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Abstract—Analytical electron microscopy (AEM) has been used to study both structure and morphology of
partially yttria-stabilized zirconia dioxide nanopowders (YSZ) obtained by wet-chemical methods (glycine and
azeotropic distillation) and ceramics produced from them. Both morphological and structural inhomogeneity
of nanopowders obtained by glycine (glc) method has been estimated. Besides the tetragonal ZrO2 phase
(results of X-ray analyses) the cubic phase of ZrO2 with different degree of crystallinity has been estimated by
Electron Microdiffraction (EMD) methods. In powders obtained by azeotropic distillation (dest) method
besides the amorphous phase (identified in X-ray investigations) the high disperse cubic zirconia phase has been
identified using high local EMD method. It has been detected the yttrium influence on the degree of crystallinity
in nanopowders obtained by azeotropic distillation method without yttria (dest-0YSZ) and with 5 wt % Y2O3
(dest-5YSZ). It has been determined the difference in ceramic morphology produced from these powders.
Ceramics mode of nanopowders containing yttria (glc-5YSZ and dest-5YSZ) have a homogeneous surface
which consists of different size globules (0.1–0.6 µm) and contains some little pores (~370 nm). Ceramics mode
of nanopowders without yttria have inhomogeneous surface with numerous cracks. Separate parts of the latter
ceramics consist of globules, their sizes are of 0.2–0.5 µm.
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INTRODUCTION

EXPERIMENTAL

The production of sintered materials is being developed in Latvia [1–3], and these materials find a growing
application. The structure, phase and chemical composition, size and shape have influence both on physicochemical properties of nanopowders and on properties of
composite materials. Thus, their study is of prior importance. Partially yttria-stabilized zirconia (YSZ) possesses enhanced corrosion and wears resistance, high
fracture toughness and ionic conductivity and, therefore,
it is widely applied as a structural and electrolyte material, as a thermal barrier and protective coating [4]. However, characteristics of zirconia-based and other similar
materials [5, 6] strongly depend on morphology and
structure of precursor powders, as well as on a preparation method used [7]. This paper includes investigation
of structure, morphology, physicochemical properties of
YSZ bath nanoparticles obtained by wet-chemical routes
and ceramics by means of analytical electron microscopy (AEM) to reveal the dependence of properties on
synthesis conditions.

Procedures of powders synthesis and ceramics production have been described in detail elsewhere [8].
Powders. The nanosized ZrO2–Y2O3 powders (with
5 wt %Y2O3 and without Y2O3, 5YSZ and 0YSZ, respectively) are prepared by co-precipitation synthesis with
the following azeotropic distillation (dest-5YSZ and
dest-0YSZ) and glycine (glc-5YSZ) methods. In co-precipitation synthesis, ZrO(NO3)2 · 2 H2O and Y(NO3)3 as
precursor material and n-butyl alcohol for distillation are
used. Glycine method is based on the pyrolysis of nitrate
solutions with the glycine addition.
Ceramics. Synthesized glc-YSZ and dest-YSZ
powders were annealed, mixed with the solution of
oleic acid in white spirit and pressed at 170 MPa.
Obtained tablets (12 × 5 mm) are sintered in vacuum at
1500°C, 3 h.
Analytical electron microscopy (AEM) is used in
this study. A high-resolution local method of selected
area electron diffraction (SAED)—microdiffraction
(MD) is probably the only reliable way of studying
fine-disperse poorly crystallized (X-ray amorphous)
powders. Similarly to the Debye–Sherrer diagrams
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Zeiss, model EVO 50 XVR, equipped with INCA 350
Energy Dispersive X-ray spectrometer (EDX).
Ä

Specimen mounted onto stubs with a glue and covered with a thin layer (~75 nm) of Au–Pd using plasma
coating method, which prevents specimen charging
while minimally affects the X-ray microanalysis. Electron probe microanalyses can be performed on a
selected area at a point; the measurements were taken
at 2000 magnification, at acceleration voltage of 25 kV,
at 100 s live time, 1000 CPS and at working distance of
34 mm.

(a)

Ç

RESULTS AND DISCUSSION
250 nm (b)
Fig. 1. TEM images illustrating morphological and structural non-homogeneity of nanopowders obtained by glycine
method, and microdiffraction patterns (a, b) corresponding
to A and B areas.

obtained in X-ray diffraction, the electron diffraction
from a large number of randomly oriented crystallites
yields diffraction patterns of nested rings. However, the
scattering intensities for electrons are about 106 times
higher than for X-rays [9]. This clearly favors electrons
over X-rays when studying both extremely small sample volumes and X-ray amorphous object.
Powders are examined in the Transmission Electron
Microscope (TEM) JEM-100 C operated at 100 kV. For
TEM studies, the synthesized nanopowders have been
dispersed in ethylalcohol. Typical time of dispergation
is ~40 s. The powders are applied in the form of suspension to a copper grid covered by thin formvar film. Preliminary, about 10 nm thick gold layer was attached to
a part of the copper grid by means of the sputtering deposition technique in a VUP-2K equipment. The gold
film serves for in situ determination of constant λL of
the instrument, accurate knowledge of which is important for analysis of diffraction patterns [10].
Morphological studies and analysis of elemental
composition of ceramic surface have been performed
using Scanning Electron Microscope (SEM) Karl

