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Irradiation-related amorphization and crystallization: In situ transmission
electron microscope studies

Charles W. Allen

HVEM-Tandem Facility, Materials Science Division, Argonne National

Laboratory, Argonne, IL 60439 USA

Interfacing an ion accelerator to a transmission electron microscope
(TEM) allows the analytical functions of TEM imaging and diffraction to be
employed during ion-irradiation effects studies. At present there are twelve
such installations in Japan, one in France and one in the USA. This paper
treats several aspects of in situ studies involving electron and ion beam
induced and enhanced phase transformations and presents, results of
several in situ experiments to illustrate the dynamics of this approach in the
materials science of irradiation effects.

1. Introduction

Motivated initially by materials needs for nuclear reactor development, a wide
variety of irradiation effects studies employing TEMs has been performed for
three decades or more, involving irradiation-induced and irradiation-enhanced
microstructural changes, including phase transformations such as precipitation,
dissolution, crystallization, amorphization, and order-disorder phenomena, along
with many other phenomena. Three developments have been particularly
important for irradiation effects studies; (1) the introduction of commercial high
voltage electron microscopes (HVEM) in the mid-1960s, (2) the availability of
TEM specimen holders of reasonable mechanical stability, in which specimen
temperature can be controlled in the range 10-2300 K and (3) the interfacing of
ion accelerators to TEMs which allows in situ TEM studies of irradiation effects
and of the ion beam modification of materials to be performed within this broad
temperature range. While electron accelerators had existed for several decades
earlier, it was the introduction of HVEMs which made high electron flux and thus
high dose studies possible in a known area of specimen with simultaneous



observation and analysis. Because of the condenser lens system of a TEM,
electron fluxes may be produced of order 102 3-102 4 nr2s-1, which is several
orders of magnitude larger than those achieveable in conventional electron
accelerators. As an example of the significance of the magnitude of electron flux
in an irradiation effects study, the average electron current density corresponding
to a 100 nA TEM probe of 2 um diameter is 3.2 A cm-2 or -2x1023 electrons m*2

s*1. For a displacement cross-section of 50 barns for Frenkel pair production
(e.g.. ~1 MeV electrons bombarding Ni [1]), this electron flux produces an
average damage production rate of 10-3 dpa s-1 which experimentally is a very
convenient order of magnitude for irradiation effects studies.

The importance of in situ experiments in general is threefold; (1) such
experiments can be performed rather quickly, often with a stream of
simultaneously generated analytical information; (2) particularly for experiments
at elevated or cryogenic temperatures, analysis at temperature may be essential
in order to avoid mitigating effects during warmup or cooldown of the specimen to
the analysis temperature; (3) realtime observation of one region may be essential
in correctly concluding the physical mechanism of a phenomenon.

An brief historical perspective of ion beam studies performed in TEM has
been published by Ishino [2]. At present there are fourteen operational
installations in the world utilizing transmission electron microscopes (TEM) with
in situ ion beam capability. Many details regarding the facilities which were
operational in 1993 have been reviewed by Allen et al. [3]. Table 1 summarizes
the locations of and literature references for 'he facilities which are operational in
1994. All but two of the facilities are located in Japan. All of the facilities listed in
Table 1 have been developed for the research programs of specific groups within
the individual institutions. The possibility for collaboration of other scientists and
engineers with these groups always exists, of course. In addition, the HVEM-
Tandem Facility at Argonne is funded explicitly for the materials research
community as a user facility, free of charge for non-proprietary studies.

Irradiation effects on physical properties and on phenomena such as phase
transformations may be a consequence of irradiation-induced material structural
damage or, in the cases of ion or neutron irradiation, to chemical changes due to
implantation or to transmutation, respectively, as well. In this paper we deal only



with effects stemming from structural damage resulting from electron or ion
irradiation. Energetic electrons, above a threshold value characteristic of a
particular material, produce vacancy-interstial pairs (Frenkel pairs) by
displacement of individual atoms, while heavier ion projectiles produce
displacement cascades, clusters of highly localized damage, in target materials.
Displacement cascades result from high energy primary knock-on atoms which
may produce many secondary defects. These defects rearrange to form a variety
of defect complexes on the time scale of tens of picoseconds following the
primary displacement. Molecular dynamic simulations of such cascade events
suggest that the core of such a displacement cascade before recovery is
structurally very similar to a liquid and that the final structure of such a damage
zone after recovery consists of a core of residual vacancies which may have
collapsed to form vacancy complexes, vacancy-type dislocation loops or stacking
fault tetrahedra, surrounded by a cloud of interstitials which are somewhat
removed from the core [e.g., 14].

