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The presence of amorphous grain-boundary phases in ceramic materials can significantly 
influence their properties. Such grain-boundary films can be identified by the dark-field diffuse 
scattering technique, the Fresnel fringe technique, and analytical electron microscopy (energy- 
dispersive spectroscopy). However, spectrum artefacts can present major problems for the use 
of such techniques. Specifically, grain-boundary grooving, surface damage of the specimen 
and silicon contamination are shown experimentally to arise from ion-milling during the 
preparation of TEM specimens. It is experimentally shown that, with the above techniques, 
these artefacts can cause grain-boundaries in commercial alumina specimens to appear to 
contain glassy phases. The ambiguity in interpreting the results from the use of each of these 
techniques is discussed in detail. 

1. Introduction 
In polycrystalline ceramic materials, grain-boundaries 
may be structured similar to boundaries in metals 
[1, 2] or they may contain an intergranular, amor- 
phous (glassy) phase [3-5]. The structure may also 
involve a mixture of these two interface types [6]. The 
properties of such materials will clearly depend on the 
actual structure of the grain-boundaries; if an amor- 
phous phase is present at the interface the response of 
the material to an applied stress may be governed by 
the properties of the amorphous film. 

Several recent papers [7-11] have reported obser- 
vations made using transmission electron microscopy 
(TEM) on faceted grain-boundaries in alumina, where 
the observations are interpreted as showing that a 
glassy phase is present at the grain-boundary. In par- 
ticular it has been proposed that all faceted grain- 
boundaries in alumina, with the exception of the basal 
twin boundary, contain this amorphous intergranular 
phase [7]. This general claim has been disputed by 
Morrissey and Carter [12, 13] who showed exper- 
imentally that other special, structured interfaces do 
occur in alumina and that these structured interfaces 
are usually faceted. 

There are several TEM techniques which may be 
used to identify glassy phases at grain-boundaries and 
these have been reviewed by Clarke [14]. They include 
the dark-field diffuse scattering technique, the Fresnel 
fringe technique and high resolution TEM (HRTEM). 
Analytical electron microscopy (AEM) utilizing 
energy-dispersive X-ray spectroscopy (EDS) can be 
used to provide chemical analysis of the interfacial 

region. However, one of the problems in actually 
using these techniques to identify very thin glassy films 
of < 5nm width is that artefacts may be produced 
during specimen preparation, and these artefacts can 
influence both the actual observations and the inter- 
pretation. For example, possible artefacts resulting 
from ion-milling are preferential grooving of the 
grain-boundary region, ion-beam damage of the sur- 
face layer and silicon contamination. 

The purpose of this paper is to discuss the appli- 
cation of the three techniques, namely the dark-field 
diffuse scattering method, the Fresnel fringe technique 
and X-ray microanalysis, to grain-boundaries in com- 
mercial polycrystalline aluminas, and in particular to 
show experimentally how the artefacts produced 
during ion-milling may give a misleading impression 
of the nature of the interface. 

2. Experimental procedure 
The observations discussed in this paper were made on 
polycrystalline alumina specimens of McDanel 998 
and Coors 998 commercial aluminas. It is emphasized 
that the materials were chosen because they are known 
to contain a wide range of grain-boundaries [12, 13], 
and not in order to characterize or compare the 
individual materials. The TEM specimens from these 
materials were prepared by first mechanically grinding 
3 mm discs to 50 #m thickness and then subsequently 
ion-milling the discs to perforation. TEM studies were 
performed with a Jeol 200 CX operating at 200 kV and 
a Jeol 1200 EX operating at 120 kV. The AEM study 
has been accomplished with a Philips EM 400T 
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Figure 1 A schematic diagram of a grooved grain-boundary (G.B.). 
Surface damage of the specimen and silicon contamination are also 
present due to the ion-milling process. 

scanning transmission electron microscope (STEM) 
equipped with a field-emission gun (FEG) and an 
EDAX 9100/70 EDS system. 

3. Results and discussion 
3.1. Grain-boundary grooving due to 

ion-milling 
Grain-boundary grooving is a phenomenon which is 
often observed experimentally in TEM specimens that 
have been ion-milled, although care is required in 
identifying this effect since its magnitude is small. The 
preferential milling which causes grooving at grain- 
boundaries occurs because the atomic bonding is 
weaker at the grain-boundaries than in the perfect 
crystalline regions inside the grains. Riihle [15] has 
previously shown experimentally by subsequent 
shadowing with gold that the grain-boundaries in 
polycrystalline alumina can be grooved after ion- 
milling. This result has been confirmed in this study. 
However, as found by Rfihle, not all grain-boundaries 
in alumina are grooved. This variability is as expected, 
since the grain-boundary grooving must depend on 
such variables as the orientation of the grain-bound- 

ary relative to the surface of the specimen, the grain- 
boundary character, and the grain-boundary con- 
figuration. Thus, for example, a low-energy grain- 
boundary such as a basal twin boundary in alumina 
might not be expected to groove. 

