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Abstract 

In this paper, we use high-resolution transmission 
electron microscopy and electron energy-loss spec- 
troscopy to study the microstructure of grain 
boundaries and the segregation of yttrium, respec- 
tively, in yttria-stabilized tetragonal polycrystalline 
zirconia, sinteredfrom dtflerent high-purity powders. 
No amorphous films were observed at the grain 
boundaries, and only the sample containing the 
highest amount of silicon impurity showed presence 
of an amorphous silicate phase in all triple grain 
junctions. A strong yttrium segregation to the grain 
boundaries is observed in all samples, despite dtfler- 
ent grain sizes and impurity levels. 0 1998 Elsevier 
Science Limited. All rights reserved 

1 Introduction 

Grain boundary segregation of impurities and sta- 
bilizing dopants in polycrystalline ZrOz (zirconia) 
is an important issue for many applications of 
these materials. For example, impurity segregation 
has been shown to lower the specific grain bound- 
ary conductivity in stabilized zirconia polycrystals 
used as solid electrolytes.’ Grain growth in zirconia 
is known to be dependent on the impurity and 
dopant segregation to the grain boundaries,2,3 and 
different mechanisms have been proposed.2p5 
Tailoring of the grain size is very important for 
structural applications of zirconia ceramics, since 
the high toughness of zirconia, which is due to the 
transformation toughening mechanism, depends 
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on the grain size and yttria concentration depen- 
dent maintaining of the transformable tetragonal 
modification after sintering.6 

Previous studies in literature have investigated 
the segregation of dopants and impurities in poly- 
crystalline zirconia. However, most of these studies 
were performed on materials containing a sig- 
nificant amount of impurities, especially Si02, 
which often forms a grain boundary wetting 
amorphous film. In most cases these studies used 
surface analytical methods, like X-ray photoelec- 
tron spectroscopy (XPS) or Auger electron spectro- 
scopy (AES), and studied the segregation on 
intergranular fracture surfaces.2A,7 Some authors8,9 
claim that the yttria enrichment of the grain 
boundary is correlated with the often observed 
wetting of the grain boundary by a silicate phase. 
In high-purity, stabilized zirconia, grain bound- 
aries were found to be free of amorphous 
phases.l~lO~l l 

In a recent study Aoki et al.’ investigated the 
silicon impurity segregation with a very high- 
spatial resolution by energy-dispersive X-ray spec- 
troscopy (EDS) in high-purity fully calcia-stabi- 
lized zirconia that contained no continuous 
amorphous grain boundary films. 

They showed a grain-size dependent co-segrega- 
tion of calcium and silicon to the grain boundaries. 
In the grain boundaries of the material with the 
finest grain size no silicon was detected. 

In the present study, we were interested in the 
influence of residual impurities on the micro- 
structure of high-purity yttria-stabilized tetragonal 
zirconia polycrystals (Y-TZP) and in the grain 
boundary segregation of the dopant yttrium. For 
analyzing the composition of the grain boundaries 
we chose electron energy-loss spectroscopy (EELS) 
in a transmission electron microscope (TEM), in 
order to study the chemistry of internal interfaces, 
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such as grain boundaries and triple pockets, with a 
very high spatial resolution. 

2 Experimental 

Y-TZP were prepared from three different com- 
mercially available powders, doped with about 
3mol% yttria. These powders contained only a 
very low amount of impurities, though slight dif- 
ferences exist between the three powders. The 
compositions of the three different powders, 
according to the respective manufacturers, are 
given in Table 1. The first two powders (Tosoh and 
Daiichi) are produced by co-precipitation of ZrOz 
and Y203 from a solution. The other powder 
(Tioxide), is formed by plasma decomposition of 
ZrCld and subsequent Y203 coating.12 Please note 
that the powders 2 and 3 in Table 1 quote an even 
lower Si02 and A1203 impurity concentration than 
powder 1 (Daiichi). 

Y-TZP samples were obtained by hot-pressing in 
BN coated graphite dies under vacuum (applying a 
mechanical load of 28 MPa) for 1 h at 1450°C 
using a heating rate of 50 K/min and a cooling rate 
of 10 K/min. The ceramics produced from the three 
different powders showed different mechanical 
properties, the fracture toughness values KIc (as 
obtained by the Vickers Hvs indentation techni- 
que, and calculated according toi were determined 
to be 3.6 MPa m1/2 (ceramic from powder l), 
2.5 MPa rn*12 (powder 2) and 8.9 MPa m1/2 (pow- 
der 3), respectively. These results confirm observa- 
tions of other authors that found improved 
mechanical properties of Y-TZP sintered from 
plasma-coated powders. I4 Average grain sizes in 
the Y-TZP were determined from scanning elec- 
tron micrographs of polished and thermally etched 
surfaces, and found to be 0.36, 0.27 and 0.17 pm 
for the materials sintered from powders 1, 2 and 3 
respectively.‘5 

