes. Such fringes are generated from the interference
between two diffraction spots and have no sample correlation with the crystal structure
other than reflecting a periodicity perpendicular 1o one crystallographic direction (See
Fig. 1(b)).

The general expression for resolution d, for BF point-to-point resolution is

d,=0.67 27"CM, (1)

where % is the electron wavelength and C; is the coefficient of spherical aberration of
the objective lens [16,18]. Improvements in resolution can be made by decreasing the
wavelength and the spherical aberration. An increase in the accelerating potential
decreases the wave length %, but causes other problems such as power supply and
instrumental instabilities.

Achieving a decrease in C requires the solution of extremely difficult pole-piecc
design and engincering problems, including the need for very small gaps into which to
place the specimen. The result is that there is little or no space for tilting the specimen 1o

obtain proper orientations.
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Another view of reselution can be understood by considering the transfer function
which 1s discussed and revealed in Fig. 2, so that the relation (1) for resolution is
reciprocal of g-vector (spatial {requency) of the first zero of contrast transfer function,
i.c. dy=1/gs, where g is the first zero of CTF and defines point-to-point resolution dg of

the EM (d= 0.197 nm in the case of JEOL 200 kV electron microscope).

3. An Application of HRTEM Image Processing in Analysis of Photographs of
Mechanically Alloyed Materials

3.1, General Consideration

In pure zircona ZrQO;, having moneoclinic structure at room temperatures, the high
temperaturc cubic phase is stable above 2370°C and cannot be quenched to room
temperature |21]. The stabilisation of the cubic phase at room temperature is possible
by alloying zirconia with other oxides such as MnO, NiQ, Cr;03, Fe,03, Y203, Ce,0s5.
However, a very high temperature (over 10000C) of calcination or sintering is required
for preparation of solid solutions of zirconia with these oxides [22-24). Y. L. Chen and
. Z. Yang showed [25] that mechanical alloying (MA) could also be used for alloying
ceramic materials (ZrO,-CeO; system), and recently we reported {26] that it is possible
to synthesise Zr0O;-10mol.% of Y,0; cubic solid solutions as the end product although
in first stages of alloying the tetragonal phase appeared.

It is generally believed that alloying and amorphization are brought about by a solid
state rcaction during mechanical alloying, as a mixture of thin layers [27]. This is the
same mechanism as that which occurs in thin films [28]. However, there is a lack of
TEEM and HRTEM results in the literature to confirm this model of alloying process
[29.30].

In the present work the initial stage of the mechantcal alloying process in ZrO;-
10mol%Y,0; powders using HRTEM image processing is investigated. The results
oblained by applying the CRISP program [13] to analysc HRTEM photographs of
mechanically alloyed materials are presented [31-33]. The method described here could

be applied in the investigation of any nanocrystalline materials.
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3.2 Experimental Procedure TEM and HRTEM

Powders of zirconia and yttria were milled for 10 minutes in a Iritsch planetary
micro-ball mill Pulverisette 7, as reported previously [26,34]. The rcsulting specimens
were examined by X-ray diffraction (PHILIPS PW 1820 diffractometer), by TEM and
HRTEM (JEOL JEM 2010 electron microscope, equipped with an ultra high resolution
pole-piece, operating at an acceleration voltage of 200 kV, a C; of 0.5 mm and a point
resolution of 0.19 nm).

X-ray diffraction (XRD) in ZrO;-10mol%Y,0; powders, ball milled for 10
minutes, showed evidence of the formation of tetragonal zirconia solid solution (t-ZrQ,
S5) [26,33]. From previous TEM, HRTEM and electron diffraction (ED) measurements
[33] an evidence on the microstructure in different regions of the sample was obtained.
The agglomeration t-ZrO; and Y,0; (from 7 to 60 nm ) grains being attached to a large
m-ZrQ; grain are observed. The layered structure, induced by ball milling, revealed the
shear deformation of lattice planes and planes ruptures. The small flakes of material
having 10 nm size had, according to ED [26], a tetragonal nanocrystalline structure.

These first grains of t-ZrO; solid solution nucleated at m-ZrO; layers.