Fig. 1 shows a schematic diagram of a grooved 
grain-boundary. In this diagram, two other possible 
effects of ion-milling mentioned above, the damaged 
non-crystalline region on the surface of the specimen 
and the silicon contamination, are illustrated. Accord- 
ing to the recent review by Howitt [16], the damaged 
region on each surface of the ion-thinned alumina 
specimen can be as thick as 10 nm. Two examples of 
grain-boundary grooving are shown in Figs 2 and 3. 
The high-resolution image of germanium is included 
in order to show that grain-boundary grooving pro- 
duced by ion-milling can occur even when it is known 
that no glassy film is present at the grain-boundary. 
The presence of a thin, glassy film at the grain- 
boundary in a high-resolution image could obscure 
the grooving effect. Fig. 3 is a typical bright-field 
image of the type of grooved grain-boundary often 
observed in these polycrystalline alumina specimens. 

3.2. Dark-field diffuse scattering 
Fig. 4 illustrates schematically the principal feature of 
the dark-field diffuse scattering technique for imaging 
an amorphous film in an edge-on grain-boundary. If 
amorphous material is present, a diffuse ring will be 
present around the transmitted beam. In practice this 
ring can only be recorded photographically when a 
large volume of amorphous material is present, as can 
occur at a three-grain junction. The objective aperture 
is then placed on this ring, taking care to avoid any 
diffraction spots, particularly double-diffraction spots 
which may also be very weak. In the corresponding 
imaging mode, any amorphous material in the grain- 
boundary region which contributes to the diffuse 
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Figure 2 HRTEM image of a 
structured grain-boundary (G.B.) 
in germanium. The non-crystalline 
region near the edge of the hole is 
due to the damage produced by 
the ion-milling. 



Figure 3 A bright-field image of a 
grooved grain-boundary (G.B.) 
in AI203 . 

scattered ring intensity will then cause this region to 
appear bright. 

The bright line along such edge-on grain-boundaries 
is interpreted as evidence for an amorphous phase 
present in the grain-boundary. It can be shown, how- 
ever, that this simple interpretation may be mislead- 
ing. As illustrated in Figs 5a and b, a grain-boundary 
which appears as a bright line against a dark back- 
ground in the edge-on orientation may appear as two 
distinct bright lines at the grain-boundary when the 
grain-boundary is tilted. In the tilted condition, the 
intensity between the two bright lines in the dark-field, 
diffuse-scattering image is the same as in the rest of the 
image. The observation of the two lines instead of the 
one broad fringe which would be expected if an amor- 
phous film were actually present at the grain-boundary 
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Figure 4 A schematic illustration of the dark-field diffuse scattering 
technique. The region that contributes to the diffuse ring intensity 
around the transmitted beam appears bright in the dark-field image. 
G.B. = grain-boundary. 

can be explained, for example, by the diagram for the 
tilted geometry shown in Fig. 6. This diagram is the 
same as that shown in Fig. 1 except that the grain- 
boundary is now tilted, so that it is no longer viewed 
edge-on with respect to the electron beam. If a clean, 
structured grain-boundary is grooved and the grooves 
are filled with amorphous material, then when the 
specimen is tilted the projected image of the grain- 
boundary will show higher intensity at the two regions 
corresponding to the top and bottom of the specimen. 
The effect observed in Figs 5a and b is therefore 
associated with amorphous material filling the grooves 
and giving rise to diffuse scattering. This material may 
be either a contamination layer or the carbon coating. 

