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The importance of ultra-high voltage electron microscopy in materials science
By Hiroshi FuJita, M.J.A."”

Professor Emeritus of Osaka University
(Contributed by Hiroshi FuJjita, M. J. A.)

Abstract: Natural science is now extensively developed thanks to electron microscopy, but around
1950, only thin specimens were used because of the low accelerating voltages. The behavior of crystalline
materials is very sensitive to specimen thickness, and thus in Japan a practical 500 kV electron microscope
was constructed in 1965 for thicker specimens. It was shown that simultaneous reflection increases with
increasing accelerating voltage, so that the maximum observable specimen thickness increases almost lin-
early up to 500 kV. Since simultaneous reflection becomes prominent above 1,500 kV, the 772-situ observa-
tion of various phenomena representative of most bulk materials has been carried out with an ultra-high volt-
age electron microscope, whose accelerating voltages can reach 3,000 kV. Thus, even the characteristics of
high-Z materials have been clarified in detail, and new applications, such as foreign atom implantation and
the formation of non-equilibrium phases, have also been developed. The present account deals mainly with
the importance of 3,000 kV electron microscopes, as applied to the new research fields of materials science.
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Introduction. In natural science, there is a
“threshold value” above which a new field of research is
opened, and transmission electron microscopes (EMs)
have opened such a new field. Ever since dislocation
images were obtained with 100 kV EMs Y2 in Europe and
with a 50 kV EM in Japan ® independently in 1956-57 by
means of different specimen preparation methods,
materials science has seen a rapid progress thanks to
electron microscopy. Dislocations are the most important
lattice defects, but their behavior is very sensitive to the
thickness of the crystalline materials. As a result, not
only the behavior but also the density of the dislocations
changes dramatically when the specimen thickness
becomes smaller than the critical value, and the
changes depend on the kind of phenomena and materials
involved.”™ This is one reason why, in order to get the
same information about the behavior of lattice defects in
thin materials as one would get from bulk materials, high-
voltage electron microscopes (HVEMs) are necessary.

" Home address: 5-12-22 Yamatedai, Ibaraki, Osaka 567-
0009, Japan.

Practically, 500 kV-class HVEMs are sufficient for this
purpose if the materials observed are made of light met-
als whose atomic number is smaller than 20,6)'7) but the
accelerating voltage must be increased with increasing
atomic number of the materials observed. Various phe-
nomena occurring in bulk materials have generally
been investigated n-situ with ultra-HVEMs with accel-
erating voltages at least higher than 2,000 kV (2 MV),
and/or with HVEMs with voltages lower than 1,500 kV,
and the mechanisms behind those phenomena have
been made clear dynamically.s’

The present report is mainly concerned with the
importance of electron channeling at high voltages and
with various applications of ultra-HVEMs in materials
science.

Voltage dependence of the maximum obser-
vable specimen thickness. In 1920-30, the structure
sensitivity of the behavior of materials was considered to
be closely related to existence of lattice defects, and a
dislocation model was first proposed by Yamaguchi as
reflecting the most important lattice defect.” After
that, many theories were proposed regarding the dislo-
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cations, and thus acquiring direct evidence showing the
existence of dislocations became one of the most
important subjects in materials science. Since the
wavelength of the electrons emitted by EMs is very short
compared with those generated by other means, not only
high-resolution imaging but also selected-area electron
diffraction from very small regions was expected.
Electrons, however, can hardly traverse thick materials,
and so only very thin foils could be used in general as the
specimens. Furthermore, the functional features of
EMs before 1950 were so poor that each individual dis-
location could not be discriminated when Heidenreich
first tried to observe dislocations in metals."”

As mentioned, the direct observation of dislocations
succeeded in 1956, as the functional features of EMs
improved. The results were epoch-making, but even 100
kV EMs were not sufficient to determine the correct den-
sity of the dislocations, so that frequently no dislocations
were observed even in heavily worked specimens. Of
course, in such thin metal foils, the behavior of the mate-
rial changes dramatically, as will be discussed later.
These changes are the result of the behavior of disloca-
tions, which are very sensitive to the specimen thickness
because of the heavy lattice distortion around disloca-
tions.

This is one reason why the improvement of EMs
became a topic of theoretical discussion; the aim was to
be able to observe thicker specimens showing the same
behavior as bulk materials. However, the conclusions of
those discussions were very pessimistic.s) According to
the theory proposed at that time, the penetration
power of electrons (P) can be expressed by 1/u, (u,: the
absorption coefficient of electrons), which is inversely
proportional to A" (A: the relativistic wavelength of elec-
trons).m This meant that the value of P is almost satu-
rated at about 500 kV due to the relativistic effect, and
increases only 3.3 times compared to the value at 100 kV,
even when the accelerating voltage is increased to
infinity.”"'” Since the value of P was defined as the trans-
mission distance of incident electrons until their intensity
decreases to 1/e, most electron microscopists thought
that the value of P corresponds to the maximum
observable specimen thickness (tM).G)’S) This hypothe-
sized voltage dependence of ¢,, also seemed to be sup-
ported by some experimental data,ﬁ)‘lz)‘l‘%) which, howev-
er, did not take into account the objective aperture
effect, as shown later.

Furthermore, even if the value of ¢,, were to
increase at high voltages, other worries surfaced ¥ ()
the remarkable image broadening due to the inelastic
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scattering of incident electrons in thick specimens,m (b)
the heavy electron irradiation damage occurring during
EM observation,m) (c) the difficulty of recording
images, etc. Also, technical challenges, such as the con-
struction of a stable accelerating tube, mechanical
vibration proofing, the construction of a shield against
electromagnetic fields from surrounding electric currents
and against the X-rays emitted by the EM column, etc.,
became acute with accelerating voltages of about the
third order of magnitude.