Transmission electron microscopy (TEM) sam- 
ples were prepared by standard TEM preparation 
methods, including ion-milling at 5 kV under an 
angle of 12” until perforation. Coating of the sam- 
ples with a thin layer of carbon was necessary to 
prevent charging under the electron beam. TEM 
observations were performed in an instrument 
equipped with a field-emission gun operating at 
200 kV (Philips CM200 FEG) and a point-to-point 

resolution of 2.3A. High-resolution (HRTEM) 
TEM micrographs were recorded using a slow scan 
CCD camera. For HRTEM imaging of grain 
boundaries, only those between grains oriented 
close to a low-indexed zone axis, and with the grain 
boundary plane oriented parallel to the electron 
beam are suitable. EEL spectra were recorded 
employing a post-column imaging filter (Gatan 
GIF200). All spectra presented in this paper were 
recorded using a nominal probe size of 1.5 nm. To 
analyze the segregation of impurities and dopants 
to the grain boundaries, one EEL spectrum con- 
taining the respective ionization edges (Si K-edge, 
Y and Zr L-edges) was recorded directly on the 
grain boundary and a second spectrum next to it, 
at a distance of about 5 nm from the grain bound- 
ary. Preliminary results showed that the segrega- 
tion was confined to an area of less than 5 nm 
around the grain boundary plane, in accordance 
with results of Aoki et al.’ After appropriate 
background subtraction, edge counts were extrac- 
ted by integration over the respective YL2,3 and Zr 
L2,3-edges over an energy window, and Y/Zr count 
ratios were obtained from spectra recorded on the 
grain boundaries and in the adjacent grains. 

3 Results 

Figure 1 (a>-(c) shows low-magnification TEM 
micrographs of the Y-TZP samples sintered from 
the three different powders. Differences in grain 
size are also obvious from these TEM micro- 
graphs, with the samples sintered from powder 3 
exhibiting the smallest grain size. Investigations of 
the overall microstructure were performed, and are 
only summarized here. Materials sintered from 
powder 3 contained, besides the major tetragonal 
phase, some amount of large cubic grains, and also 
grains in the monoclinic modification. These grains 
were believed to have transformed during TEM 
sample preparation, since the presence of the 
monoclinic phase was not detected in a prior X-ray 
diffraction analysis within the detection limit of 
this method (about 5~01%). The presence of 
monoclinic grains can therefore serve as an indica- 
tion for the higher transformability of this mate- 
rial, leading to higher fracture toughness values 
measured in those specimens. In the micrographs 
of the three specimens triple and multiple grain 

Powder (manufacturer) 

Powder 1 (Daiichi HSY3) 
Powder 2 (Tosoh TZ-3Y) 
Powder 3 (Tioxide YZSN 

Table 1. 

Y203 (wtO%) AlJO (wt%) Si02 (wt%) HfOz (wt%) Fe203 (w&G) NazO (wt%) 

5.4 0.25 0.11 z2 0.0003 0.03 
5.2 < 0.005 0.006 x2 0.003 0.02 1 
5.2 0.09 < 0.01 1.6 < 0.01 < 0.01 
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pockets are sometimes visible and are indicated in 
Fig. 1. Figure 2 shows a HRTEM micrograph of 
the amorphous phase in a triple pocket in ceramic 
sintered from powder 1. The ceramics sintered 
from powder 1 showed the presence of an amor- 
phous phase in all triple grain junctions that were 

examined. The diameter of those pockets was 
found to be between 2 and 10nm. In the other two 
samples, amorphous phase was present mainly in 
large multiple grain pockets, and only occasionally 
in triple grain junctions. Figure 3 shows a typical 
HRTEM micrograph of a grain boundary in a 
sample sintered from powder 1. No continuous 
amorphous film can be observed, though some 
regions show a slightly ‘disordered’ structure. Also 
in the other two ceramics, no amorphous inter- 
granular films were observed. 

In the following, we present the results of the 
EELS analysis of triple pockets and grain bound- 
aries in the three different polycrystals. Figure 4(a) 

Fig. 2. HRTEM image of a triple pocket in the Y-TZP sin- 
tered from powder 1, containing an amorphous phase. 

(b) 

Cc) 

Fig. 1. TEM images showing the microstructure of Y-TZP 
samples sintered from powder 1 (a), powder 2 (b), and powder 
3 (c) respectively. Triple and multiple grain junctions contain- 
ing larger amounts of amorphous phases are indicated by 

arrows. 

Fig. 3. HRTEM image of a curved large angle tilt grain 
boundary (both grains are viewed along the same zone axis) in 
a Y-TZP sintered from powder 1, showing no continuous 

amorphous film at the grain boundary. 
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Fig. 4. EEL spectra obtained from the amorphous phase in a 
triple pocket and from a grain interior in the sample sintered 
from powder 1. (a) Si K-edge, and (b) Y L-edge and Zr L- 
edges, showing the presence of Si and Y in the amorphous 

(silicate) phase, and only a minor amount of Zr. 

and (b) shows EEL spectra recorded from the amor- 
phous phase in triple pockets and grain interiors in 
a sample sintered from powder 1. Figure 4(a) 
shows the presence of silicon (Si K-edge) in the 
triple pocket, while no silicon can be detected in 
the grain. Figure 4(b) shows the Y L~,J- and Zr 
Lz,3-edges in EEL spectra obtained from a grain 
interior and from a triple pocket. Yttrium, but 
much less Zr can be detected in the triple pocket. 
Al was observed only in a few of the about 10 triple 
pockets that were analyzed in this study. In the 
other two samples, sintered from powders 2 and 3, 
respectively, silicon was detected in the multiple 
grain junctions only in minor amounts, and in 
most of the examined triple pockets the content of 
Si was below the detection limit of the method. The 
triple pockets contained, however, a significant 
level of Y and some amount of Zr. 

