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A batch of zirconia was prepared at a pH of 2.95 using a sol-gel technique. The crystal struc-
tures formed during 500 °C calcination was followed by X-ray diffraction. The tetragonal phase
was the major component after the initial calcination period of 15.5 h; however, it gradually
transformed to the monoclinic crystal form during 200 h of calcination at 500 °C. Electron
microdiffraction was employed in the present investigation to determine the crystal structure of
individual particles, and to identify whether these particies contained twin variants. A tech-
nique has been developed to get a dispersion of agglomerated particles by condensing and
spreading the beam on the agglomerates at 200 kV. The data revealed that some of the indi-
vidual zirconia particles are featureless and some of them appear to contain single or multiple

twin variants.

1. Introduction

Zirconia is an industrially important ceramic material.
It is used in a wide range of areas which includes
catalysis, sensor applications, gas turbines, magnetic
hydrodynamics process of power generation, thermal
barrier coatings, high temperature nozzles in air en-
gines, etc. The versatility of zirconia makes it a viable
candidate for sophisticated and robust engineering
applications.

Zirconia exhibits polymorphism [1-6]; i.e., it exists
in three different crystalline forms, namely monoclinic,
tetragonal and cubic [7]. Recently another high pres-
sure orthorhombic form of zirconia has been re-
ported [8]. The transition from the tetragonal phase
to the monoclinic phase has great importance in
industrial applications for this material. The mono-
chinic form transforms to tetragonal structure at about
1150°C and the t-phase reverts to m-phase at about
950°C on cooling. This reversible t<>m trans-
formation is termed martensitic, just as the case may
be in Transformation Induced Plasticity (TRIP) steels
[9, 10]. As a result of this transformation a volume
expansion and a shape change occur as the tetragonal
lattice expands to a larger monoclinic lattice. The
volume expansion offers a compressive force in the
crack-tip stress field, so that the propagation of cracks
is arrested. Thus, the mechanical properties such as
resistance to mechanical failure are greatly improved.

To stabilize the high temperature t-phase at temper-
atures as low as room temperature, compounds such
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as CaO, Y,0;, MgO are commonly added to zirconia
in appropriate proportions. There are two forms of
stabilized zirconias, namely partially stabilized (PSZ)
zirconia and fully stabilized zirconia (FSZ). The PSZ’s
are known to display better mechanical properties
[101.

The tetragonal structure of the unstabilized pristine
zirconia can be stabilized at low temperatures by
controlling chemical factors involved in the precipi-
tation process [11]. The pH of the precipitation of
zirconia from its salts appears to determine the crystal
structure of the material after calcination at
400-600°C [11]. Also the stability of the phases
formed after calcination at 500 °C has been investig-
ated in detail [12, 13].

Earlier reports [12] indicated that the tetragonal
phase of ZrQ,, precipitated at pH 2.95, gradually
transforms to monoclinic phase at 500°C with in-
creasing calcination time. The X-ray diffraction par-
ticle size data revealed that tetragonal crystallite size
decreases during transformation to the monoclinic
phase. This could be due to one tetragonal particle
transforming to a smaller monoclinic particle possibly
due to twinning or the existence of other defects
produced during the transformation. These possibili-
ties are the focus of the present investigation. The main
objective of the current investigation is to find the
reasons for the decrease in the diffracting particle size
which occurs during the t— m transformation. To
accomplish this a technique was developed to isolate
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the very small particles from their agglomerates. Then
2 and 5 nm probes have been utilized to obtain elec-
tron microdiffraction patterns from the isolated ultra-
fine zirconia particles.

2. Experimental procedure

2.1. Preparation of Zirconia

A solution of 0.3m ZrCl, was precipitated using
NH,OH at a pH of 2.95. After washing the gels
thoroughly up to peptization, they were dried at
120°C, overnight. The dried gels were then calcined in
a muffle furnace at 500 °C, withdrawing samples at
15.5, 50, 100, 150 and 200 h.