In such a generally pessimistic atmosphere, the
author and his group at the National Research Institute
for Metals (NRIM) constructed in 1963-66 two practical
double-tank-system 0.5 MV HVEMs in cooperation with
Shimadzu, Ltd.,”"” as the author had already established
that at least recrystallization occurs even in thin alu-
minum foils about 1 pm in thickness.”” The newly built
0.5 MV HVEMs consisted of the following two parts: 1) a
Cockcroft-Walton circuit for the high-voltage generator,
and 2) a cascade-type accelerator with an applied voltage
at each electrode of 50 or 25 kV (the gap between adja-
cent electrodes could be shortened, depending on the
voltage setting). The high-voltage generator and the
accelerator were kept in two separate tanks, in insulating
gases such as SF; and freon at a pressure of about 3
kgf/cm2 (0.3 MPa). In 1965, the author established the
following as a result of his work with the 0.5 MV
HVEMs: (1) the objective aperture angle must be
increased with increasing accelerating voltage in order to
take advantage of the simultaneous reflections, and
then the value of ¢,, increases almost linearly up to 0.5
MV, and (2) in-situ observation of the same phenomena
as those in bulk materials becomes possible at 0.5 MV
when the atomic number of the constituent atoms of the
materials is less than about 20.” As a consequence of the
author’s pioneering work, about 60 HVEMs and ultra-
HVEMs have been installed, not only in Japan D19 hut in
other countries as well,'"” as shown in the Appendix.

Based on the aforementioned results, the author
concluded that #n-situ observation of the same phe-
nomena as those in almost all kinds of bulk materials
becomes possible with a 3 MV ultra—HVEMlg); he
planned the construction of a 3 MV-class double-tank-
system ultra-HVEM in 1966, when the NRIM decided to
move to the Tsukuba area. After that, the author moved
to Osaka University in 1967. At that time, there was an
ongoing project to construct a 1 MV HVEM of the
superconducting linear-accelerator type at Osaka
University, but the author’s plan gained prominence
because of his extensive practical experience. And so, his
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Fig. 1. Outside view of a 3 MV ultra-HVEM at Osaka
University.

group installed a 3 MV tank-in-tank ultra-HVEM at
Osaka University in 1970 with the cooperation of
Hitachi, Ltd., as shown in Fig. 1.*"'”*” In 1972, they suc-
ceeded in examining the voltage dependence of ¢, up to
3 MV for various materials, thus finally demonstrating the
validity of the author’s conclusion.””*® The ultra-HVEM
was further improved to become remote-controlled
from a separate room,” and is still working at 2 MV at
present. A new 3.5 MV ultra-HVEM with advanced
functional features was thereafter installed at Osaka
University ) pased on the technical data obtained with
the first 3 MV ultra-HVEM.
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Fig. 2. Relativistic effects on the wavelength (A) and the mass
(m) of an electron (m,: static mass of an electron).

Effects of electron channeling and the objec-
tive aperture angle on the value of t,,. Both effects
become prominent at high voltages because of strong
excitation of the simultaneous reflection.

Voltage dependence of the simultaneous
reflection. The aforementioned hypothesis regarding
the voltage dependence of ¢,, was thought to hinge on the
transmissive power, which is inversely proportional to
A%, This meant that the value of ¢, would be almost sat-
urated at 0.5 MV, as expected from the voltage depen-
dence of A shown in Fig. 2. Practically, however, the
degree of simultaneous excitation of many waves
markedly increases with increasing accelerating voltage.
Figures 3a and b show such a phenomenon appearing in
a pair of {111} systematic-reflection bend contours in
wedge-shaped aluminum specimens 22)'25); micrographs a
and b were taken at 0.5 and 3 MV respectively. At 0.5 MV,
the symmetry position of the {111} reflections becomes
dark because both of the {111} systematic reflections are
weakly excited in this area. A new bright band, however,
begins to appear at about I MV at the symmetry posi-
tion,””” and its brightness increases markedly as the
accelerating voltage increases to 3 MV, as seen in Fig. 3b.
At the same time, diffraction spots increase in number in
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Fig. 3. Voltage dependence of the anomalous transmission of elec-
trons at the symmetry position of the bend contours of the {111}
reflections in wedge-shaped aluminum specimens. Micrographs
a and b were taken at 0.5 and 3 MV, respectively; each of them
shows a bright-field image (left) and a dark-field image (right).
Note that a bright band newly appears at the symmetry position
in the bright-field image in b where the image is dark in a.

the selected area electron diffraction pattern at the
symmetry position, as seen in the inserted diffraction
patterns. This means that the degree of simultaneous
reflection markedly increases with increasing accelerat-
ing voltage, as suggested by Howie.™

The effect of the objective aperture angle on
both the value of {,, and the image resolution. Most
electron microscopists around 1950-70 thought that, in
order to acquire electron microscope images of uniform
quality, the objective aperture angle must be decreased
with increasing accelerating voltage, because the dif-
fraction angle decreases with increasing accelerating
voltage if it is assumed that there is only one diffracted
wave. This is one reason why they did not pay attention
to the effect of simultaneous reflection on the voltage
dependence of t,,.”"*

Practically, however, the total aberration of the
image (6,) consists of the diffraction (4,,), spherical
(8,,,,) and chromatic (4,,,) aberrations, as follows:

8,= (8,7 + 0,7+, (1]

where §,,,= 0.6 A/a, §,,, = C.a’and 8, = C,aAE/E, and

) Ysph
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Fig. 4. The effect of the objective aperture angle on the maxi-
mum observable specimen thickness at 2 MV for the disloca-
tion images of aluminum.

a,C,, C,, Eand AE are the objective aperture angle, the
spherical and chromatic aberration coefficients, the
energy of electrons and the energy fluctuation, including
the energy loss of electrons in materials, respectively.
Notably, in Eq. [1] the §,,, is divided by a, but the other
two terms, ¢, and &,,, are multiplied by a’ and a,
respectively, so that there is an optimum value of o min-
imizing 6,.