It might be argued that the grain-boundary did not 
appear uniformly bright because the aperture used to 
form the image in Fig. 5b was not correctly posi- 
tioned. The interpretation illustrated above by Fig. 6 
is, however, confirmed by Fig. 7, which shows two 
distinct lines at a tilted grain-boundary near the 
pocket of amorphous material at the three-grain junc- 
tion. When tilted the three-grain junction shows a 
uniform intensity along the thickness of the specimen, 
whereas the grain-boundary region shows two white 
lines. If the grain-boundary were totally wet with the 
glassy phase, it would show the same even intensity 
along the thickness of the foil. This type of contrast 
has been observed during the study of grain-bound- 
aries in Si3N 4 which were known to contain an amor- 
phous film by the use of HRTEM [4]. Two final points 
should be noted. In a dark-field, diffuse-scattering 
image the grains are never completely dark as can be 
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Figure 5 Dark-field images formed using diffuse scattering: (a) edge-on grain-boundary (G.B.) in A1203, (b) the same region when tilted; 
the grain-boundary now shows two bright lines. 

clearly appreciated by viewing a pore. This back- 
ground contrast is due to a combination of  the 
presence of the damaged layer [17], the contamination 
layer present on the surface of  the specimen, and the 
necessary carbon coating. If  weak diffraction spots 
that arise by double diffraction are included in the 
objective aperture, the tilted grain-boundary can 
appear uniformly bright compared with the back- 
ground intensity. 

3.3. Fresnel fringe technique 
This technique, as illustrated in Fig. 8, can be used to 
identify a local change in inner potential at the grain- 
boundary. Images of Fresnel fringes at an interface 
are recorded for different defocus conditions with the 
grain-boundary oriented parallel to the electron beam. 
The defocus values indicated in Fig. 8 are typical. The 
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Figure 6 A schematic diagram of a grooved grain-boundary in a 
tilted geometry. The observation of two bright lines can be due to 
the amorphous materials filling the grooves at the top and bottom 
of the specimen at the grain-boundary. 

magnification and change in mean inner potential 
dictate the actual value to be used. The Fresnel fringes 
result from the different phase shifts experienced by 
the electron beam as it passes through materials of 
different mean inner potentials. Such Fresnel fringe 
contrast will be found when an amorphous film is 
present at the grain-boundary, when there is a thin 
gap between the grains, or when the grain-boundary is 
structured. R/ihle and Sass [18] reported observations 
of  Fresnel fringes when individual dislocations in NiO 
grain-boundaries were viewed end-on. Boothroyd and 
Stobbs [19] reported a similar effect for dislocations 
inclined to the electron beam. Observations of  Fresnel 
fringes have been reported for twin boundaries in both 
copper [20] and spinel [21]. An example of  a high- 
angle, structured grain-boundary in alumina giving 
rise to such Fresnel fringes is shown in Fig. 9. The 
difference in the local mean inner potential occurs 
because of  the lower density at the core of the dis- 
locations present in the structured grain-boundary; 
the inner potential may also be influenced by segre- 
gation of  impurities to these cores. The Fresnel effect 
has also been observed when small voids or cavities 
are present in a TEM sample [22, 23] or when there are 
steps on the surface [24]. It may therefore be con- 
cluded that Fresnel fringes can be observed at an 
interface whenever the electron beam experiences a 
different mean inner potential. This result holds 
independently of  whether the local change in inner 
potential is due either to a local change in composition 
or to a local change in thickness. 

3.4. Mic roana lys i s  by  EDS 
This technique uses EDS X-ray microanalysis, with a 
small electron probe usually obtained in the scanning 
transmission electron microscopy (STEM) imaging 
mode, to obtain information on the composition of  
grain-boundaries. The geometry for the EDS tech- 
nique is shown schematically in Fig. 10. The charac- 
teristic X-rays from the grain-boundary region give 
quantitative information on the concentration of 
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Figure 7 A dark-field image formed using diffuse scat- 
tering of a region near a pore in A1203 (tilted con- 
dition). The pore shows an even intensity along its 
thickness, but the grain-boundaries show two distinct 
bright lines. 

Figure 8 A schematic illustration of images formed using the 
Fresnel fringe technique. When the defocus value is changed, the 
contrast of the Fresnel fringes at the grain-boundary (G.B.) 
reverses. 
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Figure 9 A structured grain-boundary in AI203 showing the Fresnel fringes at (a) the over-focused, (b) the focused and (c) the under-focused 
conditions when viewed edge-on. (d) When the grain-boundary is tilted by 11 ~ the interface shows dislocation contrast. 
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Figure 10 A schematic diagram showing the AEM (EDS) technique. 
FEG = field-emission gun, G.B. = grain-boundary. 

elements present in that region. This technique cannot, 
however, distinguish whether these elements are pre- 
sent as solute atoms segregated to structured grain- 
boundaries, or if they are present in a film of amor- 
phous material, or if they are present in a groove at the 
surface. The quantitative analysis of the exact com- 
position of the grain-boundary region is also difficult 
because the electron probe diameter is usually larger 
than the grain-boundary width. Furthermore, beam 
spreading occurs within the foil so that the chemical 
information obtained from the grain-boundary region 
does not originate only at the grain-boundary region, 
but may be affected by the grains on either side of the 
grain-boundary [25]. 