2. Ion- and electron-induced amorphization of intermetallics

While Frenkel pairs and cascades may differ tremendously in severity of local
damage, both are capable of inducing, enhancing or retarding phenomena such
as phase transformations, especially at low to moderate temperatures. The
results of the in situ HVEM studies by Luzzi et al. [15, 16] of electron-induced
amorphization and by Koike et al. [17] of ion- and electron-induced amorphization
of the intermetallic CuTi are particularly revealing in this regard. When the
electron or ion dose required to amorphize CuTi is determined for various
irradiation temperatures, the differences in damage severity caused by different
particles are clearly revealed, as shown in fig. 1. To normalize the dose
dependence of different irradiating particles for a given particle energy, the dose,
expressed as the number of displacements per atom, is employed. In effect, for a
given average level of damage, the damage created by more massive particles is
more complex and locally more severe and thus requires higher temperature to
be dynamically recovered during irradiation. Thus, for comparable damage rates,
CuTi is completely amorphized by 1 MeV Kr or Xe irradiation only below about
550 K; by 1 MeV Ne, only below 450 K; and by 1 MeV electrons, only below 220
K. In all cases, the amorphization of CuTi and of intermetallics in general seems



to be associated with irradiation-induced anti-site disorder and the resulting free
energy increase [18]. The behavior of Si is in sharp contrast to that of
intermetallics in that electron irradiation has not been shown to produce
amorphization at any temperature [19] while ion-induced amorphization is
observed at temperatures up to 500 K or more. Evidently, the free energy cannot
be increased sufficiently by Frenkei pair production alone (as opposed to antisite
defect production as well in CuTi) to drive the collapse of the Si lattice to a glassy
state.

3. Ion- and electron-enhanced solid state crystallization

One important aspect of in situ TEM studies is the wealth of information which
may be harvested in a relatively short period of time. This point is evident in this
section particularly in which results of several ion- and electron-enhanced
crystallization studies are presented. In the first study, the conversion of
metastable, amorphous TiCr2 (denoted a-TiCr2) to a second metastable body-
centered cubic phase (denoted pr) by ion irradiation at low temperatures is
described. In the second study, the role of ion irradiation in growth and that of
electron irradiation in nucleation during irradiation-enhanced solid state
crystallization of amorphous C0S12 (denoted a-CoSi2> are explored. These
studies have been performed in the HVEM-Tandem Facility at Argonne National
Laboratory [20].

lon-irradiation-enhanced transformation of a-TiCro -» bcc fo

A single tilt, helium-cooled specimen holder is employed for this low
temperature ion irradiation experiment involving a Cr+30 at pet Ti alloy. Following
equilibration at 1500 K and quenching to room temperature, this alloy consists of
a Laves phase (ordered TiCr2) and the Cr-rich bcc phase P (-23 at pet Ti). Ion
irradiation by 1 MeV Kr at room temperature causes the p phase to grow by
migration of the p/TiCr2 interfaces to produce pr having the composition of the
intermetallic (-33 at pet Ti) [21]. 1 MeV Kr irradiation at temperatures <250 K
amorphizes TiCr2 but not the P phase. With prolonged irradiation, the a-TiCr2

also crystallizes to pr[22].



The purpose of the following experiment is to determine the effect of ion
irradiation temperature on the rate of conversion of a-TiCr2 -» pr for a constant
flux of 1 MeV Kr. The strategy is straightforward. A normal TEM thinned foil is
employed, which is clamped on an In washer in the helium holder to ensure good
thermal contact. A single specimen is sufficient for the entire experiment and the
evolution of microstructure in a single area in which both a-TiCr2 and p are

imaged is followed. The HVEM is operated at 500 kV to minimize the influence of
electron irradiation: the electron beam is turned on during the experiment only for
the purpose of recording images. The specimen was cooled to 100 K and
irradiated with 1 MeV Kr at a flux of 8x1015 m-2s*1. The Laves phase was
completely amorphized by a dose of 1018 rrr2. The image is recorded periodically
at each irradiation temperature during the ion irradiation. The microstructure after
1.2x1019 nr2 at 100 K is shown in fig. 2a. The ion irradiation is stopped and the
temperature is changed. The ion rradiation is resumed. In this experiment the
irradiation temperatures were 100, 130 and 145 K as indicated by the Pt
resistance thermometer on the specimen holder cold block. The experiment is
completed by warming the specimen to room temperature and recording the
image of the test region after warm-up (fig.2d). .