Figures 4a, b and ¢ show the effect of the objective
aperture angle (&) on the dislocation images at 2 MV, in
which not only the brightness of the micrograph but also
the sharpness of the dislocation images increases with
increasing a, indicating in the upper portion.”*” The dif-
fraction contrast of these images results from the dif-
fracted waves outside of the used aperture, where
many diffracted waves are excited at high accelerating
voltages. Here, in order to determine the voltage
dependence of {,, the value of &, should be fixed.
Figure 5 shows the effect of a on the value of ¢, ¢, is the
value of ¢,, at 100 kV (0.1 MV); the ordinate shows the
ratio of ¢,, at each voltage against that at 0.1 MV. The
shaded band in the figure corresponds to the experi-
mental results demonstrating the voltage dependence of
the dislocation images for various metals, when the
value of §, is fixed at 5 A.*" If the value of ¢,, is simply
assumed to be proportional to the value of P, as they
hypothesized, the voltage dependence of ¢,, can be
illustrated by the lowest curve of a = 0 in Fig. 5.2

The shaded curve in Fig. 5 resulted from the
increase in the degree of simultaneous reflection in the
specimens as the accelerating voltage increased,
because strong mutual interaction occurs among these
many excited waves at high voltages. This phenomenon
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Fig. 5. The effect of the objective aperture angle (&) on the
ratio of the maximum observable specimen thickness at
each voltage against that at 0.1 MV; the shaded band shows
the experimental results when the total aberration was fixed
at 5 A.

was named “Bloch-wave channeling” in 1971*” and also
independently named “electron channeling” in 1972.”” In
order to use the simultaneous reflection to enhance the
image resolution, the objective aperture angle must
cover the corresponding diffraction spots, depending on
whether a fixed resolution or the highest resolution is
aimed at. According to the classical model proposed by
Fujimoto, et al. ,30) the degree of electron channeling can
be expressed by the axial channeling parameter (A4,)
along the crystal axis and the planar channeling para-
meter (A,) along the crystal plane, as follows:

A, = 4mZ Z,e"Ih’Nd’, 2]
A, =4mV, /I’ (3]
where Z, = 1, and m, Z,, e, h, N and d in Eq. [2] are the
relativistic mass of an electron, the atomic number of the

crystal atom, the charge of an electron, the Planck con-
stant, the atomic density and the interatomic distance
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Fig. 6. The orientation dependence of the electron irradiation
damage in wedge-shaped aluminum specimens. All micro-
graphs are dark-field images taken at 2 MV and about 300 K.

along the crystal axis, respectively. Furthermore, V,
and b, in Eq. [3] are the Fourier coefficient of the crystal
potential and the reciprocal vector, respectively. The
experimental results show that the classical model is ade-
quate when these two parameters, especially A , are larg-
er than unity, e.g., A > 1.1,

Egs. [2] and [3] emphasize the fact that both A, and
A, are proportional to the relativistic mass of an electron
(m), which increases linearly with increasing accelerat-
ing voltage, as shown in Fig. 2. Since the value of ¢, is
considered to be proportional to both the value of A, and
that of A, especially A, it also increases linearly with
increasing accelerating voltage when the corresponding
A, is larger than unity, as shown by the curve of the
constant signal-to-noise ratio (S/N) in Fig. 5.2 9
Practically, however, the voltage dependence of ¢,, must
be examined under the condition of fixed image resolu-
tion, as shown by the shaded curve in Fig. 5.
Remarkably, in Fig. 5 the value of ¢,, increases linearly at
least up to about 0.5 MV even along the shaded curve.
The value of ¢,, at 3 MV is more than 15 times that at 0.1
MV.*" This value at 3 MV corresponds to 3 jim or more in
specimen thickness, even for high-7Z materials such as
tungsten and gold, and to more than 30 pm in thickness
for aluminum.”” Therefore, at 3 MV the specimen
thickness is sufficient to enable the observation of the
same phenomena as those in almost all bulk specimens,
even for high-Z materials.

Image broadening due to the inelastic scat-
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Fig. 7. The effect of thickness on the formation of cell structures in a wedge-shaped aluminum
specimen deformed én-situ at 0.5 MV and about 300K.

tering of electrons in materials. One of the afore-
mentioned dire hypotheses was that the images would
broaden for thick materials.'” Practically, however, the
effect is not so serious, as discussed in the next section,
because the image contrast results from the mutual
interference of many waves, each of which suffers
almost the same energy loss due to the inelastic scatter-
ing. For example, the image broadening of lattice
defects is scarcely observed even in such light metals as
aluminum, at least up to about 15 pm in specimen
thickness at about 2 MV.*”

Orientation dependence of electron irradia-
tion damage in materials. Another dire hypothesis
was that electron irradiation damage would occur during
observation with HVEMs.'” Electron irradiation damage
depends on both the energy and the total dosage of elec-
trons within the irradiated area. According to Eqs. [2]
and [3], the values of A, and A, are inversely proportion-
al to the square of the reciprocal vector (b,) and of the
interatomic distance (d), respectively. Thus, the inten-
sity of the penetrating electrons decreases markedly
when there is an increase in either or both b, and d.*”