Information about structure and morphology of YSZ
nanopowders synthesized by wet-chemical routes is
obtained in TEM. It was established that glc-5YSZ nanopowders are high disperse and inhomogeneous
(Fig. 1). These powders consist of particles of different
shape and size, larger crystallites have 3–5- and 6-form
faceting. Circular MD patterns (Fig. 1a) from aggregate
of area A (Fig. 1) indicate their high dispersity. From
aggregate of area B (Fig. 1) we have MD pattern with
sharp enough circular reflexes (Fig. 1b), that indicate
crystalline structure. According to microscopic observations, the average crystallite size is in the range of
50–100 nm that confirms the results obtained by BET
method [8]. Interplanar distances (dhkl) calculated from
cirucular MD patterns from aggregates of crystallites
dhkl = 2.93, 2.51, 1.79 and 1.51 Å, which are in a good
agreement with JCPDS (27-997) data for cubic zirconia. According to the X-ray powder diffraction of glc5YSZ, samples consist of tetragonal zirconia [8]. Thus,
there results of [11–14] which found simultaneous coexistence of cubic and tetragonal ZrO2 have been confirmed.
Nanopowders of dest-5YSZ (similar to dest-0YSZ)
have a tendency for agglomeration and conglomeration
of small spherical particles (Figs. 2a, 2b). Their sizes
are considerably smaller (~5 nm), than those in powders obtained using glycine method, what can be seen
from the TEM image (cf. Figs. 1, 2) and from a ring
broadening on the MD picture (see Fig. 2a, insert).
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(a)

330 nm (b)

60 nm

Fig. 2. TEM images of dest-5YSZ nanopowders: (a) combined with an inserted MD, (b) magnified image of area A (in circle).
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Fig. 3. Microdiffraction patterns form dest-0YSZ (a), dest5YSZ (b), glc-5YSZ (c), and dest-5YSZ (d) nanopowders.

From MD calculations and analysis we can conclude about cubic structure of dest-5YSZ nanopowders
(X-ray amorphous), however, their crystallinity is
lower than that in glycine (cf. MD patterns shown in
Figs. 3c, 3d). The latter can be explained by different
temperatures of the producing powders (dest-YSZ at
~150°C, glc-YSZ—≤ 800°C). Dest-0YSZ has a tendency for full structure loosing (cf. MD patterns on
Figs. 3a, 3b). Comparing results of AEM investigations
of dest-0YSZ and dest-5YSZ nanopowders reveals
yttrium influence on crystallinity of the powders.
Our preliminary studies show relationship between
structure and morphology of initial powders and ceramics obtained from them, for example, difference in their
topography. The ceramics from nanopowders with
yttrium (glc-5YSZ and dest-5YSZ) have a homogeneous surface (Figs. 4b and 5a) consisting of globules
of different size (0.2–0.8 µm), and containing a little
pores (~370 nm). The ceramics from nanopowders
without yttrium has inhomogeneous surface with
numerous cracks (Fig. 4a). Separate part of the latter
consists of globules; their size is 0.2–0.5 µm.
It is well known [12] that a stable modification of
zirconia is of monoclinic structure at T < 1150°C, tetragonal at 1150°C < T < 2300°C and cubic at T > 2300°C.
But latter can be exist at usual temperature with stabilizing addition [15]. Temperature interval for stability
of structural modification can be changed depending on
amount of Y dopant, size of crystallites, etc. [13]. For
example, heating of thermally unstable salts of Zr

resulted in existence of cubic and tetragonal phases at
lower temperatures [12]. The transition from amorphous to crystalline modification firstly goes from
cubic modification through tetragonal one towards
monoclinic phase. The former transition is a short-term
process, whereas the latter one takes more time. In [12]
energetic calculation is presented, which explains the
possibility of low temperature cubic zirconia existence.
The TEM and electron diffraction methods used for the
study of plasmochemical powders showed a partial coexistence of cubic and tetragonal zirconia [11], depending on size of crystallites and the amount of impurities.
It was found to be a main reason why different
researchers detected different a critical size of crystallites and different intervals of temperature stability for
cubic and tetragonal zirconia. When studying the influence of Y on phase composition of YSZ powders [13],
it was found that samples with a reduced Y content consisted of mainly cubic and tetragonal phases. The latter
transformed in the cubic phase when yttrium contents
increased.
Thus, our results confirm the conclusions of earlier
studies on the possible existence of low-temperature
cubic phase in studied samples. Our results indicate
sensitivity of AEM method for investigation of morphology and structure of nanosized powders. As mentioned above, the possibilities of X-ray and electron diffraction drastically differ (cf. critical size resolutions
resulted in appearance of halo, i.e., smaller than 104 and
102 Å, respectively).
CONCLUSIONS
AEM methods allow us to find a difference in structure and morphology between powders obtained by
azeotropic distillation (dest-YSZ) and by glycine methods (glc-YSZ). Glc-5YSZ powders have a good crystallinity, whereas dest-5YSZ samples have a smaller size
and worse crystallinity as compared to glc-5YSZ. The
investigation of powders obtained by azeotropic distillation method containing yttria (dest-5YSZ) and without it
(dest-0YSZ) allows us to estimate the yttria influence on
powders structure: dest-0YSZ particles are characterized
by smaller sizes as compared to dest-5YSZ, and they are
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Fig. 4. Surface topography of ceramics produced from dest-0XYZ nanopowders in square-magnified part (a); from dest-5YSZ (b).
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Fig. 5. Ceramic surface of glc-5YSZ powders after compacting and sintering at 1500°C in vacuum (a); the energy dispersive spectrum from the area inside circle (b).

amorphous in accordance with electron diffraction data.
The ceramics obtained from these powders also have differences both in structure and in physicochemical
properties.
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