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Abstract

This is a review of the field of irradiation-induced amorphization of intermetallic compounds. It includes an update of
recent experimental results using in-situ particle irradiation showing the effects of dose rate, temperature, crystal orientation,
electron energy and the presence of stacking fauits. The review describes amorphization by ion, electron and neutron
irradiation in the context of a kinetic description, where the rate-limiting step is the accumulation of enough radiation
damage in the lattice opposed by thermal annealing. Stability criteria, thermodynamic or otherwise, are combined with
kinetics of radiation damage and annealing to provide an overall description of the amorphization process, and of the
experimentally measured critical dose and critical temperature of amorphization. From the experimental observations, it is
proposed that irradiation-induced amorphization in intermetallic compounds is an entropy-driven transformation, caused by
the need of the material to maintain short-range order while accommodating the random ballistic motions of the atoms

caused by irradiation.

1. Introduction

In recent years, many studies have considered the for-
mation of amorphous phases in intermetallic compounds
when submitted to irradiation, a process called irradiation-
induced amorphization. The formation of amorphous
phases in ceramics and minerals is well documented: the
recognition of ‘metamict’ phases as being amorphous from
self-irradiation dates back to 1893 [1]. Semiconductors
such as Si and Ge are also susceptible to amorphization
under irradiation [2]. The discovery that intermetallic com-
pounds can be made amorphous by irradiation sparked
great interest, as it was previously thought that the absence
of charge localization and directional restrictions on bond-
ing (present in ceramics and semiconductors) precluded
irradiation-induced amorphization in intermetallic com-
pounds. This raised the question of how enough energy to
drive the transformation is stored in the lattice of inter-
metallic compounds, since damage annealing should be
easier in the absence of bonding and charge restrictions.
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Recently published reviews of this field [3—11] show
that a large number of intermetallic compounds undergo
amorphization under a variety of conditions. Amorphiza-
tion occurs under neutron, ion and electron irradiation, in a
wide range of temperatures. No pure metals (with the
possible exception of Bi and Ga), or stable metallic solid
solutions become amorphous under particle irradiation
which points to the crucial role of chemical disordering in
promoting amorphization under irradiation. Several empiri-
cal correlations for amorphization have been developed
[12-15] and comprehensive theories put forth to rational-
ize amorphization [8,10,16]. These theories and empirical
correlations attempt to predict which compounds undergo
amorphization, or to derive conditions for amorphization to
occur.

In amorphization of crystalline intermetallic com-
pounds under irradiation a thermodynamically unfavored
phase (the amorphous phase) replaces the thermodynami-
cally stable crystal. Clearly, the kinetic restrictions im-
posed on the crystal by the influx of irradiating particles
create the conditions for the amorphous phase to appear.
Hence, to understand the amorphization process, it is
necessary to understand the kinetics of radiation damage
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and annealing in intermetallic compounds. This review
presents the available kinetic data and uses it to construct a
picture of amorphization that is closely related to the
quantities measured experimentally, and that takes full
account of the influence of different particles, dose rate
and temperature. After a brief review of amorphization in
non-metallic systems and of amorphization by means other
than irradiation, the experimental evidence gathered on the
amorphization of intermetallic compounds by particle irra-
diation is reviewed in Section 2. The theoretical under-
standing of irradiation-induced amorphization developed
over the last decade is discussed in Sections 3.1 and 3.2. In
the last part of Section 3 a new model to understand
amorphization is proposed based on the increased entropy
of the amorphous state compared with that of the defected
crystal.

2. Radiation-induced amorphization: Experiments

The crystalline-to-amorphous transformation (amorphi-
zation) refers to the complete loss of long-range crystallo-
graphic order, as measured by X-ray diffraction or electron
diffraction. Upon amorphization, the sharp lines from X-ray
patterns are replaced by a liquid-like distribution function
associated with amorphous materials. In the case of elec-
tron diffraction, the crystalline spot pattern is replaced by
an amorphous halo. Amorphization can be detected by a
variety of techniques, including the isotropy of material
properties [2], changes in electrical resistivity [17-19],
specific heat [20], Rutherford backscattering (RBS)
[19,21,20], neutron reflectivity [22], Mossbauer spec-
troscopy [21], electron energy loss spectroscopy [23], frac-
tography [24], and Raman spectroscopy [25]. Diffraction
gives direct information on the structural changes accom-
panying amorphization and is the main detection method
considered in this review.

2.1. Amorphization in non-metallic systems

Amorphization by particle irradiation is well known in
non-metallic compounds, such as ceramics, semiconduc-
tors and ionic compounds. These are briefly reviewed in
the following.

Ceramics and minerals: The amorphization of ceramics
and minerals under charged-particle irradiation has been
reviewed before [26]. Survey-type experiments have been
conducted to determine amorphization susceptibility [27],
and empirical criteria have been developed to predict
amorphization behavior [28]. The study of irradiation-in-
duced amorphization in minerals such as zircon has been
particularly fruitful because of the wide range of dose rates
available: in geologic deposits amorphization from self-
irradiation has a dose rate of 107 '® displacements per
atom (dpa) s~' [29,30], while amorphization by particle
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irradiation can have dose rates up to 1072 and 107 dpa
s~ [31]. Many of the features seen in the amorphization
of ceramics are also seen in the amorphization of inter-
metallic compounds: large differences in displacement en-
ergies among the individual sublattices [32,33], large dif-
ferences in critical temperature between ion and electron-
induced amorphization [34], influence of dose rate [29,35],
and ‘stages’ in the dose-to-amorphization at temperatures
below the critical temperature for amorphization [31]. Fi-
nally, the amorphization mechanism in ceramics can also
be regarded as a loss of topological long-range order
(LRO) while maintaining short-range order (SRO) [36].

Several ceramics of technological interest have been
studied to somewhat greater extent. A recent study finds
that MgO (magnesia), MgAl,O, (spinel) and Al,O,
(alumina) do not amorphize after room temperature ion
irradiation, except when irradiated by certain types of ions
(I in spinel, Zr in alumina and Ti in magnesia) [37]. Other
studies have shown amorphization in spinel by Ar ion
irradiation below 100 K [38]. The presence of equivalent
cation sites in spinel has been linked to its irradiation
behavior [39].

The amorphization of quartz has also been extensively
studied [40]. Quartz, as well as other minerals, undergoes
amorphization by pressure [25,41], as well as being amor-
phized by irradiation, including high energy ions [42].
Pressure-induced amorphization has been observed for only
a few metallic systems [43]. Another compound that has
received detailed attention is SiC [44). The temperature
dependence of the dose-to-amorphization has been deter-
mined for SiC under Xe ion irradiation and it is found that
there is a difference of approximately 200 K between the
critical temperature for Xe ion irradiation (500 K) and for
electron irradiation {300 K) [45,46]. Detailed high resolu-
tion electron microscopy studies of amorphization in ce-
ramics have been attempted [45,47], but have generally
been limited to describing amorphization in qualitative
terms [40]. Similar studies have been conducted for inter-
metallic compounds [48,49].

Similarly to intermetallic compounds, the crystal struc-
ture of ceramics can be described as an ordered arrange-
ment of polyhedra [50]. In his topology-based model of
irradiation-induced amorphization of ceramics, Hobbs
[40,51] emphasize the role of alterations in short-range
correlations that cannot be accommodated in a solid whose
long-range order does not allow much structural freedom.
The lack of structural freedom can be deduced from the
topological properties of the structure, especially the con-
nectivity of the composing polytopes.