Figure 6 shows by way of an example this orienta-
tion dependence of electron irradiation damage at 2 MV
and room temperature in wedge-shaped aluminum
specimens.””? Each electron micrograph in Fig. 6 is a
dark-field image taken under the corresponding individ-
ual conditions shown in the parentheses, and electron
irradiation was done with the same total dosage of elec-
trons, 4 x 10°' e/cm®. Electron irradiation damage, each
of which was measured at the same thickness indicated
by a short bar, was marked when electron irradiation was
carried out along both the close-packed crystallographic
direction, <110>, and the plane orientation, {111}, as
seen in the left upper micrograph. The right upper

micrograph was taken after the order of reflection was
changed from {111} to {002} and under the same incident
direction of electrons; the degree of irradiation damage,
i.e., the total volume of secondary defects, decreased.
The electron irradiation damage was further reduced
when the incident direction of electrons was changed
from <110> to <100> under a fixed reflection of {002}, as
seen in the lower right micrograph.

Generally, a TV-VTR system is used for image
recording with HVEMs ) and ultra—HVEMs,S)’l‘C’) and
this further decreases the electron irradiation damage, by
more than three orders of magnitude. Practically, serious
problems can be suppressed under the aforementioned
suitable conditions even after electron microscope
observation for more than 1.8 ks at accelerating voltages
higher than 2 MV.

In contrast, high A and A, values can be effective-
ly used in the investigation of electron irradiation damage
and related phenomena in materials.**

The effect of thickness on various phenomena.
As stated already, even in cold-worked specimens, no
dislocation is observed in regions whose thickness is less
than the critical thickness, which is a function of the dis-
location density and the kind of material involved; e.g.,
the critical thickness of aluminum is about 0.2 pm at
10"cm? in dislocation density, but increases to 0.8 pm
when the dislocation density decreases to 10%cm®.?
Figure 7 shows the effect of thickness on the formation
of dislocation cell structures through #7-situ deformation
of a wedge-shaped aluminum specimen. In that speci-
men, the local thicknesses are precisely determined by
the combination of equal-thickness fringes and two-
dimensional structures, such as slip planes, whose
traces were formed after 4nm-situ observation.”*”
Notably, the same dislocation cell structures as those in
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Table I. The accelerating voltages necessary for the study of various research subjects

Accelerating

non—equilibrium
phases

voltage (MV) 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
T T T T t —
AR ny |
@ In-situ experiments Mg, Al (Cu,Fe) (U, Au, ':)
( etc. ) Si,Ti ete.”\ etc.) Co,Ni,Nb,Mo, Ag,Sn, Wete. :
| | Cd, Ta, etc. . 1
T T ]
@ Pressure of I : 1 :
atmosphere in | 0.1 MPa \ 0.3 MPa |
environmental cell 1 (760Torr) \ : |
1 | ! N |
T
1 . .
® Electron irradiation I(Pb,Cd,Ag, MO,) (U,Au,Pt,W,)' ' |
effects | N'b etc. Ta etc. : : |
| ! 1 |
[ | ( U, Au, Pt )f
| | W, Ta eic.
@ Formation of | (Pb' Cd, Ag) I
| etc. |
! ;
! 1
1 |

Lo e e

bulk specimens are formed in regions whose thickness is
larger than about 3 pm,” as shown in Fig. 7.
Furthermore, recrystallization and successive grain
growth occur in both aluminum and Fe-Si alloys where
the thickness of the specimen is larger than about
1 um,4)’7) but only subgrains are formed in thinner
regions.

The aforementioned results show that, in order to
obtain the same phenomena as in bulk specimens, the
specimen thickness must always be larger than the
mean free path of the lattice defects contributing to the
phenomena, e.g., about 3 nm or more for dislocations in
general. The value of ¢;, increases beyond 3 pm at 3 MV
for most materials, as shown in Fig. 5, and thus in-situ
observation of various phenomena in bulk specimens
made of those materials can be carried out at 3 MV.
Based on results corresponding to those for bulk speci-
mens, the effect of size on various phenomena, including
the anomalous change in behavior of nanometer-sized
specimens, can be investigated with precision.

In-situ observation with ultra-HVEMs. Since
the phenomena representative of most bulk materials
can be investigated dynamically with HVEMs ¥ and
ultra-HVEMs,S)’lg)’%) various specimen treatment devices
have been improved ¥ so that a 3 MV ultra-HVEM can
carry out #n-situ observation. Specimen manipulation,
such as stretching, alternating stressing, constant-load
deformation, electron irradiation under various condi-
tions, treatment in various environments with pres-
sures up to 0.3 MPa, and combinations of these can be
carried out in a wide temperature range, from about 10

to 2,300 K. All of these devices are of the top-entry type
and are mounted on a universal goniometer stage
whose maximum tilting angle is more than 10°. Table I
shows the accelerating voltages necessary for various
applications in materials science.” Note that the accel-
erating voltage must be selected depending on the pur-
pose, ¥ and that 3 MV-class ultra-HVEMs cover the
needs of almost all research subjects, even when very
high-Z materials are examined.”