The spectra shown in Fig. 11 were obtained from an 
alumina specimen which had been thinned with the 
use of an ion-miller operating with a silicone-based 
diffusion pump oil. It should be noted that most com- 
mercial ion-millers use such diffusion pump oil since it 
satisfactorily meets the performance requirements for 
normal use of an ion-miller to prepare thin TEM foils; 

i.e. the oil is economical and resistant to cracking [26]. 
The presence of a silicon-contaminated layer covering 
the specimen is clearly indicated by the spectrum in 
Fig. 1 la, which was recorded with the beam located at 
the centre of a grain. The solubility of silicon in alu- 
mina is well below the detectability limit of the EDS 
technique ( ~  0.I wt % [27]). Hence it can be con- 
cluded that a contamination layer containing silicon 
exists on the specimen. Argon is implanted during the 
ion-milling process and gives rise to the argon peak 
which is clearly seen in every spectrum recorded from 
this specimen. The detection of argon has previously 
been reported [28-30]. Fig. 1 lb was obtained from 
a grain-boundary associated with the grain of  Fig. 
1 l a. In addition to silicon this spectrum shows the 
presence of calcium. Calcium segregation at struc- 
tured grain-boundaries is a well-known phenomenon 
[31-34] and thus, in itself, is not evidence for the 
presence of an amorphous phase. 

Figs 12a and b show spectra taken from the same 
specimen after further thinning in a different ion- 
miller. The spectrum taken from the matrix no longer 
shows the presence of silicon. Argon is still detected, 
although at a lower concentration. The spectrum in 
Fig. 12b, taken from the associated grain-boundary, 
shows a much smaller concentration of silicon than 
previously detected at the grain-boundary (Fig. 1 lb). 
It is strongly suggested that a silicon contamination 
layer can arise due to the use of a silicone-based 
diffusion pump oil in an ion-miller. It might be noted 
that at least one manufacturer has now replaced the 
diffusion pump entirely with a turbo-molecular pump. 
It is presently not clear whether the silicon contami- 
nation layer builds up on the specimen during the 
ion-milling, or after this process while the specimen 
remains in the ion-miller. Silicon contamination c a n  

also occur in the microscope if beam-sensitive materials 
containing silicon have been examined recently [35]. 
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Figure 11 (a) A spectrum taken from the middle of a grain in A1203 which has been ion-milled in an instrument using a silicone-based diffusion 
pump oil. The silicon peak shown indicates the presence of silicon at the level exceeding the silicon solubility in A1203 matrix. Argon is also 
present. (b) A spectrum taken from an associated grain-boundary near the grain in (a). In addition to silicon and argon, calcium is also 
present. 
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Figure 12 (a) A specimen taken from the middle of  a grain after re-milling in a different ion-miller using non-silicone based diffusion pump 
oil. There is effectively no silicon, and the argon peak is much lower compared to Fig. 1 la. (b) A spectrum taken from an associated 
grain-boundary near the grain in (a). The silicon level is much  lower than that  at grain-boundaries before re-milling. 

It should also be noted that silicon has been found 
in the carbon films of  extraction replicas of other 
materials. An evaporator with silicon-based diffusion 
pump oil was used. The effect could be reduced by 
allowing a larger pump-out time (lower pressure) 
before the carbon arc was struck. A better solution is 
again to use a non-silicone containing diffusion pump 
oil, such as a polyfluorinated ether. 

4. Conclusions 
It has been shown experimentally in this paper that 
many grain-boundaries in alumina form grooves 
during ion-milling while preparing the TEM speci- 
men. This grooving depends on variables such as the 
grain-boundary orientation relative to the specimen 
surface, the grain-boundary character and the grain- 
boundary configuration. Along with the grain- 
boundary grooving, surface damage of the specimen 
and silicon contamination can occur during both the 
ion-milling process and the carbon-coating process. In 
the presence of such artefacts produced by the speci- 
men preparation, experimental evidence suggests that 
the use of  the dark-field, diffuse scattering method, the 
Fresnel fringe technique and the EDS analysis to iden- 
tify glassy phases at grain-boundaries can give mis- 
leading results. These techniques, by themselves, can- 
not be used to identify conclusively the presence of 
glassy phases at grain-boundaries. Whenever possible 
H R T E M  must be employed in conjunction with these 
techniques. 
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