The a-TiCr2/pr interface velocity is determined from the micrographs for each
irradiation temperature. For example, at 145 K the interface velocity is found to
be -9x10"'1 m s*1 which corresponds to an effective transformation zone created
by each Kr ion approximately 3 nm in diameter. In the range of temperature 80-
180 K the interface velocity follows Arrhenius behavior with irradiation
temperature, the corresponding activation energy being 0.027 eV [22]. Such a
slight temperature dependence is rather typical of ion-irradiation-related
phenomena. This may be rationalized in the following way for this system. The
resultant phenomena may be associated with the extraordinary disorder
associated with the collisional phase of cascade formation, subsequent recovery
of which allows essentially mesotactic regrowth of the relatively more stable
phase at the a-TiCr2/pr interfaces, namely pr.

Thus from the micrographs of a single day's experiment, it was possible to

determine the ion irradiation-enhanced growth rate of metastable p r for a

constant ion flux as a function of temperature, to establish an effective activation

energy for the growth process and to deduce an effective volume transformed



per ion. The entire experiment involved one area of the specimen for observation.
Such direct fine scale observation of the time- and spatially-resolved evolution of
microstructure is the unique characteristic of in situ TEM experiments.

One final point is illustrated by fig. 2d which shows the microstructure of the
region observed during the low temperature experiment, after the specimen has
warmed to room temperature. During warm-up, the remaining a-TiCr2 crystallized
spontaneously. For this reason one speaks of the a-TiCr2 -> pr transformation as
irradiation-enhanced rather than irradiation-induced. Clearly in such a case, it is
virtually essential to perform the analysis at temperature.

Ion- and electron-irradiation-enhanced crystallization of a-CoSio

The phenomenon of ion-irradiation-enhanced solid state crystallization is
illustrated in fig. 3. The 40 nm thick specimen had been synthesized by co-
evaporation of Co and Si into a 5 nm thick membrane of an amorphous silicon
nitride held at 300 K. Prior to ion irradiation at room temperature, the specimen
was thermally crystallized partially by heating at about 450 K (the large round
crystals in fig. 3). The specimen was then irradiated at 300 K with 1.5 MeV Kr
ions. Fig. 3a shows the microstructure after a Kr dose of 3.4x1018 m 2 and fig. 3b,
after 6.8x1018 nr2. All observations of the specimen were performed with the
HVEM operated at 120-150 kV, well below threshold for displacement of Co or Si
by electrons. The existing large crystals have grown during ion irradiation, and a
profusion of small crystals has appeared. Within a two hour experiment it was
established that ion-irradiatipn-enhanced crystallization had occurred well below
normal thermal crystallization temperatures (typically >420 K) and that on
average the rate of crystallization associated with this ion-assisted process is
approximately 4x10^26 m3per ion for these experimental conditions [23, 24].

In order to probe the nucleation phenomenon further, a study is underway to
determine the quantitative influence of electron irradiation on nucleation of
crystallization in a-CoSi2. A preliminary result will illustrate this effect. In this case
the specimen was produced by coevaporation of Co and Si as described above,
except that the substrate was held hear 100 K, rather than 300 K, during the
coevaporation process. The film was partially crystallized by heating for ten
minutes at 480 K. Several areas of the film were then irradiated at 300 K with 300



kV electrons (above the threshold for Si displacement but presumeably below
that for Co displacement) at a peak flux of 0.5x1023 nrr2s'1. Finally the entire film
was subjected to 1.5 MeV Kr irradiation at 300 K, at a relatively small flux of
3.4x1015 nr2s"1 to minimize the possible influence of beam heating. Figs. 4a-c
show the region which had been electron-irradiated to a dose of 3x1026 electrons
nr2. In fig. 4a the subsequent ion dose was 8x1018 nr2, in fig. 4b, 1.6x1019 nr 2

and in fig. 4c, 3.4x1019 nr2. The population of fine CoSi2 particles is confined to
a volume estimated to be about two-thirds that irradiated by the 300 kV electron
beam, the profile of which was approximately Gaussean. The fine CoSi2 crystals

appear first in the central portion of the electron irradiated area (fig. 4a); the areal
density of CoSi2 crystals decreases with increasing distance from this central
zone of maximum electron dose. The symmetry of the crystallite microstructure is
also a good indication that electron beam heating during the 300 kV electron
irradiation was not the cause of the profuse nucleation, because the thick Si
substrate is only a few micrometers to the right of the region shown. The
electron-irradiation enhanced nucleation of CoSi2 crystals is the direct result of
radiation-enhanced diffusion. One conclusion from this is that the profusion of
silicide crystals shown in fig. 3 produced during 1.5 MeV Kr irradiation is due to
ion-assisted growth of embryoes which had been subcritical with respect to
thermal growth at 450 K but were supercritical for ion-assisted growth at 300 K.
Evidently, these embryoes were inherited by the film from the deposition process
at 300 K.