The mechanisms behind the following phenomena
have been made clear by #n-situ observation: (1) the dis-
location behavior during both yielding and work-hard-
ening under tensile stress, (2) the effects of crystal ori-
entation, stacking fault energy and deformation
temperature on the dislocation behavior, (3) the dislo-
cation behavior during fatigue and creep deformation,
and in the vicinity of grain boundaries and crack tips, (4)
the dislocation behavior in bcc crystals both under
high-energy electron irradiation and in a hydrogen
atmosphere, (5) the role of dislocations in the melting
process, (6) the formation of mechanical twins, (7) the
martensitic transformation from an fcc structure to an
hcp or a bee structure, (8) the recovery and recrystal-
lization of metals and alloys, (9) the formation of G.P.
zones and other phases in Al-Cu alloys, (10) the forma-
tion of primary and secondary defects induced by elec-
tron irradiation under various conditions, (11) the tem-
perature dependence of critical voltage phenomena,
(12) sintering by epitaxial recrystallization, (13) the
deformation of highly toughened Zr0O,-Y,O, composites
and the superelasticity of ZrO,-MgO composites, (14) the
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Fig. 8. The movement of dislocation tangles (1) during the
deformation of aluminum. The micrographs were taken at 0.5
MYV and about 300 K, and each black spot in the upper portion
shows a fixed position.

sintering of AL,0,-ZrO, composites and the elimination of
pores by migrating boundaries in ceramic composites, etc.

In the acquisition of these results, 7n-situ observa-
tion plays an important role in elucidating the dislocation
behavior, especially on the following points: (a) the
movement of each individual dislocation, which is easily
distinguished due to its slip trace formed for an instant
by the interaction between the specimen surface and
each moving dislocation, and (b) the shape and distrib-
ution of the dislocation lines, which are widely different
when the applied stress is released, i.e., under static
observation.

Furthermore, closed-type environmental cells
have been applied to the following activities 9. (15) the
chemical amorphization of Zr-Al alloys through the
absorption of H, and O, gases, (16) the inner oxidation of
metals and alloys, (17) the observation of wet materials,
including biological ones, etc.

Based on the aforementioned experimental
results, the mechanisms behind various phenomena
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Fig. 9. The process of formation of dislocation tangles in the
<111> W single crystal at a low homologous temperature, i.e.,
0.09 Tm (Tm: the absolute melting temperature). The
micrographs were picked out from a TV-VTR tape taken at 2
MYV and about 300 K. The arrows show prismatic dislocation
loops.

have been clarified.”?"?" There are some results,
which constitute new evidence in support of the current
conclusions, as follows: First, the behavior of the dislo-
cation source: a dislocation source generally makes a
cross-slip at the beginning, and then the dislocation mul-
tiplies 35); after that, the multiplied dislocations intersect
with other dislocations of different slip systems during
their movement, so that they always make a number of
jogs even when the stacking fault energy is very low 36);
furthermore, a dislocation source generally multiplies
only into several dislocations in general, and then
decomposes by moving out its pole dislocations,ss) due to
the fact that the mobility of the dislocations depends not
only on Schmid’s factor for the slip planes but also on
their length. Second, the interaction between multi-slip
systems: at least two slip systems are generally activated
regardless of the stacking fault energy, and dislocation
cell structures and/or hexagonal networks of dislocations
are formed by the interaction of those slip systems dur-
ing deformation, depending on the stacking fault energy,
which is very low in hexagonal networks.”” These dislo-
cation networks”” and dislocation cell structures ™™
are generally mobile during deformation, as shown in the
images of Figs. 8 and 9 taken from aluminum and tung-
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Fig. 10. The critical size reflecting the periodic structure of the constituent atoms in a Ti-50at%Ni alloy.
Micrograph a shows an intermediate stage of the crystalline-to-amorphous transition induced by
electron irradiation at 2 MV and 170 K, and b shows the crystal nucleation of the fully amorphized
alloy induced by #-situ annealing at 573 K for 1.2 ks. In both micrographs, the encircled regions
show the critical size, respectively.

sten specimens, respectively, whereas to date they
have been considered sessile during deformation.
Remarkably, Figs. 8 and 9 show that the tangling of dis-
locations generally occurs around the prismatic disloca-
tion loops formed by double cross-slips, after which dis-
location cell structures are formed.”™*” These
dislocation cell structures in Fiig. 8 move to regions (the
upper portion of the micrograph) where the moving dis-
locations arrive.” Furthermore, the individual disloca-
tions of the cell structures in Fig. 9 move out in succes-
sion every time a new dislocation moves into the cell
structures.*” Third, the boundary energy of recrystal-
lized grain is a function of the dislocation density within
the recrystallized region, consisting of a subgrain group,
during recrystallization,17)‘40) whose process is also
called “subgrain coalescence”.'” Fourth, grains and
particles of ¢ 0.1 pm or less in size play an important role
in the strength*”* and the sintering of materials,*”
respectively.

Various quantitative measurements can also be
carried out for thick materials, as follows: (1) since 7~
situ, observation can be carried out to cover a wide

region, the results for the interior structures are easily
correlated with the images of macroscopic surface
structures obtained with optical microscopes,”” and
(2) various quantitative measurements, such as three-
dimensional data on microstructures, and the determi-
nation of such physical parameters as the migration ener-
gy of point defects, etc., can be carried out with
precision.ge)

Indispensable applications of ultra-HVEMs.
Besides the aforementioned #72-sztu observation of vari-
ous phenomena, there are other indispensable applica-
tions of ultra-HVEMs, such as foreign atom implantation
and the formation of non-equilibrium phases.