Semiconductors: The amorphization of Si by particle
bombardment has important technological implications, and
because of this has been extensively studied [52]. In partic-
ular, the problem of finding the rate of advancement of an
amorphous layer into a crystalline layer (or of the crys-
talline into the amorphous) in Si and Ge in particular has
received great attention [53,54]. As the irradiation tempera-
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ture increases, the amorphization rate decreases until it
stops at the critical temperature. Another interesting fea-
ture is that approximately 10 K above the critical tempera-
ture the process is reversed and the crystalline layer starts
to advance at the expense of the amorphous layer. A recent
model proposed by Carter [55] further refines these con-
cepts and proposes a mechanistic understanding of amor-
phization in ion-implanted semiconductors, considering the
effects of flux and temperature. Si has also been used to
demonstrate that concurrent electron and ion irradiation
increase the dose-to-amorphization compared to ion irradi-
ation, possibly due to the higher percentage of isolated
point defects created by electron irradiation which promote
radiation damage annealing [56,57]. One interesting aspect
of amorphization of Si by particle irradiation is that it is
not possible to amorphize Si by electron irradiation, even
at very low temperatures [58]. In fact, electron irradiation
hinders, rather than helps, amorphization upon dual elec-
tron and ion irradiation of Si [58].

The presence of structural disorder and amorphization
of carbon compounds has been reviewed in [59]. In
graphite, amorphization has been produced by electron and
ion irradiation [60] and neutron irradiation [61]. The criti-
cal temperature for amorphization under electron irradia-
tion is 580 K [36]. The authors note that the large distance
between basal planes reduces the effects of cascades (the
difference between the dose-to-amorphization at room tem-
perature by different ions is small). Finally a particular
type of ceramic where irradiation-induced amorphization
has received great attention lately are the Y-Ba-Cu-O
high temperature superconducting compounds [62], where
a dose rate effect is also found [63].

2.2. Amorphization in intermetallic compounds

Amorphization in metallic systems (intermetallic com-
pounds, metallic multilayers, metallic solid solutions) has
been produced by different means such as solid-state reac-
tion [9], pressure [25,43], ball milling [64—66], cold plastic
deformation [67], hydrogenation [68—70], and irradiation
[4,6,71]. The case of hydrogenation is somewhat different
from the others in that the composition is not held constant
during the experiment. The preferred formation of metal-H
bonds over metal-metal bonds could then be a driving
force for the loss of long-range order [69,70]. The influ-
ence of alloying elements, either present in the alloy [72]
or introduced by irradiation [73] creates an additional
chemical driving force for amorphization in the affected
compounds. The common ground of amorphization by
solid state reaction, ball milling and irradiation, is that in
each case either the appearance or the permanence of the
more energetically favorable intermetallic phase is pre-
cluded by kinetic constraints. The difference is that amor-
phization by solid-state reaction occurs in the direction of
decreasing system free energy while with irradiation and
ball-milling it is the reverse.

In the case of amorphization by solid-state reaction in
metallic multilayers of elements with large negative heat
of mixing, the appearance of the amorphous phase repre-
sents a decrease in the total system energy compared to
the unreacted state. Fig. 1 shows the free energy of two
metals with negative heat of mixing (Zr and Fe), both for
an amorphous phase (AG,) and for a crystalline solid
solution of atoms (AGg) [74]. The dotted line indicates the
free energy of a mechanical mixture of Zr and Fe. There is
a large energy gain from forming an amorphous phase as
compared to the mechanical mixture. The free energy
difference between the amorphous phase and the inter-
metallic compound is comparatively small. A negative heat
of mixing is however, not a necessary condition for amor-
phization as the existence of amorphization in systems
with positive heats of mixing has recently elicited great
interest [75,76]. Solid state thermal reaction in metallic
multilayers produces either one of the stable intermetallic
compounds or the amorphous phase depending on the
relative diffusivities of the elements, on the multilayer
composition and wavelength, and interface reaction rates,
as described by Gosele and Tu [77]. Amorphization by
irradiation of metallic multilayers is subject to the driving
forces present in the purely thermal case, in addition to
irradiation mixing and disordering, which decreases the
time to amorphization and expands the region where amor-
phization is possible [78]. Irradiation has two main effects:
the creation of a supersaturation of defects that can accel-
erate thermal processes and ballistic mixing and disorder-
ing [79], which tends to take the material away from
equilibrium [80].

In the case of irradiation and ball milling, the amor-
phous phase is arrived at via a different route: the stable
intermetallic phase is present at the outset, but is destabi-
lized by various mechanisms of damage accumulation,
allowing the amorphous phase to appear. A net energy
increase occurs in this case. Most of this paper is devoted
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Fig. L. Free energy versus concentration for the phases in the
Zr-Fe system (from Ref. [74]).
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to understanding the driving forces and the kinetics of the
process of irradiation-induced amorphization.

2.3. Amorphization under different types of irradiation:
General remarks

Amorphization of intermetallic compounds has been
observed under both neutron and charged-particle irradia-
tion, although because of the obvious difficulties in irradi-
ating with neutrons those observations have been consider-
ably less frequent [4]. In general, charged-particle irradia-
tion has proven to be a flexible and powerful tool for
studying amorphization [8]. Experiments can be done ‘in-
situ’ in high voltage electron microscopes so that the
transformation morphology and kinetics can be directly
determined. In some facilities, such as the IVEM (inter-
mediate voltage electron microscope) at Argonne National
Laboratory, it is possible to irradiate the sample with ions
in the microscope while observing with electrons. It is
possible to vary irradiation conditions, such as temperature
and dose rate in a wide range. In addition, the displace-
ment rates in accelerators are orders of magnitude higher
than those in reactors allowing the damage in displace-
ments per atom equivalent to years in a reactor to be
reached within hours or minutes.

There are two main distinctions between different types
of irradiation. The first is between cascade-producing irra-
diation (ion and neutron) and irradiation that produces
isolated Frenkel pairs (gamma and electron irradiation).
The high density of energy deposition in collision cascades
can raise local damage levels to very high values, which
are correspondingly more difficult to anneal. This is likely
why the critical temperature for amorphization under cas-
cade-producing irradiation is higher than under electron
radiation [81,82] and why some compounds amorphize
under ion irradiation but not under electron irradiation
[83-86). The second distinction is between neutron and
charged-particle irradiation. Since the overall displacement
rate in neutron irradiation is much lower than in charged

particle irradiation, processes depending on thermal diffu-
sion, such as damage annealing, are favored under neutron
irradiation when compared to charged particle irradiation.

Bellon and Martin [87] have identified the parameter vy
(ratio of collisional displacements to thermal jumps) as an
important factor in predicting the behavior of a material
under irradiation. Table 1 shows that, because of the
different displacement rates, for a given irradiation temper-
ature and a given dose 7y is different for each of the
different irradiation conditions. Although mild from the
point of view of damage localization, electron irradiation is
a much more efficient way of producing freely-migrating
defects than cascade producing irradiation, since essen-
tially all the defects produced can undergo long-range
diffusion, while a large fraction of the ion and neutron
produced defects are annealed out during cascade cooling
[88].

Differences in beam orientation (isotropic for neutrons,
directional for charged-particles), specimen geometry, size
of irradiated region, energy distribution of irradiation, also
have to be taken into account. A summary of the differ-
ences between the irradiations is shown in Table 1, for
conditions found in typical irradiation facilities. For exam-
ple, although the practical overall displacement rates for
electron irradiation are considerably higher than for neu-
tron and ion irradiation, the presence of cascades in the
latter raises the local displacement rates to much higher
levels, so that electron irradiation can be considered a
milder form of irradiation, and the damage it produces can
therefore be annealed at a lower temperature. Another
factor that needs to be considered is the proximity of free
surfaces in charged particle irradiation which provides a
strong defect sink not present under neutron irradiation
[89].