2.2. Transmission Electron Microscopy and
Microdiffraction

Microdiffraction was used to study the crystalline
structure of particles between 1-30 nm diameter on an
individual basis. Microdiffraction makes it possible to
obtain precise crystallographic information from indi-
vidual particles which could not be obtained by selec-
ted area electron diffraction (SAED). The transmission
electron microscopy (TEM) work was carried out
using a Hitachi H800 NA microscope operating at
200 kV. Electron microdiffraction data were obtained
in the conventional transmission mode using electron
probes of 2 and 5 nm in diameter.

The TEM samples were prepared by suspending the
particles of calcined zirconia samples in absolute alco-
hol. After attaining the optimum ratio of alcohol to
powder particles such that the particles are suspended
in a slightly turbid solution, the suspension was con-
stantly agitated in an ultrasonic bath. A drop of this
suspended solution was placed on a carbon-coated
formvar film predeposited on a copper grid. After the
absolute alcohol evaporated leaving the small par-
ticles on the grid, the specimen was loaded into the
microscope for analysis. A description of samples
observed in an earlier study [12] is given in Table 1.

A procedure is needed to get fine individual par-
ticles from the agglomerated lumps so that the
electron microdiffraction technique is usecful
in obtaining microdiffraction data. If the beam
coming through the condenser lens is spread and
condensed several times over an agglomerate, the fine
particles which would otherwise cling together are
separated and thrown around the lump. It then be-
comes easy to locate these ultrafine individual par-

TABLE 1 Specifications of zirconia samples prepared at a pH of
2.95 and calcined at 500°C

Sample Calcination time (h) Tetragonal phase® (%)
A 15.5 80
B 50 45
C 100 35
D 150 25
E 200 15

* Determined from the X-ray diffraction patterns; remainder is the
monoclinic phase.
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ticles with the probe and obtain microdiffraction pat-
terns of single particles. Microdiffraction from indi-
vidual particles were obtained after pulsing the beam
on lumps to cause separation. This phenomenon was
observed serendipitously during unsuccessful experi-
ments designed to produce individual particles. Dur-
ing these experiments, we observed small particles
around the lumps and then a systematic procedure to
get a dispersion of the particles was developed. The
appearance of a number of small particles around a
Iump is shown in Fig. 1. The micrograph in Fig. la
shows the lump before pulsing the beam using a
condenser, and the micrograph in Fig. 1b depicts the
situation after pulsing the beam six times. A number of
ultrafine individual particles exist in the region around
the lump. Thus, we are able to obtain individual
particies for further investigation.

3. Results and discussion

3.1. Experimental results

Bright and dark field observations along with electron
microdiffraction patterns were obtained from various
subnanometer particles of zirconia from the calcin-
ation conditions given in Table I. These observations
are presented in the following section with brief de-
scriptions of associated features.

3.1.1. Sample A

This sample, calcined at 500°C for 15.5 h, was found
to contain about 80 vol % tetragonal phase by X-ray
diffraction (XRD). A typical bright field electron
micrograph obtained from this sample is shown in
Fig. 2. Tt is evident that some of the particles display
contrast due to complex internal structure. The par-
ticle indicated by an arrow in Fig. 2 is seen to contain
three or four variants in the particle diameter of
3.4 nm. A still unresolved feature of the t — m trans-
ition in zirconia concerns twinning, which is com-
monly observed in monoclinic ZrOQ,. Twins are be-
lieved to occur in bulk materials to accommodate, at
least partially, the shape change associated with the
t —» m transformation [14-16]. Hence, such particles
appear to contain twin-related variants or a mixture of
hybrid crystals. However, it was reported that internal
twins or coexisting hybrid crystals of the two phases
were absent in fine particles of zirconia [17]. But in
this investigation it is important to note that strong
evidence was obtained to show that ultrafine particles
of zirconia do contain internal twins or hybrid crystal
phases or poly domains. These have also been re-
ported in Ni and Au particles by Dhere et al. [18]. A
particle size distribution histogram is plotted in Fig. 3.
These particle sizes were measured from TEM micro-
graphs. It appears that the particle size increases with
an increase in calcination time. It is possible that
sampling error may have played a role in the measure-
ment. Nevertheless, the histogram in Fig. 3 provides a
measure of the size distribution within the set of
samples studied in this investigation. It is clear that the
major number of particles is below 20 nm. The ultra-
fine particles are essentially spherical in shape.
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Figure I (a) Bright field electron micrograph of an agglomerate or a lump before pulsing the beam, (b) the same area as (a) after pulsing the
beam six times. The fine particles can be seen thrown out around the lump.
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Figure 2 Bright field electron micrograph from sample A. The
particle marked by an arrow contains variants.