Crystalline-to-amorphous transition of mate-
rials. To date, amorphization has been induced by high-
energy electron irradiation at low temperatures in 60
intermetallic compounds and 30 ceramics.”” Based on
the experimental results, the general rules of amor-
phization have been formulated.” The most important
result is the discovery of a critical size for amorphization.
Figures 10a and b were picked out from successive
micrographs showing the crystalline-to-amorphous
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transition and the reverse process in a Ti-50at%Ni alloy,
respectively. The specimen is a typical shape-memory
alloy, and is difficult to amorphize even by the liquid
quenching method. Amorphization of this alloy had
been carried out by electron irradiation at 2 MV and 170
K, and Fig. 10a shows an intermediate stage of the amor-
phization.” Notably, the micrograph shows that the
periodic structure of the constituent atoms disappears
when the size of the region becomes smaller than the
critical one. Namely, there is a minimum size, ¢ 3 nm for
this alloy, above which multi-wave lattice fringes are
observed, as encircled in the micrograph. This means
that there is a critical size for maintaining the crystalline
state, under which the periodic structure is disrupted.
Since the crystallization of amorphous materials is the
reverse of amorphization, the Ti-50at%Ni alloy fully
amorphized by electron irradiation was annealed at 573
K for 1.2 ks, as shown in Fig. 10b." It is noteworthy that
the multi-wave lattice fringes in Fig. 10b appear in limit-
ed regions, each of which always has the same size, ¢ 3
nm, at the beginning of crystallization. This means that
the size of the limited regions corresponds to the critical
size for the crystalline state, i.e., the size of the crystal
nucleus. Here, the temperature difference between the
amorphization shown in Fig.10a and the crystal nucle-
ation shown in Fig. 10b is quite large, i.e., larger than 400
K. This means that the critical size necessary for the
onset of the crystalline state in the Ti-50at%Ni alloy is
always ¢ 3 nm in such a wide temperature range.
Furthermore, inducing the transition from the
amorphous to the crystalline state is the most effective
method of determining the nucleus size of crystals,
because the incubation time for the growth of the
nuclei becomes considerably large, so that the nuclei
always have the same size in a wide temperature
range.46) Since the electronic structure of a material is a
function of its atomistic structure, the determination of
the nucleus size of crystals is very important for estab-
lishing the critical size, under which the behavior of the
material changes anomalously, as discussed later.
Foreign atom implantation into substrate
materials through high-energy electron irradiation.
Using high-energy electron irradiation at sufficiently
low temperatures, foreign atoms can be implanted into
substrate materials. Figurell shows Pb atoms implanted
into an aluminum substrate.'” In this method, the sub-
strate must be kept at low temperatures (e.g., 170 K), so
that the excess point defects induced by the electron
irradiation do not migrate. The image contrast of the
implanted regions at room temperature does not
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Fig. 11. Micrographs a and b were taken before and after the
implantation of Pb atoms into an aluminum substrate at 2 MV
and 170 K, and c was taken after post-annealing at 575 K for 36
ks. Both a large block and ultrafine particles in the micrographs
represent Pb particles. Electron irradiation was carried out at a
dosage of 1.08 x 10% e/em® along the direction indicated by the
arrow, at a rate of 1.2 x 10** e/em”s.

increase much despite the large difference (more than
22%) in atomic size between the two elements, as
shown in Fig. 11b. After annealing at 575 K for 36 ks, the
implanted Pb atoms precipitated as ultrafine particles
(Fig. 11¢), and many voids appeared simultaneously in
the implanted region. The results show that the
implanted atoms interact successively with these
excess point defects, so that the lattice distortion
around each implanted atom is reduced.” As a result,
the implantation of oversized atoms is enhanced by the
interaction with the excess vacancies, whereas the
implantation of undersized atoms is enhanced by the
interaction with the excess interstitials.

Foreign atom implantation by this method is supe-
rior to that achieved by other methods such as ion
implantation, as follows: (a) there is only a small lattice
distortion due to the relaxation induced by the point
defects, (b) the specimen shows only a small rise in tem-
perature, i.e., a few degrees, during implantation, (c) the
foreign atoms are implanted deeply, e.g., at a depth of up
to 10 pm or more at 2~3 MV, depending on the kinds of
materials involved, (d) foreign atoms can be implanted
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into extremely fine portions of the material with a fine
electron beam whose cross-section is minimized to
about ¢ 1 nm, and thus a complex electronic circuit made
of different elements can be directly impressed into the
substrate with the scanning mode of the ultrafine elec-
tron beam, (e) foreign atom implantation can be carried
out at any location within the substrate material, as long
as the electron energy is sufficiently high, and (f) pro-
vided that the conditions of foreign atom implantation
are adequate, such as the existence of a large difference
in the collision cross-section between guest and host
atoms, a particle of guest atoms (e.g., a gold particle) can
be implanted as a block into the host material (e.g., sili-
con crystal)."®

Figurell is also direct proof of electron channeling,
i.e., the passage of high-energy electrons along the inci-
dent direction.

Table II. The value of d,, for various materials, as a function of the
bonding mode, the binding strength and the surrounding con-
ditions.