Thus, changing the irradiation conditions yields experi-
mental information that cannot be directly compared.
However, using these different types of irradiations cou-
pled with appropriate theoretical modeling and computer
simulation, it is possible to gain greater insight into the

Table |
Correlation of neutron and charged-particle irradiation
Neutron Ton (heavy /light) Electron
Typical flux (part. /m?s) 5 x 107 (isotropic) 10'3-10'¢ (directional) 5 x 107 (directional)
Displacement rate (dpa/s) 1077 1074-107° 1072-1077%
Irradiation time (1 dpa) ~ 4 months ~1-24h 2-20m
Temperature reactor (570 K) adjustable adjustable
Displacement profile no sharp peak @ end of range no (if thin foil)
Sample geometry bulk sample semi-bulk (near surface) thin foil (~ 100 nm)
Spatial distribution of damage inhomogeneous inhomogeneous homogeneous
(dense cascades) (variable cascade density) (Frenkel pairs only)
Free defect fraction few % ~ 5-50% ~ 100%
Penetration depth (typical) whole 1-10 pm 100 nm
Size of irrad. region whole ~1cm? ~1 um®
In-situ exam. no usually no yes
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Fig. 2. Schematic dose-to-amorphization versus temperature for different types of irradiation.

physical processes at hand. No meaningful analysis of
irradiation-induced amorphization, or any type of irradia-
tion effect, can be done without a clear understanding of
the different characteristics of the damage produced by the
different irradiations. If that understanding is present and is
incorporated into the theoretical model along with the
detailed defect information from computer simulations, it
is possible to produce a more detailed and broadly based
mechanistic understanding of the kinetics of irradiation-in-
duced amorphization in intermetallic compounds.

2.4. Dose-to-amorphization and critical temperature

Fig. 2 is a schematic representation of the dose-to-
amorphization as a function of temperature for different
types of irradiation. Several quantities measured from Fig.
2 have to be rationalized by any theoretical model. At low
temperature, the dose-to-amorphization is independent of
temperature. This dose is the critical dose-to-amorphiza-
tion and represents a measure of the ability of the material
to repair itself in the absence of thermal annealing. The
irradiation damage accumulation kinetics have to be con-
sistent with the value of the athermal dose. As the tempera-
ture increases the dose-to-amorphization rises. For electron
irradiation above temperature 7, (with slight variations
depending on dose rate), amorphization is not possible, so
the temperature 7, is the critical temperature for amor-
phization under electron irradiation. Typically, amorphiza-
tion by cascade-producing irradiation (ion and neutron
irradiation) remains possible above T,. At temperature T}
there is an increase in the dose-to-amorphization, from the
athermal dose. This increase can be attributed to an anneal-
ing process that makes the damage accumulation process
more difficult without completely impeding it, so an an-
nealing stage occurs at temperature T,. Other types of
irradiation damage are successively overwhelmed at tem-
peratures T, T, and T, which are, for example, the critical

temperatures for neutron, ion type 1 and ion type 2,
respectively. Ion type 2 is typically heavier than type 1.
Theoretically, each type of ion has a slightly different
critical temperature, depending on its damage structure, as
discussed in Section 2.6.

One example of this type of curve is shown in Fig. 3
[90], obtained during amorphization of Zr,Fe under Ar ion
and electron irradiation. At low temperatures, the curves
all coincide. At approximately 220 K, the dose-to-
amorphization increases abruptly (at lower dose rates, the
abrupt increase occurs at a slightly lower temperature).
This is the critical temperature for amorphization in Zr,Fe
under electron irradiation. The increase in dose-to-
amorphization under Ar ion irradiation is probably due to
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Fig. 3. Dose-to-amorphization in displacements per atom at vari-
ous irradiation temperatures for 0.9 MeV electron and 0.5-1.5
MeV “’Ar ion (@) irradiations of Zr,Fe. Electron dose rate: M,
1.83x 107 dpa s™'; 00, 1.68X 107" dpas™'; a, 1.47x107?

dpas™; A.1.23x107 dpas™'; v, 1.04x 1077 dpas™'.
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the increased annealing caused by the motion of a defect
activated at that temperature. This defect increases the
dose-to-amorphization by a factor of 4, but does not
prevent it. Amorphization with Ar ions remains possible
until 560 K, which is the critical temperature for Ar ion
amorphization of Zr,Fe. For Bi ions, (not shown) the
critical temperature is somewhat higher, and the magnitude
of the step at 220 K is smaller.

2.5. Amorphization kinetics

2.5.1. Measurement of dose rate

A typical amorphization sequence, obtained during
amorphization of Zr,Fe by electron irradiation at 200 K, is
shown in Fig. 4. The beam is condensed to a 0.5 wm spot,
and kept in place using fiducial marks in the sample.
Amorphization is detected by the disappearance of the
bend contours and in diffraction mode by the substitution
of the spot pattern by a halo pattern characteristic of the
amorphous phase. As explained below, the dose rate de-
creases with the distance from the center of the beam so
that towards the edge, the dose rate is lower than at the
center. In this particular case, after a long irradiation the
radius of amorphous region saturates at a diameter smaller
than the size of the beam (shown in Fig. 4F), indicating a
dose rate effect.

The amorphization sequence in Fig. 4 suggests a way
of obtaining the variation of the dose-to-amorphization
with temperature and dose rate applicable to electron
irradiation, which is shown in Fig. 5. The ratio of the
amorphous region radius to the beam radius is measured as
a function of dose for several temperatures, T, through 7.

The crystal-amorphous boundary is reasonably sharp as
shown in Fig. 4, allowing a precise determination of the
amorphous radius, using both the interruption of bend
contours and the insensitivity of the bright field image of
the irradiated region to tilt as criteria for amorphization.
Low order bend contours are usually chosen to monitor
amorphization (since they are the last to disappear before
amorphization). A typical error bar in the measurement of
the amorphous radius is also shown in Fig. 5.

The dose rate at different radial locations varies be-
cause of the Gaussian profile of the beam intensity. By
performing careful electron dosimetry, it is possible to
correlate the radial distance from the center of the beam
spot with a given dose rate, as explained in [91], and
illustrated in the upper part of Fig. 5. The dose is measured
by two Faraday cups, one that captures the integrated
intensity of the whole beam and another that captures the
peak density. The two measurements completely determine
the Gaussian profile of the electron beam. Several checks
of this dosimetry can be made, including taking a fast
exposure picture of the beam and comparing the beam
radius captured in the micrograph with the one predicted
by the dosimetry and verifying the Gaussian shape of the
beam by profiling the beam with the peak density Faraday
cup. Those checks give more confidence that any errors in
the determination of the dose rates are small.

The first thing to notice is that at higher temperatures
there is a dose rate dependence of the dose-to-amorphiza-
tion. At temperature 7, there is no dose rate dependence:
amorphization occurs at the same dose for all radii. When
the temperature is increased to T,, there is a deviation
from the straight vertical line indicating that the dose-to-

Fig. 4. Amorphization sequence during electron irradiation of Zr,Fe at 200 K. At (A), the unirradiated material is shown: (B) after 960 s,
bend contours start to thin and disappear; (C) after 1260 s, an amorphous spot is formed in the center of the beam; the amorphous spot
grows in (D) (1980 s) and (E) (3180 s), but saturates at a size smaller than the beam size shown in (F).
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Fig. 5. Schematic plot of amorphous beam radius as a function of dose for several temperatures, showing influence of dose rate and

relationship to dose-to-amorphization versus temperature curve.

amorphization is higher at lower dose rates. At temperature
T, the rate of annealing is large enough that it can
overwhelm damage production smaller than ki, so kj; is
the critical dose rate for amorphization at temperature 7.
As can be seen from Fig. 5, the critical dose rate increases
with temperature until it is higher than the peak dose rate

in the beam. Above this temperature amorphization ceases
to occur: that is the critical temperature for amorphization
at the peak dose rate in the beam.

The curve shown in Fig. 2 can be obtained from Fig. 5
by performing the cut A-A, as shown in the lower part of
Fig. 5. Performing such a cut means plotting the dose-to-
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Fig. 6. Amorphous radius ( um) versus dose in displacement per atom, for amorphization of Zr,Fe under 0.9 MeV electron irradiation at
various temperatures. At higher irradiation temperature the critical dose rate for amorphization increases (the final size of the amorphous

zone decreases).
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amorphization for a fixed dose rate. The dose-to-amorphi-
zation versus temperature curve would be different if the
cut A—A were performed at a larger radius (corresponding
to a lower value of the dose rate), so using diffraction
apertures of different size to gauge amorphization yields
different results. Therefore reports of amorphization results
should include the specification of the amorphous radius
used as an amorphization gauge.