3.3. Image Processing of HRTEM Photographs

A further insight was obtained into the alloying process by image processing of
HRTEM photographs. One example from the early stages of the milling process will be
given. During milling, fragmentation and adhesion of the grains is a steady proccss.
However, the newly formed interfaces between monoclinic zirconia grains and Y,05
grains can be brought into the intimate contact by subsequent ball collision forming an
agglomeration, composed of grains G, C, M and region D. Fig. 3(a} shows a large
monoclinic grain, M, nearly in the [01 1] orientation. From this region  two selected
area diffraction photographs (SAD), shown in Figs. 3(b} and 3(c), were taken. In the

SAD pattern the strongest reflections belong to the m-ZrO; grain, M, and the weak

reflections belong to the Y;0Oslayer, L, in [OIT] orientation. The region marked L
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[011]

Figure 3. (a) HRTEM photograph of mixture of m-Zr(); and Y;0, powders ball
milled for 10 min; (b) ED pattern of (2) [01 1 ] m-Zr04; (c) ED pattem of (a) nearly

00 17 m-Zr0s | [011] ¥20; zone. The meaning of lettering explained in the text,
I B £ Al

15 compozed of m-Zr0; pgrain overlapped with the thin layer of YaOn in [011]
orientaticnr, which may serve as an evidence that alloying takes place in layers. Some
other nanccrystalline Y;(); pgrains distributad in the aggregate give additional spots,

which farm very sparse, spotty rings in the SAD pattern shown in Fig, 3(c).



The image processing analysis of this HRTEM image showed that {urther atomic
mixing occurred at the grain boundary (GB) region as well as in the layers. Previously,
it was also revealed [29,30], using HRTEM and EDS (encrgy dispersive X-ray
analysis), that layered structures are formed in ball milled samples.

To elucidate the process of the solid-state reaction during ball-milling one has
wanted to find out how Y305 penetrates into the m-ZrQ, lattice and how this results in
the formation of a tetragonal ZrO; solid solution (t-ZrQ; SS). The diffraction pattern
was calculated, i.e. the Fourier transform (FT), of the sample image. Each distinctive
set of planes in the image will give a Fourier component in the calculated diffraction
pattern, a bright spot (a “reflection™) with a given amplitude and phase. Filtering of the
spots in the diffraction pattern allows individual features in the original image to be
reconstructed.

This method of filtering is a very general approach, and has been used in optical
microscopy [34] and in electron microscopy [35]. In this approach, the crystal lattice of
the specimen is considered as being built up of a number of gratings, each with its own
spacing 4. [mage formation in the electron microscope proceeds by the formation of a
scries of maxima in the back focal plane of the objective lens, each maximum having its
own amplitude and phase. Recording this pattern would give the electron diffraction
pattern, although phase information would be lost. However, if the electron beams then
pass through the objective lens, they form the image.

The CRISP approach [I13] to image processing is the inverse procedure. The
calculated Fourter transform of the image corresponds to the ED pattern, with the
important property that the phase information is preserved. Each of the gratings in the
crystal lattice has given rise to a set of fringes in the image, and the calculated Fourier
ransform will contain one bright spot corresponding to each set of fringes. By
sclectively preserving information in the reflections, one can obtain information about
the fringes in the image, and consequently also information about the structure of the
crystal lattice. In particular, one can obtain information about a particular family of

crystal planes.
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The Fourier transforms of several regions in Fig. 3(a) were calculated. The regions
selected for study are marked in Fig. 3(a) as:

1. The grain boundary, GB,

2. A region, L, of overlapping layers of zirconia and yttria,

3. A region, I, containing stacking faults.

The Fourier transforms of regions of size 256 x 256 pixels (corresponding to around 6x
6 nm’ in the specimen) were calculated. In each FT, masks with holes of radius 5 pixels
were used to select components of the FT. The effect of hole size was investigated
within a range from 1 to 5 pixels, the largest size being chosen in order to ensure that
very large reflections from the ZrO, were completely encircled by the mask hole.

1. Grain boundary region: The Fourier transform of the grain boundary region is
shown 1n Fig. 4(d) and contains the reflections from the ED pattern shown in Fig. 3(b).
The reflections in the FT are marked by numbers 1to 7, and are assigned to m-ZrO;
and Y;0s, as shown in Table 2. The reflections marked 2, 3, 6 and 7 were complex
spot containing identifiable components whose values are assigned in the Table 2.