Magic size (¢ nm)

Bonding mode of materials

Isolated Embedded
20-8 8-4 Metallic and ionic bonding
6-3 4-2 Intermetallic compounds
3-1.5 2-1 Covalent and diamond bonding
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In-situ observation of the anomalous behavior
of atom clusters. As stated already, the behavior of
materials changes anomalously when the size of the
material becomes smaller than the critical size, on the
nanometer scale. The critical size (d,,), which is also
called “the magic size”, and the characteristics of atom
clusters (ACs) have been successfully investigated
using ultra-HVEMs.*”

The anomalous behavior of ACs cannot be under-
stood on the current simple assumption that the behav-
ior of materials is markedly changed by the surface,
when the number of atoms constituting the surface
becomes larger than that constituting the interior, i.e.,
when the total number of constituent atoms becomes
smaller than about 3 x 10°, regardless of the kind of
material. The experimental results, however, show that
the critical number of constituent atoms widely varies
from about 10” to 10 atoms; this number range corre-
sponds to ¢ 1 nm to ¢ 20 nm in size, depending on both
the kind of elements involved and the surrounding con-
ditions, as shown in Table IL.*”*"

The spontaneous mixing of guest atoms, including
gas atoms, into the ACs of the host material is a typical
example of anomalous AC behavior, and it occurs spon-
taneously even at temperatures lower than 300 K725
Figure 12 shows an example of the effect of size on the
spontaneous mixing of guest Cu atoms into host Au-ACs
at 300 K. The average size of the original Au particles is

(b (3]

Fig. 12. The effect of size on the spontaneous mixing of Cu atoms into ultrafine particles of Au
which were deposited onto an amorphous carbon film. The right and left micrographs of each
set show images before and after the in-situ vapor deposition of the Cu atoms onto the Au par-
ticles, and the marks a’ and b’ are the corresponding diffraction patterns, respectively. A high-
resolution micrograph of the Au particles is shown at the upper left corner.
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¢ 5, 10 and 20 nm in micrographs a, b and c, respective-
ly. When the Cu atoms were vapor-deposited onto the Au
particles in a vacuum (micrograph a), the former were
rapidly absorbed into the latter, as indicated by the rapid
expansion of the diffraction rings, to form a solid solution
of Au-75at%Cu alloy. Micrograph b shows the same
phenomenon, but micrograph ¢ shows that the Cu
atoms only covered the surface of the Au particles
when the size of the Au particles increased to ¢ 20 nm, as
indicated by the diffraction pattern, in which the dif-
fraction rings of both Au and Cu were superimposed. The
result shows that spontaneous mixing occurs when the
particle size is smaller than the d,, of isolated Au-ACs,
namely at about ¢ 15 nm. The spontaneous mixing of
guest atoms into host-ACs can be effectively exploited
not only in making various alloys even when the specific
gravity of the host and guest atoms is widely different,
but also in making fuel batteries through the anomalous
absorption of such gas atoms as H and D into host-ACs.””

Furthermore, the ordered structure, e.g., the Au-Cu
alloy,55) decomposes into a solid solution when the size of
the alloy becomes smaller than about ¢ 4 nm. This is also
due to the spontaneous mixing of the guest atoms into
the ACs of the host material.””"”

Here, the value of d,, is exactly determined by the
nucleus size during crystal nucleation,46) and also from
the anomalous change in behavior of the materials.
Also, the value of d,, (Table II) decreases not only with
increasing bonding covalency, but also with decreasing
coordination number. The value of d,, for two- and one-
dimensional ACs can also be roughly estimated from the
effect of the shape on the atomistic structure of the
material.*”

Conclusions. Electron channeling is strongly
excited by simultaneous reflections at high voltages, and
leads to a remarkable increase of the maximum observ-
able specimen thickness, by using the effect of the
objective aperture angle, with no loss of visibility in the
electron microscope images. The result has been the
development of epoch-making applications in materials
science with the help of ultra-HVEMs, as follows: (a) the
in-situ high-precision observation of phenomena repre-
sentative of most bulk materials under various condi-
tions, including environmental ones, at least on the
scale of lattice defects even in high-Z materials, and the
clarification of the mechanisms behind those phenomena
(these results are also very important to the investigation
of the effect of size on the behavior of nanometer-sized
materials); (b) the effective suppression of electron
irradiation damage through the selection of a suitable
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crystal orientation; (c) the in-situ observation of wide
regions, so that the obtained results are easily correlated
with the surface structures observed with optical
microscopes; (d) the high-precision quantitative mea-
surement of various features of the material, such as the
three-dimensional shape of microstructures, and the
determination of physical parameters, etc.

Indispensable applications of ultra-HVEMs have
also been carried out, as follows: (1) the implantation of
foreign atoms directly into substrate materials through
high-energy electron irradiation; (2) the high-precision
study of the crystalline-to-amorphous transition in vari-
ous materials, which resulted in the discovery of both the
nucleus size of the crystals and the general rules of amor-
phization; (3) the detailed investigation of the anomalous
behavior of atom clusters. The results show that the crit-
ical size, under which the behavior of materials changes
anomalously, corresponds to the nucleus size of the crys-
tals. New functional materials result from combinations
of these items.

Besides the applications mentioned above, the
technical options provided by ultra-HVEMs also con-
tribute to the development of various other fields, as
seen in the remarkable improvement of the functional
features of conventional EMs, which can now clarify
atomistic structures 1 A in spacing,“) in ultrafine fabri-
cation, etc.
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Appendix. Since 1965, many HVEMs and a few
ultra-HVEMSs have been installed around the world, as
shown in Table III, in which marks O, A, X and ? show
good, modelate, workless and uncertain in operating con-
dition at present, respectively. The maximum accelerat-
ing voltages of EMs should be shown at least with elec-
tron micrographs taken at those voltages, but some of
them are shown only with the electron diffraction or
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Table III. A list of HVEMs and ultra-HVEMs which have been installed around
the world. This table is based on a report by Hitachi Ltd., and is partly cor-
rected by the author to the best of his knowledge.