The dose for the onset of amorphization can also be
obtained directly from Fig. 5. This dose gives a direct
measure of the damage level that needs to be reached
before amorphization can occur. Fig. 6 shows a typical set
of data obtained for electron irradiation-induced amor-
phization of Zr;Fe. A higher dose rate decreases the
dose-to-amorphization, and increases the critical tempera-
ture, enlarging the amorphization domain [92]. Xu [93]
demonstrated a similar dose rate effect at intermediate
temperatures, but failed to detect the increase in the critical
temperature. The method is shown in Fig. 6 where the size
of the amorphous zone is plotted against irradiation time.
By performing iso-dose rate cuts using the method above,
it is possible to recover the usual dose-to-amorphization
versus temperature graph but at various dose rates. This is
shown in Fig. 8, where it is clear that the critical tempera-
ture increases with dose rate [94]. The decrease of the
dose-to-amorphization with increasing dose rate has also
been shown for Ar ion irradiation of Zr;Fe [95]. After
irradiating the material to a constant fluence of 10'° ion

m~2, amorphization is achieved at 1.47 X 10'® ion m~?

s~ but not at 9 X 10" ion m™2 s~'. Dose rate effects
under ion irradiation were also observed in amorphization

of Si [54].

2.5.2. Crystalline fraction

The measurement of dose rate influence in Section
2.5.1 concerns states where amorphization either has or
has nor occurred. It is possible to study the intermediary
states as well, by measuring the crystalline fraction as a
function of irradiation dose for different types of irradia-
tion. This can be done by measuring the intensity of a
crystalline diffracted spot from TEM micrograph nega-
tives, or X-ray diffraction. This type of experiment cou-
pled with TEM observations of the transformation mor-
phology can help determine the amorphization mecha-
nisms. Other techniques, such as RBS and Mdssbauer, can
indirectly measure amorphization fraction, but measuring
diffraction intensity is the most direct technique available.

In this technique, it is possible to derive conclusions
about amorphization mechanisms. Different results are
shown in Fig. 7A. For example: if the curve follows q,
then the material remains crystalline through most of the
experiment, and amorphization occurs by a lattice instabil-
ity near the end of the irradiation time after enough
damage has accumulated. Curve & has been observed
during amorphization of intermetallic precipitates under
neutron irradiation [96]. The linear dependence of the

amorphous fraction on dose indicates an interface con-
trolled process as explained in Section 2.6.3 [97]. Curve ¢
shows amorphization by cascade superposition: the curva-
ture near the beginning is related to the need to accumulate
some damage before cascade superposition becomes prob-
able. Curves d and e show amorphization by direct cas-
cade impact for cascades of different sizes. The curvature
near the end of the irradiation time in ¢, d and e is caused
by the increased probability of an impact of new cascades
on already amorphous regions [14].

An example of such a quantitative measurement is
shown in Fig. 7B, for amorphization of Zr,(Ni, Fe) precip-
itates in Zircaloy-2 under electron irradiation [89]. The
crystalline fraction is measured by the normalized ratio of
intensities of the diffracted spot to the transmitted spot,
shown at the bottom of the picture. The crystalline fraction
V¥ is experimentally defined as:

_ Ly (1) /1.(1)
Ly (r=0)/1.(t=0)

where I,,,() is the intensity of the diffracted beam hk{ at
time 7, I,(t) is the intensity of the transmitted beam at
time 7, and the denominator has the same quantities at the
start of the irradiation. In order for the experiment above to
work, the sample orientation has to be kept constant
throughout the experiment. In the exact orientation condi-
tion shown in Fig. 7B the four primary diffracted spots
decrease equally as the sample undergoes amorphization,
showing that the specimen orientation does not vary during
the experiment. Fig. 7C shows that the evolution of the
parameter ¥ with dose most approximates curve a in this
case .

Brillouin scattering experiments represent another win-
dow on the amorphization process, as they can provide
information on the changes in elastic constants during ion
bombardment of intermetallic compounds, by measuring
their surface phonon velocity [98]. For compounds that
become amorphous the phonon velocity (and therefore the
shear modulus), decreases exponentially until the onset of
amorphization, remaining constant thereafter. For the com-
pounds that remain crystalline, a smaller change in shear
modulus is noted. This shows that lattice softening pre-
cedes or accompanies amorphization.

In the context of the types of experiments described
above, we now review the existing data on irradiation-in-
duced amorphization of intermetallic compounds.

(1) (O

2.6. Experimental data on amorphization

There is a large body of experimental evidence on the
amorphization of binary and ternary intermetallic com-
pounds under irradiation [3,4]. Early experiments on amor-
phization under irradiation concentrated on structural fac-
tors affecting phase stability and on the development of
general criteria to predict amorphization under irradiation
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[5,99]. More detailed descriptions of amorphization under-
taken in other studies [14,100,101], demonstrate the funda-
mental role of kinetics in predicting amorphization under
the three different types of irradiation as described in the
following sections.
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2.6.1. lon irradiation

Amorphization of intermetallic compounds under ion
irradiation was first reported in Zr,Al [85]. A detailed
transmission electron microscopy (TEM) study of cascades
and disordered zones, showed that amorphization occurs
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Fig. 7. A. Normalized crystalline fraction versus normalized dose (in dpa/ dpa,morphization) for different amorphization mechanisms
(schematic): In « the transformation occurs abruptly, at the end of the irradiation time by a lattice instability, once enough damage has
accumulated so that a percolation condition is reached; in b an interface-controlled process yields linear kinetics: in ¢ amorphization occurs
by cascade superposition, so a threshold is visible for the start of the process; in d and e, amorphization occurs by direct cascade impact for
cascades of different sizes. The curvature at the end of curves ¢, d and e represents the decreasing probability of hitting an amorphous zone
toward the end of the irradiation.B. Diffraction intensity plot sequence during amorphization of Zr,(Ni, Fe) under electron irradiation [89].C.
Normalized crystalline fraction as a function of dose measured from the data shown in B.
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Fig. 8. Critical dose rate for amorphization of Zr,Fe under
electron irradiation as a function of temperature. Also shown is
the dose rate variation afforded within the electron beam. [94]

by an accumulation of defects surpassing a critical defect
density for amorphization, rather than by direct amorphiza-
tion in the cascades. However, since electron irradiation
fails to render the material completely amorphous even at
very high doses, cascades are necessary for amorphization
in that case.

Ton irradiation being readily available, many survey-
type experiments were conducted. Experiments show that
while many compounds are susceptible to amorphization
under ion irradiation several others are not. Considerable
experimental effort identified which compounds undergo
amorphization [13,99,102,103] or crystallization [104], un-
der standard conditions and correlated amorphization sus-
ceptibility with material properties common to the ensem-
ble of compounds that amorphize. Examples of material
properties used in these correlations are the intermetallic
compound place in the phase diagram (near a deep eutec-
tic), width of the intermetallic phase field (narrow phase
field is more susceptible to amorphization), melting tem-
perature (the critical temperature is proportional to the
melting temperature) and complexity of structure (more
complex structures are more susceptible to amorphization).
Although empirical in nature, some of these criteria such
as width of phase field and complexity of structure can be
related to more physical parameters such as anti-site defect
energy and the kinetic difficulty of re-forming complex
structures after destruction by irradiation [3].