Figure S(ak(c) show typical EEL spectra recor- 
ded on grain boundaries and in adjacent grains in 
all three samples. A larger Y signal of the grain 
boundaries can be observed in all three samples. 
The Y-content of the grain interiors in the sample 
sintered from powder 3 was often below the detec- 
tion limit, although the grain boundaries always 

showed a large amount of Y. The ratio of Y counts 
to Zr counts obtained by integration over the 
respective edges for the samples sintered from 
powder 1 and 2, respectively, are presented in 
Fig. 6(a) and (b). As an estimate for the measure- 
ment error the scattering of values obtained from 
the same grain boundary can be used. Silicon was 
never detected in the grain boundaries of sample 
sintered from powders 2 and 3, and only occasion- 
ally in the sample sintered from powder 1 (starting 
powder with the highest Si-content). 
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Fig. 5. Y L and Zr L-edges in EEL spectra recorded on grain 
boundaries (‘on-GB’), and one grain next to it (‘off-GB’), in 
the three different ceramics: (a) Y-TZP sintered from powder 
1, (b) Y-TZP sintered from powder 2, and (c) from powder 3. 
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Fig. 6. Y/Zr count ratios obtained by integrating over Y L 
and Zr L-edges in the Y-TZP sintered from (a) powder 1 and 
(b) powder 2 respectively, on grain boundaries (open symbols) 
and in a grain next to it (filled symbols). Where possible, sev- 
eral measurements were performed along one grain boundary. 

4 Discussion 

Only in the sample sintered from powder 1, which 
contained the highest amount of silicon, an amor- 
phous silicate phase was present in all triple grain 
junctions. In this silicate phase, Zr dissolves only in 
small amounts, whereas Y is a major constituent. 
However, none of the three samples investigated 
showed the presence of a continuous amorphous 
film at the grain boundaries. This result is con- 
sistent with those by other authors in high-purity 
zirconia.“i6 The observed ‘disordering’ at the grain 
boundaries in the sample sintered from powder 1 
might be due to the presence of impurities with a 
grain boundary coverage too thin to form a con- 
tinuous film, although electron beam radiation 
damage causing a similar structure cannot be 
excluded. 

Strong Y-segregation to the grain boundaries 
was observed in all three samples. The absence of a 
glassy intergranular film indicates that this Y- 
enrichment is independent from its presence, in 
contrast to statements by other authors.8T9 No sili- 
con segregation was observed in the samples sin- 
tered from powders 2 and 3, which had the smallest 
grain size and the lowest Si-content. It is likely that 

there is not enough silicon present in the sample 
for a complete coverage of the grain boundary, as 
observed for similar grain sizes in Ca-stabilized 
TZP by Aoki et al.’ The latter authors observed a 
co-segregation of Si and the primary dopant (Ca in 
their case). Our data, however, suggest that Y 
strongly segregates even if there is little or no Si 
present in the samples. Please note that the 
increased Y/Zr ratio is also due to a lower Zr-con- 
tent in the grain boundaries, not only due to a 
higher Y-content. Higher Y/Zr-ratio in the bulk of 
the grain should also lead to higher Y/Zr ratio in 
the grain boundary, due to the finite size of the 
probe, which overlaps into the grain. The 
scattering of the Y/Zr values obtained from the 
grain interior is rather small for the sample sintered 
from powder 2, while it is larger for the values 
obtained on the grain boundaries. This could be 
due to a grain size dependence of the grain bound- 
ary segregation, and to different deviations of the 
grain boundary orientation from the edge-on 
orientation. 

The starting powder 3 was fabricated by Y-coat- 
ing. Therefore, the Y-enrichment of grain bound- 
aries in these samples is likely to be due to this 
specific fabrication process. This is confirmed by 
the significantly lower Y-content of the grain 
interior of the sample sintered from this powder 3. 
LawsonI also measured an inhomogeneous Y-dis- 
tribution in ceramics obtained from this powder. 
We assume that the higher fracture toughness 
values of ceramics prepared from the plasma- 
coated powders are due to a higher transform- 
ability (as confirmed by the presence of the mono- 
clinic phase in the TEM specimens) which is due to 
a lower Y-content of the grain interior. 

5 Conclusions 

Enrichment with Y is an inherent property of grain 
boundaries in fine-grained, high-purity Y-TZP 
exhibiting grain boundaries free of amorphous 
films. This segregation will strongly influence 
important properties of the ceramics, for example 
the stability of the tetragonal grains, which deter- 
mines fracture toughness and degradationi or the 
grain growth in Y-TZP. 
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