Maximum Set up Present
Year  Model voltage(MV)  place EM-maker o dition
1941 0.3 USA RCA X
1947 0.4 Netherlands  Philips X
1954 0.3*% JPN Hitachi X
1957  SMH-3 0.3 JPN Shimadzu X
1958 0.4 Soviet Popor X
1962 1.2% France Toulouse X
1965 SMH-5A 0.5 JPN(NRIM)  Shimadzu X
1965  HU-500 0.5 JPN Hitachi X
1965 HU-500 0.5 JPN Hitachi X
1966 ~ SMH-5A 0.5 JPN Shimadzu X
1966 SMH-5B 0.5 JPN(NRIM)  Shimadzu X
1966  HU-1000 1.0* JPN Hitachi X
1966  JEM-1000 1.0* JPN JEOL X
1966 0.75 England Cambridge” X
1967 1.0 USA RCA" X
1967 1.0 England AEI X
1968 1.0 England AEI X
1968  SMH-5A 0.5 JPN Shimadzu X
1968  HU-650 0.65 W-Germany  Hitachi X
1968 0.5 USA RCA X
1968 1.0 Netherlands  Philips X
1968  HU-650 0.65 USA Hitachi X
1969 HU-650 0.65 JPN Hitachi X
1969  JEM-1000 1.0 Sweden JEOL X
1970  HU-650 0.65 USA Hitachi X
1970  HU-650 0.65 USA Hitachi X
1970  HU-2000 2.0 JPN(Osaka) Hitachi O
(1972) HU-2000 3.0 JPN(Osaka) Hitachi X
1970 1.0 England AEI X
1970 1.0 England AET X
1970  HU-1000 1.0 England Hitachi X
1970 1.0 England AEI X
1971 2.0 France Toulouse X
(1973) 2.5 France Toulouse X
1971  HU-650 0.65 JPN Hitachi X
1971  JEM-1000 1.0 E-Germany  JEOL X
1972 HU-1000 1.0 JPN Hitachi O
1972 JEM-1000 1.0 USA JEOL ?
1972  JEM-1000 1.0 USA JEOL ?
1972 JEM-1000 1.0 USA JEOL ?
1972 JEM-1000 1.0 JPN JEOL A
1972 1.0 England AEI ?
1973  JEMH-500 0.5 JPN JEOL ?
1973 1.0 England AEL ?
1974  JEM-1250 1.25 JPN JEOL ?
1975 H-1000 1.0 JPN Hitachi X
1975  JEM-1000 1.0 Soviet JEOL ?
1975  JEM-1000 1.0 JPN JEOL X
1975 JEM-1250 1.25 JPN JEOL X
1976  H-1250 1.25 JPN Hitachi X
1976  JEM-1250 1.25 JPN JEOL O
1977  JEM-1000 1.0 R-China JEOL ?
1978 1.0 USA AEL ?
1978 1.0 W-Germany AEI X
1979 1.25 USA AEI X
1980 1.0 France AEIL ?
1981 H-1250S 1.25 JPN Hitachi O
1981 H-1300 1.3 JPN Hitachi O
1982  H-1250M 1.25 JPN Hitachi O
1983  H-1250ST 1.25 JPN Hitachi O
1983  JEMA-1000 1.0 USA JEOL O
1983 1.5 USA Kratos/AEI ?
1989  JEMA-1000 1.0 JPN JEOL O
1990  H-1500 15 JPN Hitachi O
1991  JEMA-1250 1.25 JPN JEOL O
1992  JEMA-1250 1.25 JPN JEOL O
1993  JEMA-1250 1.25 Germany JEOL @)
1994 JEMA-1000 1.0 JPN JEOL O
1995  H-3000 3.5 JPN(Osaka) Hitachi O
1998  JEMA-1300 1.3 JPN JEOL O
1999  H-1000F 1.0 JPN Hitachi O
2002  JEMA-1300 1.3 Korea JEOL O

: prototype; +: high-voltage generator was Swiss made; ( ): the same EM.
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those voltages specified in Table III.

Note that the high-voltage generator systems of all
HVEMs and ultra-HVEMs in Table III consist of a
Cockcroft-Walton circuit and a cascade-type accelerator
made of multi-stage electrodes. Some electron micro-
scope specialists in 1960-70 considered that the linear
accelerator becomes effective when the accelerating
voltage increases to more than 1 MV. Actually, however,
they could not stabilize the electron energy sufficiently
to take electron microscope images with proper resolu-
tions, and thus no practical HVEM and ultra-HVEM
using a linear and/or superconducting linear accelerator
were available.

On the other hand, many HVEMs have had serious
troubles with mechanical vibration proofing. Two 500 kV
HVEMs at NRIM succeeded in taking high-resolution
images D py using a double-tank system connected
with a high-tension flexible cable, but using the cable
becomes difficult at accelerating voltages higher than 1
MV. This is one reason why the 3 and 3.5 MV ultra-
HVEMs at Osaka University were built with a tank-in-
tank system,””” and the EMs themselves were sus-
pended through cushions, as shown in Fig. 1.*”
Furthermore, mainly air cushions combined with rubber
cushions were used for the mechanical vibration proofing
of EMs.™” As a result, the working time of the 3 MV and
the 3.5 MV ultra-HVEMs exceeds that of conventional
100 and 200 kV EMs. A 5 MV ultra-HVEM was also
designed when the 3.5 MV ultra-HVEM was being con-
structed.” In addition, the use of a remote-controlled
system operated from a separate room, means that the
X-ray shielding for the EM column poses no problems,
and operating a 3.5 MV ultra-HVEM becomes possible
even from overseas through a communication cable
system.GO)’GU
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