Electron microdiffraction patterns were obtained
using a 2 nm probe in the conventional transmission
mode from the particles shown in Fig. 4. The observed

diffraction patterns were compared with those gener-
ated by theoretical calculations. The particles marked
“a” and “b” are monoclinic particles aligned parallel
to [010],, and [011],, zone axes, respectively, and
show no substructure. However, the particle marked
“c” in Fig. 4 shows substructure of polydomain nature.
The microdiffraction pattern from this particle is
shown in Fig. 5, wherein the crystal orientation is
parallel to [212], zohe axis. The additional spots
indicated by arrows in Fig. 5 are due to the existence
of variants that occur during t — m transformation.

3.1.2. Sample B

This sample was calcined at 500°C for 50 h and the
X-ray diffraction data indicated the existence of 55%
monoclinic phase. A considerable amount of tetra-
gonal phase in Sample A has been transformed to
monoclinic phase with calcination time.

A dark field micrograph obtained from this sample
is shown in Fig. 6. The electron beam at 200 kV is
condensed and spread over the agglomerate such that
the fine particles are thrown out around the central
agglomerate (Fig. 6). The particle size distributions
obtained from this sample are plotted against the
fraction cumulative frequency in Fig. 3. The major
fraction lies in the range of 10-20 nm.

Microdiffraction patterns were obtained using a
5nm probe from the particles marked in Fig. 7.
Microdiffraction patterns obtained from these par-
ticles have been solved and are indicated in Fig. 8.
Two typical diffraction patterns, one for tetragonal
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Figure 3 Histogram showing particle size distributions for the samples.

and the other for monoclinic phases are shown in Fig.
8 with corresponding zone axis. Particle “P5” is a
tetragonal particle aligned in [111] orientation as
shown in Fig. 8a. It is to be noted that the particle P8
in Fig. 7, is a 6 nm particle whose diffraction pattern
shows that it is the monoclinic particle aligned paraliel
to [011],, orientation (Fig. 8b). The diffraction pat-
terns from all particles shown in Fig. 7 indicate that
some of the particles are monoclinic particles and
some of them are tetragonal. An interesting observa-
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tion was made about the shapes of the particles. In
Fig. 9, in addition to the existence of very fine particles
of spherical shape, particles of hexagonal, pyramidal,
icosahedron, rectangular, square, cone shapes are also
evident. These shapes may have formed as the small
particles cleaved off due to the thermal stresses de-
veloped in beam pulsing. It is worth noting that in
addition to particles of different shapes, ultrafine par-
ticles of 1~10 nm in diameter which broke off from the
larger particles are observed.



Figure 4 Bright field electron micrograph from sample A. The
particles “a” and “b” are in [010], and [011], orientations,
respectively.

Figure 5 The electron microdiffraction pattern of the particle “c” in
Fig. 4. Primary reflections correspond to [212], orientation. Four
diffraction spots can be seen as indicated by arrows; these are due to
the presence of 4 variants accompanying the t —» m transformation.

Figure 6 Dark field electron micrograph from sample B, showing
that the majority of particles are smaller than 10-20 nm.

3.1.3. Sample C

This sample was calcined at 500 °C for 100 h and on
XRD analysis showed about 65% monoclinic phase.
As expected the increase in calcination time has con-
siderably aided the transformation from tetragonal to
monoclinic phase [12].

Microdiffraction patterns using a 5 nm probe were
obtained from various particles shown in Fig. 10.
Particles of both the tetragonal and monoclinic sym-
metry were observed. Mdire fringes were observed to
exist in one of the particles shown in Fig. 10. In fact,
these fringes produce an image of a dislocation.