From a solid state crystallization point of view, one unresolved question is
whether or not the critical nucleus size at a given temperature is the same for
thermal crystallization and for ion-enhanced crystallization. If this were the case,
the ion-enhanced crystallization phenomenon would provide a tool for exploring
the nucleation phenomenon at temperatures well below those at which thermal
crystallization can occur on a practical time scale. From an irradiation effects
point of view, the significance of this result may be found in the possibility of
determining the displacement thresholds of both Si and Co, at least in the
amorphous silicide, by establishing the voltage dependence of the electron-
irradiation-enhanced nucleation effect. There will be no effect if nothing is
displaced, the relatively weak effect illustrated in fig. 4 when only Si is displaced
and probably a rapid change in the dose dependence of the effect when both Co



and Si are displaced. It is very difficult to find means for determining such
displacement thresholds aside from those of elemental materials.

Fig. 4d is a low magnification overview of a portion of the film, which was ion
irradiated only, showing the dispersion of CoSi2 crystals which were the result of
the initial thermal anneal. Fig. 4d shows that the ion irradiation has caused the
partially amorphous film to relax, acquiring a very rumpled appearance which
indicates that irradiation-induced viscous flow has occurred. This phenomenon
has been observed in a variety of other intermetallics as well including U3Si [25]

but no quantitative in situ study has been performed.

4. Conclusions '

In situ experiments in TEMs are employed in two ways: first, to obtain detailed
information from a region of specimen as its microstucture and physical and
chemical properties evolve during some specific treatment and, second, to
quickly survey the effects of varying one or more parameters in an experiment in
order to determine a range of the parameter(s) within which a phenomenon is to
be investigated, perhaps by some complementary experimental technique. The
major focus of this paper has been to present an overview of dynamic TEM
experiments from which experimental data flow which are collected essentially
simultaneously during the experiment and which result from continous
observation of a particular region of the specimen. Several examples have been
presented to illustrate the strategies involved in the conduct of such an
experiment in the area of electron and ion irradiation-assisted phase changes,
with emphasis on amorphization and solid state crystallization.
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Table 1. TEM facilities

LOCATION

Argonne

CSNSM-CNRS1

ERIEPI2

Hitachi. Ltd.

Hokkaido U.

Inst. Phys. Chem. Res.

JAERI (Takasaki)3

JAERI (Tokai)3

Kyushu U. (Kasuga)

Kyushu U.(Hakozaki)

NRIM (Tsukuba)4

NRIM (Tsukuba)4

NRIM (Tsukuba)4

U. Tokyo (Tokai)

NATION

USA

France

Japan

Japan

Japan

Japan

Japan

Japan

Japan

Japan

Japan

Japan

Japan

Japan

with in situ

OPENED

1981

1980

1983

1984

1984

1987

1990

1986

1991

1988

1989

1992

1994

1976

ion-beam capability (1994).

COMMENT

HVEM

Alternating dual ion

HVEM

Moved from JAERI (Tokai) in 1993
Simultaneous dual ion

Low energy ion source

HVEM

Simultaneous dual ion

Focussed ion beam

HVEM; Simultaneous dual ion

REF

[4]

[5]

[6]

[7J

[8]

-

[9]

[10]

[111

[12]

-

-

-

[13]

1 Centre de Spectrornetrie Nucleaire et de Spectrometrie de Masse—CNRS
2 Central Research Institute of Electric Power Industry
3 Japan Atomic Energy Research Institute
4 National Research Institute for Metals
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FIGURE CAPTIONS

Fig. 1. Temperature dependence of critical dose for amorphization of CuTi by 1
MeV electron, Ne, Kr and Xe irradiations. Filled, half-filled and open
symbols denote, respectively, that amorphization is complete, partial and
not observed. Circles and triangles represent Kr and Xe, respectively.
After Koike et el. 117].

Fig. 2. 1 MeV Kr irradiation-induced crystallization of amorphized TiCr2: (a) 100

K, total dose 1.2x1019 rrr2; (b) 130 K, total dose 1.4x1019 rrr2and (c) 145

K, total dose 1.8x1019 rrr2. (d) Specimen warmed to room temperature

from 145 K without further ion irradiation.

Fig. 3. Ion irradiation assisted crystallization of CoSi2 thin film at 300 K (fine
dispersion of crystals), following partial thermal crystallization at 450 K
(massive crystals). 1.5 MeV Kr irradiation to doses of (a) 3.4x1010 rrr2

and (b) 6.8x1018 nv2

Fig. 4. CoSi2thin film partially crystallized at 480 K. (a), (b), (c) Area irradiated at
300 K with 300 kV electrons to dose of 3x1026 electrons m*2 Entire film
ion irradiated with 1.5 MeV Kr at 300 K to (a) 8x1018 m*2, (b) 1.6x1019 rrr
2 and (c) 3.4x1019 rrr2 (d) Overview of ion irradiated film after 6.8x1019
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