The role of ion mass on amorphization was studied by
Koike et al. [81] and Nastasi et al. [105] who found
different critical temperatures for amorphization under
electron and ion irradiation in CuTi and Ni, Al;. Detailed
kinetic studies on the role of ion mass on amorphization
were conducted by Jaouen and co-workers, who measured
the amorphous fraction in NiTi and NiAl as a function of

dose for different types of ions [6,106]. They analyzed
their results using the model developed by Gibbons [107]
who gives the relationship between amorphous volume
fraction and dose as:

n—1 adt !
Co=1- T D fexp(-avn)] @
i=0 :
where a is the damage cross section, ¢1 is the ion fluence
and n is the number of cascade overlaps required for
amorphization. For low energy heavy ions the amorphiza-
tion kinetics could be described by n=1 (direct amor-
phization), while for higher energy and lighter ions, n is
equal to 2 or higher.

In the Ni-Al system simultaneous electron and ion
irradiation results in a higher dose-to-amorphization than
either of the two irradiations by themselves [108], as is the
case in Si [58]. This is due to the availability of freely
migrating defects from electron irradiation helping anneal
the ion damage. These results clearly show that the irradia-
tion conditions are crucial in determining whether a com-
pound will amorphize or not.

There have been several studies of the influence of ion
species on amorphization. Those studies typically utilize
the noble gases as irradiating particles in order to minimize
chemical effects of the implanted species on the phase
stability of the compound. The presence of displacement
cascades in ion irradiation greatly extends the temperature
range where amorphization is possible relative to electron
irradiation. The difference in critical temperature between
ion and electron irradiation is typically 300 K [90] as seen
in Fig. 3. The reason for this difference is that the local
damage rates within the cascades are higher than what can
be achieved by electron irradiation, and the available an-
nealing mechanisms are correspondingly less effective. It
follows then that different ions, producing displacement
cascades of different density, have different effects on
phase stability.

Koike et al. [109] irradiated Zr,Al with electrons, Ne,
Kr and Xe ions, finding a difference of 200 K between the
critical temperatures for electron and Ne ion irradiation, a
further increase of 50 K when using Kr, but no further
increase when using Xe. The authors attributed this satura-
tion to approaching the glass temperature of the solid, 7,.
Howe et al. [90] irradiated Zr,Fe with different types of
ions and showed that amorphization susceptibility can be
correlated with average deposited energy density in the
cascade through the parameter 6, given by:

_ 02v(E)
v NVVR

3)

where v(E) is the nuclear energy loss, N, is the number of
atoms in a spheroid determined by the x and y compo-
nents of straggling and Vy is the ratio of the amorphous
volume to the total volume of the cascade. In general the
denser the cascades, the easier it is to amorphize a mate-
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rial. At high deposited energy densities (often correspond-
ing to low ion energies) the amorphization probability is
high. At lower values of 8, there is an increasing tendency
for multiple damaged regions to form within a cascade.

2.6.2. Electron irradiation

The observation of amorphization of intermetallic com-
pounds under electron irradiation demonstrated that amor-
phization could be achieved even in the absence of colli-
sion cascades [110,111]. Only partial amorphization of
Zr;Al is achieved under electron irradiation even at high
doses (44 dpa) [85]. Zr;Al has an unusually low critical
temperature for amorphization under electron irradiation
[4]. Another study showed that Zr;Al only amorphizes
under electron irradiation if the TEM sample is prepared
by electrochemical polishing [112], (which possibly intro-
duces hydrogen into the sample).

Except for preferential amorphization in the vicinity of
defects such as dislocations [113] and grain boundaries
[114] (treated in more detail in Section 2.7.2), amorphiza-
tion by electron irradiation occurs homogeneously, by a
combination of chemical disordering and an increase in
point defect concentration. Since metallic solid solutions
do not amorphize under irradiation, the role of chemical
disordering appears to be important. The experiments of
Luzzi et al. in the CuTi system [115], confirm this since
they show a sharp decrease in the amount of chemical
disordering attainable at the same temperature at which the
rate of amorphization also sharply decreases. This implies
a direct relation between a reduced amount of chemical
disorder and absence of amorphization. However, this
clear relationship is not always present: there is consider-
able evidence for the need for an additional contribution
from point defect accumulation to the amorphization pro-
cess [8,116]. Hence, chemical disordering is a necessary
but not sufficient condition for amorphization under elec-
tron irradiation [8,117,118].

As in the case of ion irradiation, for a given set of
irradiation conditions some compounds are susceptible to
amorphization under electron irradiation and others are
not. The subset of ‘amorphizable’ compounds under elec-
tron irradiation is smaller than that for ion irradiation
[119]). It has also been shown that under electron irradia-
tion, the dose-to-amorphization decreases [120,121], and
that the critical temperature increases with dose rate: each
critical temperature corresponds to a critical dose rate for
amorphization [91]. This again points to the role of kinetics
in the amorphization process. The time from the onset of
amorphization to the end of the transformation is small
compared to the total irradiation time [89], which indicates
that damage accumulation is the rate-controlling process
for amorphization.

2.6.3. Neutron irradiation
Neutron irradiation can cause damage either directly by
collisions of fast neutrons with the atoms in the material

causing displacement cascades, or indirectly by inducing
(n, y) reactions or nuclear fission, and relying on the y
recoils or on the fission fragments to create displacements.
The first case constitutes neutron irradiation proper, and
the second is more properly classified as ion irradiation by
fission fragments and recoils. Fission fragment irradiation
provided the first reported example of amorphization of an
intermetallic compound, UgFe [122], the kinetics of which
were later studied in detail [100].

Only a few examples of fast-neutron-induced amor-
phization have been reported [4], notably on A15 com-
pounds. Mo,Si [123] and Nb,Ge [124]. Also, the com-
pound Fe;B amorphizes under neutron irradiation [125].
Additionally, intermetallic compounds present in commer-
cial alloys amorphize during neutron irradiation. The Laves
phase Fe,Mo found in a Fe-Ni~Cr Mo alloy amorphizes
after a fluence of 7 10°%® n m~? at 723 K [126]. The
relative lack of reported instances of neutron-induced
amorphization is due to the relatively few irradiations of
bulk intermetallic alloys conducted, and to amorphization
of second phase particles in alloys often not being the
main interest of the research [127,128].

More recently, the ternary intermetallic precipitates
Z1(Cr, Fe), and Zr,(Ni, Fe) have been observed to amor-
phize at low temperature (350 K) [129,130]. At 560 K, the
Zry(Ni, Fe) precipitates are crystalline while the Zr(Cr,
Fe), precipitates exhibit a duplex structure consisting of an
amorphous layer that starts at the precipitate—matrix inter-
face and whose thickness increases linearly with fluence
(Fig. 9). The amorphous phase is also severely depleted in
Fe. This phenomenon has been explained by a model in

Fig. 9. Zr(Cr, Fe), precipitate in Zircaloy, after irradiation to
fluence of 4X 10 n m~? in BR3 reactor. The amorphous layer
(A) forms at the precipitate-matrix interface and gradually moves
into the crystalline core (C) until the whole precipitate is amor-

phous (photo courtesy of C. Regnard, CEA).
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which ballistic mixing drives the compound away from
stoichiometry and thereby facilitates amorphization at the
interface [97). Under electron and ion irradiation those
same precipitates do not exhibit preferential amorphization
at the precipitate—matrix interface [96,129,130]. Under Ar
ion irradiation, the Zr(Cr, Fe), precipitates in Zircaloy
amorphize at temperatures up to 650 K (without Fe deple-
tion) and the Zr,(Ni, Fe) precipitates do so at least up to
600 K [131], while under electron irradiation, both types of
precipitates remain crystalline above an irradiation temper-
ature of 300 K. Other compounds found in new Zr-based
alloys also amorphize under neutron irradiation [132].

Extensive neutron amorphization experiments have also
been conducted on the U-Si system by Birtcher and
co-workers {133,134], who report amorphization of U,Si
during neutron irradiation at room temperature, but not at
623 K, after fission fragment irradiation to 0.08 dpa.
Accompanying the transformation, lattice parameter con-
tractions were observed both in the a and ¢ directions of
the tetragonal unit cell.