The results obtained after filtering using particular reflections are displayed in
Figs. 4(a) to 4(1). Fig. 4(a) shows the (1 11) lattice image of m-ZrO,, which is obtained
using reflection 1. Similarly, Tig. 4(b) shows the (111) lattice image of m-ZrO; and
(222)Y,0s, which are obtained using complex reflection 2. Fig. 4(c) is superposition of
lattice images 1n reflections 1 and 2 as given in Figs. 4(a) and 4(b). Fig. 4(d) is FT of
GB region. Fig. 4(e) shows the lattice image from reflections 3, that contain (111) m-
ZrO7 and (222)Y;04. Fig. 4(f) shows superposition of images in reflections 1, 2 and 3.

Two sets of planes from Y,0; are shown in Figs. 4(g) and 4(h), corresponding to
reflections 4 and 6. These two reflections are combined in the reconstruction shown in
Iig. 4(1) in order to reveal the appearance of yttria in the grain boundary region. Figs.
4(k) and 4(1) are reconstructed images with all reflections from FT Fig. 4(d) and with all
marked reflections, respectively. Unfiltered original image, Fig. 4(j) should be compared
to Figs. 4(k) and 4{1). We can follow successive formation of the final HRTEM
image by making the comparison of Figs. 4(f) and 4(i) to Fig. 4(1) and to the original



image given in Fig. 4(j). Here using a HRTEM image processing of original image we

revealed and proved how “alloying” took place in the GB.

TABLE |
d-valucs Assignment Obtained From FT (Figure 4(d)) of the Grain Boundary Region

spot in dmeasured  calculated phase d(nm) corresponding
FT (nm) indices identified  from lattice image
hkl literature

1 03115 111 m-Zr0, 0316 Figure 4(a)

2 0.282-0.299 111 m-ZrQ, 0.284 Figure 4(b)
222 Y»04 0.306

3 0.298 111 m-Z1rQ; 0.316 Figure 4(e)
222 Y205 0.306

4 0.2237 332 Y204 0.226 Figure 4(g)

5 0.361 011 m-ZrQ, 0.364

6 6.277 400 Y,04 0.265 Figure 4(h)
111 m-ZrQ, 0.284

7 0.189 440 Y703 0.187
220 m-ZrQ), 0.185

2. Overlapping layers L of zirconia and yttria: The electron diffraction pattern
shown in Figs. 3(b) and 3(c) is close to the [01 1] zone of m-ZrO, lattice. The faint
reflections are due to Y>O;. It is not obvious whether the large grain M has a thin layer
of Y;0; overlapping it. Furthermore, one wanted to explain why the different regions
of the grain M have different appearances, by determining the constituents of the
HRTEM pattern. Fourier transform of different parts with masks having sizes 256 x
256 pixels and 512 x 512 pixels was performed. All Fourier transforms from this region
had the same appearance (Fig. 5(j)), showing that the two zones, one from yttria and one
from zirconia, are parallel, and that the layers are parallel. The reflections in the F1 are
marked by numbers from 1 to 7, and are assigned to m-ZrQO; and Y,0; , as shown in
Table 2.

The results obtained after filtering using particular reflections from FT of Fig. 5(j)

are displayed in Figs. 5{a) to 5(1).
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Figure 4. The filtered lattice imapges from the grain boundary G region oblained with
parlicular dilltaclion spots fom FT of Fig. 4(d): () 1 - (1 11)m-2r0) |, d=0.316 nm; (k)
A - [111)m-ZrChy and (222750 ; {¢) superposition of lattice imapes given in (a) and
iba: (d) F'I of GB region; (e) 3 - (1 11) and (222)%20n , @=0.3 nm; (f) superposition of
tmages i reflections 1, 2 and 3 from (a) , (b and (2); {g) 4 - (322070, =0.226 un;
Lh) G- {A0Y 0 | @=02065 nm: (1} superposition of lattice images ol Y20 relleclions 4
ard & Trom (g) and (hy; () unfiltered original image; (k) all eeflections from L {d);
(h all marked refleciions [ FT.
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TABLE 2
d-values Assignment Obtained From FT (Figure 5(j)) of the Region of Layer L

spot dmeasured  calculated phase d(nm) corresponding
in {nm) indices identified from lattice image
FT hkl literature