3.1.4. Sample D

This sample was calcined at 500°C for 150h, and
showed about 75% monoclinic phase (Table I).
Microdiffraction patterns were obtained using a 5 nm
probe from the various particles shown in Fig. 11;
these indicated that there were several particles of
tetragonal and monoclinic crystal structures.

3.1.5. Sample E
This sample, calcined at 500°C for 200 h, showed
about 85% monoclinic phase. The majority of tetra-
gonal phase initially present after a 15 h calcination
period was transformed to the monoclinic phase after
a 200 h calcination period at 500 °C.
Microdiffraction data were obtained from five par-
ticles indicated in Fig. 12. A typical diffraction pattern
is shown in Fig. 13a and the calculated pattern is
presented in Fig. 13b. Most of the particles exhibit
monoclinic symmetry consistent with our X-ray data.

665



Figure 7 Bright field electron micrograph from sample B. The orientations of the particles are: P1 = [110],; P2 {102],; P3 =[110],;
P4=[011],;P6=[011],; P7=[110],.

Figure 8 (a) Electron microdiffraction using 5 nm probe from particle “P5” in Fig. 7 which has a [11 1], orientation; (b) diffraction pattern
from a 6 nm monoclinic particle “P8” which is parallel to [011] zone axis.
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Figure 9 Spherical zirconia particles of less than 10 nm in diameter.
In addition, hexagonal, pyramidal, rectangular, square shapes of
particles can also be seen.

Figure 11 Bright field electron micrograph from sample D. Again
subnanometer zirconia particles less than 10 nm in diameter can be
seen. Microdiffraction patterns were obtained from the particles
which showed several monoclinic and a few tetragonal orientations.

Figure 10 Bright field electron micrograph from sample C. Mdire
fringes can be seen at the position indicated.

Figure 12 Bright field electron micrograph image obtained from

sample E, showing several particles.
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Fig. 14 shows a few particles containing twins. An
attempt was made to obtain microdiffraction patterns
from the twinned particles using a 2 nm probe, how-
ever, it was not successful.

3.2. Crystallite Size Effect
Garvie [19, 20] proposed that the stabilization of
tetragonal phase in zirconia at low temperatures de-
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pends on the crystallite size. If the crystallite size
attains a critical value of 30 nm or above, the tetra-
gonal — monoclinic transformation is favoured. This
theory was questioned by the data of Morgan [21]
among others [22-26] who was able to produce 6 nm
monoclinic zirconia particles by extensive refluxing of
zirconyl chloride solution at pH 1-2. We reported
earlier that the precipitation of zirconia at pH 2-4
from zirconyl chloride solution produced ultrafine
tetragonal zirconia particles with X-ray crystallite
size of about 15-16 nm in size after calcination at
500 °C for 5 h. It was also reported that this tetragonal
phase is transformed to monoclinic phase with in-
creasing calcination time at 500 °C [12]. These earlier
results made us question the crystallite theory pro-
posed by Garvie [19, 20]. In this investigation, we
have obtained further evidence from transmission
electron microscopy that zirconia particles of as low as
6 nm or less exhibit monoclinic structure evinced by
electron microdiffraction patterns. A 6 nm particle in
Fig. 7 showed monoclinic symmetry in the micro-
diffraction patterns (Fig. 8b). Therefore, we believe
that at low pH’s ( < 4.0), the tetragonal structure
arises from chemical factors. Rapid precipitation at
these pH’s somehow allow the polyzirconium species,
and the associated water and OH ligands to form a
pseudo-tetragonal structure, and this produces a
tetragonal structure upon calcination at 500 °C. After
calcining at 500°C for longer periods of time, the

Figure 13 (a) Electron microdiffraction pattern from the particle “a”
in Fig. 12, (b) the pattern solved for [112],, orientation (observed
reflections are indicated by ‘@’ and the calculated reflections are
indicated by ‘A”).

423

-
o
o

()

©

o3
[



40 nm

Figure 14 Bright field electron micrographs showing twinned
particles.

tetragonal structure transforms to a stable monoclinic
structure by adjustments of atoms in the crystal lat-
tices. In contrast, the tetragonal structure obtained at
high pH’s ( > 13) is quite stable at 500°C even after
300 h of calcination [12]. The tetragonal structure
developed at the high pH is a low-temperature stable
phase, and the tetragonal structure developed at low
pH’s is destabilized, presumably by defects.