The main conclusion from this data is that it is not
possible to define a susceptibility to amorphization under
irradiation without specifying the irradiation conditions in
detail. The irradiation conditions and the total dose re-
ceived determine whether a compound amorphizes or not.
Hence, amorphization susceptibility is not simply a mate-
rial property, but depends on the irradiation conditions.

2.7. Other irradiation parameters

In addition to the irradiation particle type, irradiation
dose and dose rate, other parameters affect amorphization
under irradiation, including the presence of extended de-
fects, compound stoichiometry and specimen orientation.
Those are reviewed in the following.

2.7.1. Influence of compound stoichiometry

Intermetallic compounds usually exist in a narrow range
of stoichiometry, since any departure from exact stoi-
chiometry has to be accommodated either by structural
vacancies or by anti-site defects, at great energy cost. The
calculated free energy versus composition curve for ZrFe,
shows that a small deviation from stoichiometry causes a
large increase in free energy. There is evidence that inter-
metallic compound stoichiometry influences amorphiza-
tion, although there have been no systematic attempts to
study it.

A marked difference in amorphization susceptibility
exists between Cug4Tigs, and CugsTig.s [135] As
mentioned above, the amorphization of Zr(Cr, Fe), precip-
itates in Zircaloy under neutron irradiation is attributed to
a departure from stoichiometry, induced in this case by
ballistic mixing at the precipitate—matrix interface [97].
The Cr/Fe ratio also influences amorphization under neu-
tron irradiation in Zr(Cr,_,, Fe ), [96]. An investigation
of the influence of x on the amorphization of Zr,(Fe,,
Ni, _ ), shows no effect [136].
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Fig. 10. Dose-to-amorphization versus temperature for ZrCr, and
ZrFe, under electron irradiation, showing the effect of a high
density of stacking faults (filled spots) on the amorphization
process.

2.7.2. Influence of extended defects

The presence of extended defects such as dislocations,
stacking faults and anti-phase boundaries has been shown
to facilitate amorphization [113,114,137]. These studies
detected preferential amorphization at dislocations in NiTi
during electron irradiation at 160 K [113], twin boundaries
in NiTi [137] and antiphase boundaries in Cu,Ti, [114].
Preferential grain boundary amorphization under electron
irradiation was recently demonstrated in spinel and coesite
[34]. Preferential amorphization in thinner regions of the
foil during electron irradiation of NiTi was noted by
Thomas et al. {111].

The influence of stacking faults on amorphization of
ZrFe, and ZrCr, under electron irradiation was determined
by irradiating samples of each compound containing two
phases, one with a larger stacking fault density than the
other [136]. The results are shown in Fig. 10. The critical
temperature of both compounds is approximately 15 K
higher in the high stacking fault density phase. For ZrFe,
the critical dose is twice as small in the high stacking fault
phase than in the low density stacking fault phase, while in
ZrCr,, the critical doses are the same for both phases.
There is a step in the dose-to-amorphization curve of
ZrFe,—SF that corresponds to the critical temperature of
ZrFe,.

The decrease in the critical dose is understandable by
noting that the lattice strains associated with the extended
defect cause amorphization to be easier near the defect as
discussed below. Nastasi and Mayer [3] calculated the
local increase in free energy at defects and concluded that
this explained the preferential amorphization at disloca-
tions. The change in the critical temperature is likely due
to a change in migration energy or migration mode of the
defect associated with the presence of the stacking faults.

2.7.3. Influence of specimen orientation
The orientation of the thin foil specimen under electron
irradiation influences amorphization susceptibility. This
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orientation dependence of amorphization is likely caused
by the change in displacement energy with crystalline
orientation. Electron irradiation of Zr,Fe at energies below
400 keV also showed an orientation dependence of amor-
phization in the elongation of the amorphous spot along
bend contours [138]. At 250 keV, the irradiation of a triple
joint of three Zr;Fe grains produced amorphization in one
grain but not in the other two, as shown in Fig. 11 [91]. Xu
[93] reported different dose-to-amorphization versus tem-
perature curves in CoTi under electron irradiation, depend-
ing on the crystalline orientation.

Mori et al. [112] have shown evidence of preferential
amorphization of Zr,Al along bend contours around a
deformation center, during electron irradiation at 160 K.
The appearance of the amorphous zone in that case con-
sists of an amorphous spot with amorphous tentacles ema-
nating from it. As mentioned above, amorphization in this
case is partly related to the type of sample preparation
used. Similar effects of sample preparation were reported
elsewhere [139].

2.7.4. Use of amorphization to study solid-state phenom-
ena

Another type of amorphization experiment is shown in
Fig. 12. Here the dose-to-amorphization in Zr;Fe at a fixed
temperature of 30 K is measured at several electron ener-
gies, at constant lattice orientation [138]. The temperature
is kept low so thermal annealing does not affect the
process. As the electron energy decreases, the maximum
energy imparted to the lattice atoms also decreases, until
the maximum energy transferable from the electrons to the
atoms in one of the sublattices falls below the displace-
ment threshold Ej; so that displacements can be initiated
only in the other sublattice. As the energy is further
decreased, a second threshold Ej, is reached below which
neither atom can be directly displaced. Below this energy,
displacements can only occur via a secondary displace-
ment mechanism, where an electron displaces an impurity
atom which can in turn cause a lattice displacement [138].

1
-

Fig. 11. Triple joint between three Zr;Fe grains showing preferen-
tial amorphization during electron irradiation at 250 keV at 25 K.
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Fig. 12. Energy dependence of the dose-to-amorphization in ZrCr,
during electron irradiation at 25 K.

Since the concentration of impurity elements is quite low,
the amorphization doses are correspondingly much higher
at energies below Eg,. The analysis of such experiments
noting the electron energies at which transitions occur in
the dose-to-amorphization allows a verification of the dis-
placement energies for each of the sublattices [140]. Re-
sults have been obtained for the compounds Zr,Fe, ZrCr,
and Zr,Fe [141]. Similar studies on the dependence of
amorphization on electron energy have been conducted in
non-metallic systems [32,142].

3. Theoretical analysis

The preceding experimental knowledge needs to be
placed in the context of a theoretical model that provides
basic understanding of the process. It is possible to de-
scribe amorphization susceptibility or tendency with vari-
ous empirical criteria, mentioned in Section 2.6.1. Some of
the limitations of these criteria have been discussed before
[7]. In addition to these it is important to mention the
criterion of Egami and Waseda [143] who use atomic size
to determine the range of formability of metallic glasses
from a solid solution. Such criteria have also been derived
from simulations of glass formation {144]. As discussed
below, this does not apply to a case where the starting
material is an intermetallic compound.

A more mechanistic understanding of amorphization
under irradiation is clearly desirable. The following discus-
sion of theoretical models of amorphization aims at devel-
oping such an understanding. A few general observations
based on the experimental observations discussed in Sec-
tion 2 help orient this theoretical discussion on amorphiza-
tion under irradiation.
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(1) Amorphization occurs only below a critical temper-
ature and only after a critical dose is reached.

(2) Amorphization under irradiation is easier at low
temperature than at high temperature.

(3) Once the amorphous phase is formed, it does not
evolve further; that is, the amorphous phase is stable under
irradiation.

(4) The more severe the irradiation damage, the higher
the critical temperature for amorphization.