1 0.19 440 Y104 0.187 Figure 5(a)

400 Y205 0.265

2 0.265-0.247 200 m-ZrQ,  (.262 Figure 5(b)
3 0.256-0.246 400 Y203 0.265 Figure 5(c)
4 0.426 211 Y,0; 0.434 Figure 5(d)
5 0.435 211 Y103 0.434 Figure 5(¢)
6 0.315 111 m-ZrQ; 0316 Figure 5(h)
7 0.302-0.299 111 m-ZrO;  0.316

7, 0.299 222 Y»0; 0.306 Figure 5(g)
73 0.323 111 m-ZrO,  0.316

Fig. 5(a) shows the (440} lattice image of Y,0s, which is obtained using reflection
1. Similarly, Fig. 5(b) shows the (200) lattice image of m-ZrQ,, which is obtained
using reflection 2, although the identification of this reflection is uncertain, and an
alternative explanation could be (400) from Y,0s. Fig. 5(c) shows the (400) lattice
image of Y>0; from reflection 3. Two symmetry related sets of planes from Y,Os are
shown in Figs. 5(d) and 5(e), corresponding to reflections 4 and 5. These two reflections
are combined in the reconstruction shown in Fig. 5(f). Fig. 5(h) shows the
reconstruction from reflection 6, the (111) from m-ZrQ,, while Fig. 5(g) shows the
reconstruction obtained from three reflections 7. The reconstruction using both
rcflection 6 and reflections 7 is shown in Fig. 5(i).

Fig. 5(k) shows the reconstruction obtained when using contributions both from
yitria and from m-ZrO,, reflections 4, 5, 6 and 7;, 7. 7s. Finally, Fig. 5(1) shows the
reconstruction obtained with all the reflections identified in the FT (Fig. 5(j)). One can
see that this image reveals stripped details from the original HRTEM photograph of Fig.
3 in the region marked L.

Fig. 5(I) shows a periodicity of 0.74 nm, arising from the superposition of yttria

and zirconia reflections. The Fourier transform and the ED pattern of this region
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Pigure 5, Fillersd latiice mages of the overlapping layers L oblained with particula
dilfraction spols Irom FT ol Fig 530% (a) 1 - (4407Y520,, o=0187 nm; {b) 2 - {200)m-
e, =026 o () 3 - (400205, of - 0,265 oo (d) 4 - (2 117750, o=0.434 nm; (&)
3= (Z11Y 05, &=0.434 nm; (1) superposition ol images of vitria from (d) and {g); (o)
T T Ti- (1 L Dm-ZeDy , d=0316 nm, (2220300, d=0.306 nm, {1 11Dm-Zr0,, d=0.316
e (hp - (1 i_ljrn-.'-’.r'i}g._ d=0.316 nm; {1) the superpesition of lattice images ol m-ZrCy;
G oand 7 from (g} and (h): ) FT ol 1he region L; (k) reconstructed image wilh
superpesition of (f) and (1) images: {1) recanstrucied original image with all reflections
Frern FT (0,

I
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have shown the strong streaked reflection from the [01 1] zone of m-ZrQO,, while the
faint reflections come from the [01 1] zone of Y,0j3 (see Fig. 3(c)). This zone is parallel
to the (01 1) of m-ZrO, (see Fig. 3(c)), which means that the layers of zirconia and

yttria are also parallel.

TABLE 3
d-values Assignment Obtained From FT (Figure 6(g}) of the Stacking Fault Region

spot d mcasured  calculated phase d(nm) corresponding
inFT  (nm) indices identified  from lattice image
hkl literature
1 0.316 111 m-Z10, 0.316 Figure 6(a)
15 0.265 200 m-Zr0, 0.262
400 Y203 0.265
2 0.369-0.3906 110 m-Zr0; 0.369 Figure 6(d)
3 0.175-0.182 122 m-ZrQ; 0.178 Figure 6(e)
022 m-ZrQ, 0.181
440 Y,0; 0.187
4 0.2079 431 Y>04 0.208 Figure 6 (c)