The t — m transformation in these fine particles is
associated with twinning. These twins decrease the
size of the diffracting crystallites in the monoclinic
phase. Evidence is now available for the presence of
subgrains and internal twins inside the 10-15 nm
monoclinic particles which can easily account for the
decrease in X-ray crystallite size in the t —» m trans-
formation. At the same time, it does not appear that
the particles undergoing the r— m transformation
increase significantly in physical size.

3.3. Ultrafine Particles in TEM and
Microdiffraction
Microdiffraction is an effective tool in obtaining pre-
cise crystallographic data. This technique has certain
advantages over selected area diffraction (SAD). The
latter technique uses a wide beam (10-20 nm in dia-
meter) and therefore the accuracy of the diffraction
patterns from a particular region of interest is limited.
On the other hand, microdiffraction technique utilizes
a very narrow beam size (2-5nm) and hence the
diffraction patterns and the crystallographic informa-
tion from them are more precise. Microdiffraction is a
reliable method of obtaining diffraction data from
subnanometer particles.

Earlier crystallite size or particle size distribution
theories were based mostly on XRD average crystal-
lite size. It is difficult to produce specimens which give
images of separate, individual zirconia particles in
electron microscopy. Those who produced ultrafine
zirconia particles by sol-gel techniques were usually
not able to precisely examine the particle sizes in
TEM. For example, Pebler [27] prepared small zir-
conia particles by aerosol pyrolysis and reported that
these fine particles were too thick to obtain TEM
images. In our case, it appears that surface tension
effects while evaporating the water or alcohol when
preparing the microscope specimen cause the fine
particles to join together to make an agglomerate too
thick to permit one to obtain TEM images. In the
present investigation, a technique to obtain individual
zirconia particles of subnanometer size was devised.
This technique involves searching an agglomerate or a
lump and bring it to the centre of the microscope.
Condensing and spreading the 200 kV electron beam
on the lump causes the fine particles to be thrown
apart. It is then easy to approach the individual
subnanometer particles and to obtain microdiffraction
patterns. We have observed this phenomenon for
various catalyst samples in addition to zirconia. This
technique is significant because it may provide a tool
useful in obtaining individual fine particles in systems
where it was difficult to obtain fine particles until now.

The point groups of cubic, tetragonal and mono-
clinic zirconias are m3m, 4/mmm and 2/m, respect-
ively. The point group symmetry decreases from cubic
to tetragonal to monoclinic. The change from cubic
(m3m) to tetragonal (4/mmm) is accompanied by a
decrease in the order of symmetry from 48 to 16. This
results in the occurrence of variants while the trans-
formation occurs. The number of possible variants
may be calculated by dividing the order of symmetry
in the parent phase by that in the product phase [28].
Thus, in ¢ — ¢ transition in zirconia, 48/16 = 3 var-
iants are expected. This result was experimentally
verified by Nagita [29], Heuer and co-workers [30,
31] and Sakuma [32]. Analogous conclusions can be
derived for the t — m transition in zirconia. The orders
of symmetry for tetragonal and monoclinic phases
in zirconia are 16 and 4, respectively. Hence, the
t — m transition must be accompanied by 4 variants
(16/4 = 4). This was exactly the observed result in the
present investigation. For example, in Fig. 2, the
highlighted particle is seen to contain 4 variants. The
microdiffraction pattern obtained from a particle
marked “c” in Fig. 4, is shown in Fig. 5. The diffraction
spots indicated by arrows in this figure clearly indicate
the presence of 4 variants. Thus, strong evidence is
obtained in this study for the existence of twin related
variants in the individual zirconia particles.

4. Conclusions

A technique has been described which provides for the
isolation of individual subnanometer particles in a
catalytic material. Evidence was found in this invest-
igation, in addition to our earlier XRD results, to
suggest that crystallite size effect is not likely to be
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responsible for the stabilization of tetragonal phase of
zirconia at low temperatures. The ultrafine individual
zirconia particles contain 4 twin related variants in
accordance with Aizu’s theory [28].
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