These four observations can be rationalized in terms of
a model that states that the amorphous phase can be
formed when the accumulated irradiation damage is higher
than a critical level of damage. For amorphization to
oceur,

D(t) > Dy S

where D(?) is the damage as a function of irradiation time
and D, is the critical level of damage. The accumulation

of damage is written as;

D(1) =[G -A(T)]s (%)
where G is the displacement rate (dpa s~ ') and A(T)

(s7!) is the temperature-dependent annealing rate. The
annealing rate A(T) is written in general form as:

A(T) =Y a;C;vexp( —E;/kT), (6)

where i stands for all annealing defects, C; is the concen-
tration of the defect producing annealing and E, its migra-
tion energy. Eq. (6) implies the annealing rate overwhelms
damage production at high temperatures. At low tempera-
ture the damage rate is higher than the annealing rate. If
the annealing rate is too high, as in the case of pure metals,
amorphization never occurs. The annealing rate increases
with temperature until, at the critical temperature, it be-
comes higher than the damage rate. Hence, the critical
temperature is found from:

A(T)=G (7

At the critical temperature the damage rate goes to zero
and the time to amorphization goes to infinity. According
to the model, if a suitable way exists to quantify the
accumulation of damage and to determine the critical level
of damage, then the dose-to-amorphization can be pre-
dicted. Once Eq. (4) is satisfied, then amorphization can
occur.

To predict amorphization behavior, four questions based
on the four observations above need to be answered:

(1) What is the critical level of damage for amorphiza-
tion?

(2) How fast is the critical damage level for amorphiza-
tion reached under given irradiation conditions?

(3) Once the critical level is reached, how does amor-
phization actually occur (e.g. elastic instability, homoge-
neous nucleation of amorphous zones, amorphization
within cascades, etc.)?

(4) After the material is amorphized, why is it stable
under further irradiation?

The first two questions, of how to determine the critical
level of damage and how to calculate the rate of damage
accumulation, have received the greatest attention in the
literature. We review the work on question (1) in Section
3.1, question (2) is reviewed in Section 3.2, and questions
(3) and (4) are discussed in Sections 3.3 and 3.4 in the
context of a new model (presented in Section 3.4).

3.1. Critical damage level

As pointed out by Martin [145,146] and Russell [147]
phase transformations under irradiation are not governed
by the same rules as phase transformations that occur
under purely thermal conditions. This is because the con-
stant bombardment of particles causes several of the condi-
tions necessary for thermodynamic equilibrium to be vio-
lated. In particular, the irradiating particles represent an
energy input to the system. By impacting the atoms in the
solid, the irradiating particles cause atomic displacements,
replacements and displacement cascades, all of which are
absent outside irradiation. Because of this, it is possible
only to determine a steady state under irradiation, but not a
true equilibrium.

In particular, this means that the criterion for phase
stability valid outside irradiation (the minimization of the
Gibbs free energy), is not necessarily applicable to phase
transformations under irradiation [148]. To predict phase
stability under irradiation the preferred approach is to
develop a functional that would replace the Gibbs free
energy, incorporating the effects of ballistic jumps as well
as thermal jumps. Such potentials have been constructed
by Bellon and Martin and co-workers for specific cases
such as radiation-induced disordering and radiation-in-
duced precipitation and dissolution [149]. Some of the
simplifications of their models have interesting physical
results such as the application of the regular solution
model, showing that the effect of irradiation is equivalent
to a temperature increase {(law of corresponding states)
[148]. If, for example, this result had been found for an
amorphization reaction, it could be physically argued that
radiation drives the effective temperature up into the liquid
region which is similar to the amorphous structure.

However, there is not a general potential applicable to
all irradiation driven processes, and in particular, there is
not one for amorphization. One way to circumvent this
problem is to use a modified free energy that takes into
account the energy increase brought in by the increase in
both point defects and chemical disordering [150]. Al-
though not formally correct, the advantage of this approach
is that such a potential can be directly related to quantities
such as the point defect concentrations and to the Bragg—
Williams long-range order parameter S [151], which can
be calculated from the experimental conditions to various
degrees of sophistication [152].
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3.1.1. Modified free-energy criterion

Following this approach, it is possible to use the modi-
fied free energy as a measure of phase stability
[89,152,153]. The condition for amorphization then be-
comes

AG,, > AG,, (®)
where
AG,=G,—G, 9

is the difference in free energy between the crystalline and
amorphous phase and

AGirr = Girr - Gunirr = Z AGlln' (10)
is the difference in free energy between the irradiated and
unirradiated solid. Here AG,,, is the free energy change
due to all the possible mechanisms of energy storage in the
solid such as the creation of point defects, increase in
chemical disorder, presence of dislocation, stacking faults,
etc.

Assuming that the different processes of defect accu-
mulation are independent of each other and making ap-
proximations such as using the Bragg—Williams descrip-
tion of long-range order (LRO) to calculate the free energy
change to disorder, it is possible to evaluate AG,, and
compare it to AG_, [152]. The change in free energy with
irradiation is written as:

AG;, = AGy; + AGy,

= E[C,.E,. —TAS,] + AC,,,NQ—-TAS,,  (11)

where S is the Bragg—Williams long-range order parame-
ter, C; is the concentration of defect i, E; its formation
energy, N is the number of lattice sites per mol, {2 is the
ordering energy. AS; the configurational entropy change
from introducing point defects and A S, is the configura-
tional entropy change due to the introduction of anti-site
defects [151]. The change in the number of A-B pairs per
mol as a result of changes in § is

AC,,=N[A(1 - $%) +B(1 - 5)] (12)

where A and B are constants that depend on the crystal
structure. [t is important to note that the configurational
entropy as calculated here is only defined in the crystalline
phase. The concentration of defects and the order parame-
ter can be calculated using chemical rate theory as ex-
plained in Section 3.2 [152,153] and the several order—dis-
order kinetics expressions available [155-157].

With this approach, it is possible to model the whole
dose-to-amorphization versus temperature curve, as well as
the kinetics of amorphization. Both the critical temperature
and the critical dose are derived naturally from the model.
One problem with this approach, is that although the
amorphization process is clearly cooperative, no interac-
tion between defects is explicitly assumed.

3.1.2. Global damage criteria

Other criteria have also been proposed to evaluate the
critical damage level for amorphization. The more devel-
oped model is the modified Lindemann criterion proposed
by Lam and Okamoto [10]. They proposed at first that
volume expansion be considered the critical variable gov-
erning amorphization [4,158], that is, at a critical volume
expansion, the crystal becomes unstable relative to the
amorphous phase and amorphization occurs. The volume
expansion can be caused by point defects, or chemical
disorder, and the authors related it to the lattice softening
measured by Brillouin scattering [119]. Computer simula-
tions showing that amorphization does not occur even at
large volume expansions, led the authors to propose a
different model based on the Lindemann criterion for
melting [159] (although a recent paper found amorphiza-
tion by volume expansion if there is some anisotropy in
the forces applied [160]). The modified Lindemann crite-
rion states that amorphization (referred to as solid-state
melting) occurs when
() > () (13)
where ( x*) is the mean square static displacement of the
atoms in the solid from their equilibrium lattice positions
and {(x2,) is the critical mean square displacement at
melting. According to this model, amorphization can be
seen as solid state melting: a high defect concentration
softens the lattice and reduces the melting temperature.

The advantage of this approach is that it reduces the
different damage contributions to a single parameter. For
example, when an anti-site defect is created, there is a
lattice distortion due to the insertion of the ‘wrong’ atom
in the sublattice, which translates to a local strain, increas-
ing (x?). In the same way, the effects of thermal motion,
point defect creation, are grouped under the same parame-
ter. Molecular dynamics computer simulations show that
amorphization always occurs at a fixed value of (x?)
whether the origin of the increase in mean square displace-
ments is point defects, antisite defects or thermal motion.
In those simulations, because it is difficult to calculate
{x?) due to the difficulty of determining where the lattice
was, the dispersion in the nearest neighbor distance is used
as the parameter. The dispersion in nearest neighbor dis-
tance is related to {x?) and correlates well with amor-
phization [10], since the nearest neighbor distances in a
crystal are constant from atom to atom while, by defini-
tion, an amorphous solid has a range of nearest neighbor
distances.