3. Stacking fault region: The results of filtering analysis of stacking fault region F
are displayed in Figs. 6(a) to 6(i), while the d-values assignment obtained from FT of
Fig. 6(g) are given in Table 3. Elongated spot (“streak™) in FT of Fig, 6(g) cut in the
Fourier space region, giving in real space the d-values from 0.316 to 0.266 and it
could be regarded as a complex broadened spot containing at least two components
1y and 1, (as noted in Table 3) of the planes having meeting point at the stacking
fault. As the lattice image in the reflection 3 was assigned as a mixture of m-ZrQ, and
Y»0; reflections, one can see in the Fig. 6(e) that corresponding planes (as identified in
Table 3) are introduced as the dislocations in Fig. 6(e). In Fig. 6(f) the
superposition of images given in Figs. 6(d) and 6(e) are shown revealing interwoven
m-ZrO; and Y,05 planes originated from reflections 2 and 3.

As there 1s a change in the contrast at stacking fault, it is probable that the

nucleation of new t-ZrQ, SS phase took place at stacking fault F, so the Y0,



sepregates on defects in m-Xidy laltice that iz revealed in the (llering analvais as
penelralion of Y0 and Zrl); planes as assigned in Table 3 and revesled in Fipo
(1) The presence of YaOy (1) planes in Fig, 6(b) and (440) planes in Fig. 4{2) at
slacking laulls means that segrepation ol wliria on stacking faulls in m-Zr0y is a

rossible process,

Figure &. The filtered laltice images from the stacking faull region obtained with
particular dillraction spots from F1 ol Fig, 802l (1) 1) - (1 1Dm-2e0z | of 0306 nn;
(b D=Ly = 0T 1D ien-r0ly | (200 Mm-Zr0h and (0017 1005 () £ - (43 1700, =0, 208 nm -
() 2 - (1O m-Zr0; | d=0026% nmg () 3 - m-Zr0s + Yoy, =018 nm; () superposition
af images (d) sl (e); () FT of stacking faoll region; (h) stacking fault - ariginal image;
(i} reconstruction of original image with all reflections from FT {g).
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3.4. Refinement of Filtering Analysis

spot 7. in the Fowrier treanstorm {177 ol the overlapping layers L, shown in Fig. 5ij)
3 a multple spot cansisting of three components, and the reconstruction shown in Fie.
3(z) is obtained when all three components are used.

Fig. 7 shows filtered images oblained using mask holes which allow different
components of reflection 7w contribule, Fig, Ta) shows the reconstruction abtained
with 2 hole of one pixel radins, which isolales the (111} planes of the m-ZrOs

lattice.

Figure 7. Tefinement in  overlapping luyers L. Filtered lattice images with spots 7
N ) {i 11 m-ZrCz, (222 ¥k, (1110 m-Zr0: from FT of Fig. 5()) with
different llering mask radius: 2) {1119 m-ZeOs {0316 nem}, ane pixel; (b all spols
Fothmee pisel; (o) wo spols Ty and ¥y, isolated with ane pixel mask: {0 live pixels
encircling all thres spals 7,




The lattice planes of m-ZrQ; appear perfect without any distortion. A hole of size three
pixcls was used to obtain the reconstruction shown in Fig. 7(b), allowing all three
components of reflection 7 to contribute. Two components of reflection 7, 7, and 75,
were allowed to contribute to the reconstruction shown in Fig. 7(c), using two separate
holes each of radius one pixel, while Fig. 7(d) shows the reconstruction obtained with a
hole of radius 3 pixels.

Image processing, in particular the use of Fourier filtering, has given a new insight
into the fine details of HRTEM images, allowing us to draw conclusions about the
physical processes occurring in the initial stages of mechanical alloying induced by ball
milling. Figs. 7(a) to 7(d) give information about the rupturing of the (111) m-ZrOQ,
planes, i.e. about insertion of other (111) planes of ZrO, and penetration of (222) planes
of Y;0;3 into (111) m-ZrO; planes. The images shown in Figs. 7(a) to 7(d) allow the
following physical interpretation. The rupture of planes in ball milled samples occurs
initially at the level of 2.5 to 3 nm, shown by arrows in Figs. 7(b) to 7(d). We can
identify intercalated planes having origin in other m-ZrQ; and Y,0; grains. These
planes, indexed according to corresponding FT, break into the perfect order of the

(111) monoclinic ZrQ; lattice planes observed in Fig. 7(a).

3.5. Conclusions

In the first part of the paper the basic terms needed in order to understand the high
resolution electron microscopy method are described.

Because the knowledge of microstructure (defects, grain sizes,...) is indispensable
for understanding the macroscopic behaviour of solids, in the second part of the paper
the application of HRTEM image processing to the investigation of nanocrystalline
materials is presented. Micrographs of the mechanically alloyed ZrO; -Y,0Q; powders,
in the initial stage of the transformation, were chosen for the HRTEM image processing
analysis.

In this example onc was able to show how, by using the HRTEM image

processing analysis, it was possible to deduce the following:
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L. Alloying of monoclinic zirconia and yttria and the formation of a new tetragonal
Zr0, solid solution occur simultaneously.

2. Nucleation of the new tetragonal ZrO; solid solution occurs in the form of small
layers having 10 nm in diameter.

3. The decrease of grain sizes is accompanied by stresses in the ball milling
procedure when the defects or stacking faults are formed. This conclusion is supported
by the results of the Fourier filtering analysis where inserted planes and broken planes
are observed (Figs. 7(c) and 7(d)). These intercalated planes are assigned to particular
planes according to the corresponding FT of the region.

4. In the grain boundary region one reveals the beginning of the alloying process
as  the inter-penetration of Y03 and m-ZrO; planes (Fig. 4(h) and Table 1). Some
(111} m-ZrO, planes traverse the grain boundary (Fig. 4(a)), while others are
broken. The broken planes form stacking faults, which accommodate the newly formed
interface between grains.

5. The refinement of Fourier filtering offers a new insight into the fine details of
HRTEM 1mages, allowing one to draw conclusions about the physical processes
occurring in the initial stages of mechanical alloying induced by ball milling. The
rupture of planes in ball-milled samples occurs initially at the level of 2 to 3 nm  (Figs.
7(b) and 7(d)).

6. From the refinement analysis of Fig. 7 it follows that the inserted planes i. e.
dislocations of Figs. 4(g) and 4(h), having origin in ZrQ, or Y03 planes, identified in
corresponding F1, show that the formation of dislocations in GB region represent one of
the tentative mechanisms of alloying, reported recently [37]. The other mechanism of
alloying proceeds via the segregation of Y,03 on the stacking faults in m-ZrO,.

As the tinal remark, one concludes that the HRTEM with image processing is a
sensitive and precise method for the analysis of grain boundaries and defects,
including stacking faults and overlapping layers, as well as for obtaining results which

are inaccessible with othcer methods.
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However, the other method of image processing [38] proposed recently is shown to
be a suitable technique to provide a quantitative measurement of the sizes of ordered

regions that are superposed in projections.
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Povzetek

V Clanku je podan kratek pregled uporabnosti visokologljivostne transmisijske elektronske mikroskopije
(IIRTEM) s poudarkem na principu nastanka HRTEM slike v elektronskem mikroskopu, razliénih
na¢inih formiranja slike, vlogi elekironsko-opti¢nih parametrov pri nastanku HRTEM slike ter metodah
za 1zbolj3anje nivoja informacije. Kot primer kvantitativnega ovrednotenja HRTEM slik je podan $tudij
fazne transformacije pri mehanskem preoblikovanju prahov ZrQ, z 10 mol% Y,0..

V pritujotem delu ja prikazana analiza HRTEM slik mehansko preoblikovanih nanokristaliniénih
materialov z uporabo programskega paketa CRISP s poudarkom na: (a) mejah med zmi, (b) zlogovnih
napakah in (c} prekrivajogih se plasteh Y,0, in ZrO,,

Analiza fourierjevo filtriranih eksperimentalnih mre#nih slik kaZze na moZen na&in prera$éanja obeh faz
na mejah med zmi, na zlogovnih napakah in prekrivajo¢ih se domenah Y,0, in Zr0, Z uporabo
fourierjevih mask razlinih velikosti smo uspeli izolirati razli&ne sete ravnin Y,O, in ZrQ,, ki so vraitene
v monoklinskem ZrO,. Vra¥¢anje teh ravnin se odraa v tvorbi dislokacij, ki se pojavijo v povsem
doloZeni medsebojni oddaljenosti v sicer perfektni mre%i monoklinskega Zr0O,. Na osnovi teh rezultatov
Je podan moZen mehanizem transformacije pri mehanskem preoblikovanju ZrO, in Y,0,.
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