Another interesting feature of this model is that it
predicts that the enthalpy difference between the crystal
and the amorphous phases, A H_, can be estimated as:

2
a

AH, =AH|1-|—=
ca f (@]C)) (]4)

where A H; is the enthalpy of fusion, and @} and @} are
the Debye temperatures of the amorphous and crystal. Eg.
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(14) predicts that as the ratio of the Debye temperature of
the amorphous solid to the crystalline solid increases,
A H_, decreases and, as a consequence, the amorphization
tendency increases. This has been shown for the Zr—Ni
system [161] and for the Zr-Fe system [162]: in both
systems the compounds that have the higher Debye tem-
peratures are the most difficult to amorphize.

While this theory can predict amorphization during
computer simulations, it is difficult to use in practical
under experimental conditions, since the quantities on
which it is based ({ x*) and nearest neighbor dispersion),
cannot be measured directly. The mean square displace-
ment can only be measured indirectly by measuring the
Debye—Waller factor obtained for example from EXAFS
measurements (extended X-ray absorption fine structure).
The same problem occurs with the criterion proposed by
Kulp and co-workers [16], which uses atomic level average
shear stresses as an amorphization gauge. While their
criterion can be applied in molecular dynamics simula-
tions, experimental verification rests on the development
of an adequate atomic probe that can give information
about the atomic level quantities they use.

A more fundamental problem is that while it is clear
that a solid with {(xZ2,) is amorphous, it is not clear
whether amorphization results from arriving at {xZ2,) or
vice-versa. Certainly it is possible to find characteristics of
the amorphous structure such as mean square displace-
ment, or dispersion in the nearest neighbor distance that
only reach a certain critical value in the amorphous struc-
ture. Measuring { x*) can provide a gauge to detect when
amorphization occurs, i.e. Eq. (13) is satisfied after amor-
phization. Thus, although there is a correlation between
{x2,> and amorphization, there may not be a causal
relationship. This would make the criterion a description
of the process, rather than a prediction of the process.

This model is also not intended to predict amorphiza-
tion kinetics. It is possible of course, to calculate {x?) by
models similar to the one expressed in Egs. (8)-(11)
relating the point defects and chemical disorder to the
mean square displacement. In that case these models would
be an alternative to using the modified free energy for
estimating the critical defect concentration for amorphiza-
tion.

3.1.3. Amorphization and melting

Other theories applicable to the melting transition have
been used to describe amorphization in the solid state by
irradiation. One interesting approach was used by Li and
co-workers [163] who proposed a Landau theory of the
crystal to glass transition based on the interactions of static
defects with the overall order parameter. Fecht [164] pre-
sented calculations showing that a high concentration of
defects such as vacancies, interstitials or anti-site defects
effectively reduce the melting temperature of the solid. At
higher defect concentrations the liquid appears at succes-
sively lower temperatures until below the glass transition

temperature an amorphous phase appears. The calculations
show that the absolute defect limit for solid stability in Al
is 0.077 vacancies. This is of course much higher than
defect concentrations achievable in metals even during
irradiation. The glass transition temperature represents the
maximum limit of stability for the glassy phase, so that
above T, not even irradiation will cause amorphization.
Although the model is presented as applicable to irradia-
tion-induced amorphization, in reality kinetic considera-
tions preclude amorphization from occurring at tempera-
tures above T, which is smaller than 7. So the stability
limit of 0.077 defect concentration should be regarded as
an absolute limit which is seldom, if at all, reached in
practice. In the same way, the glass transition temperature
represents the locus of the points above which any remnant
amorphous phase transforms to a crystal. In effect the
annealing mechanisms activated at 7, do not allow the
amorphous phase to reach T,. Thus, this criterion has
limited ability to predict amorphization behavior under
practical irradiation conditions.

Granato [165,166] has recently proposed that by consid-
ering the interstitialcy (dumbbell arrangement) as the basic
structural unit of amorphous materials or liquids it is
possible to explain several characteristics of these materi-
als such as the decreasing specific heat with increasing
temperature of metals in the liquid state [165]. Granato
derives from this an equivalent Lindemann criterion to
predict melting, and uses the model to determine the
structure of amorphous solids from the radial distribution
function and the vibrational density of states obtained from
inelastic neutron scattering, finding good agreement with
experiment [166]. Specific defect characteristics of pure
metals, such as the ratio of entropy changes and volume
changes upon melting (amorphization) are given as reasons
for developing the model [165]. The arguments are devel-
oped however for the melting of pure metals which do not
undergo amorphization under irradiation. However, defect
configurations are much different in intermetallic com-
pounds [167], so the reasons for developing such a model
have to be demonstrated for the type of system that
undergoes amorphization under irradiation.

3.2. Damage accumulation mechanisms

The other half of the problem is to calculate the rate of
damage accumulation, while taking concurrent annealing
into account. One crucial observation is that since the
dose-to-amorphization decreases with temperature, long-
range diffusion hinders rather than helps the amorphization
process. Thus, the actual amorphization process is effected
without long-range atomic rearrangements, occurring in-
stead by local atomic rearrangements, possibly within the
unit cell.

The annealing stages observed in Figs. 2, 3 and 9 are
the result of the motion of different defects activated at
different temperatures. In a binary intermetallic compound
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there are at least six different types of defects: vacancies
on either sublattice, interstitials of both types of atoms, and
anti-site defects in both sublattices. The migration and
formation energies of these compounds are crucial to
determining the dose-to-amorphization (for example their
migration energies have to correspond to the critical tem-
peratures observed). In the study conducted by Shoemaker
and co-workers [167], it is found that Cu interstitials
migrated easily in the two-dimensional mode within the
Cu planes (E,, = 0.2 eV), and very seldom cross Ti planes
(E,, =1 eV). However, when an anti site defect is present
in the Ti planes, it acts as a ‘gateway’ to Cu interstitials by
lowering the migration energy across Ti planes to 0.6 eV.
This enables interstitial-induced reordering to take place.
This type of synergistic interaction between chemical and
topological disorder should be expected in intermetallic
compounds, and makes the problem of calculating damage
accumulation more complex than in pure metals. A further
complicating factor is that the defect energies change as
damage accumulates [5]. For example the ordering energy
goes to zero as long-range order is lost. It is however,
important to note that the critical temperatures are deter-
mined by the migration energies in the undamaged com-
pound. Although this model gives a simple picture of the
temperature dependence of amorphization for the case of
homogeneous damage as caused by electron irradiation,
when directly applied this model gives unphysically low
activation energies. The likely reason is that the actual
damage accumulation process is more complex than out-
lined above, since the Cj also depend on G and 7. This
can cause a more complicated dependence of the critical
temperature on defect migration energies than expressed in
Eq. (6). For example the model developed in [152] found
that the critical temperature corresponded to half the inter-
stitial migration energy because the experiment was con-
ducted in the recombination-dominated regime. A proper
approach to modeling amorphization will thus yield the
physical meaning of the activation energy. For cascade-
producing irradiation (ion and neutron) the processes that
determine the critical temperature are related to cascade
annealing and recrystallization, so these have to be mod-
eled in addition to the above considerations.

According to rate theory, the defect concentrations are
given by the coupled balance equations:

ac
Vo 2
s =DV3C,+G—K, C,C, ~ ZK]-VC_,.CV 15
J
aC, ,
- =PV HG-K,CC - LK GG (16)

J

where C; and C, are the vacancy and interstitial concentra-
tions, D; and D, their diffusion coefficients, K; and K|,
their respective annihilation rates at sinks type j, K;, the
recombination rate, G the displacement rate, and C; the
concentration of sink j.

These equations have been used to predict irradiation
phenomena in ailoys, and have been applied to the amor-
phization problem [92,152,153]. For example under irradi-
ation conditions used during electron irradiation in a TEM
steady state is not reached and a recombination-dominated
regime exists for the whole irradiation time [152]. When
one type of defect is much faster than the other, the foil
surfaces dominate defect annihilation creating a supersatu-
ration of the slow defect in the material [89], making
amorphization possible.

Although Egs. (15) and (16) have been used to predict
amorphization in intermetallic compounds in the examples
above, the rigorous application of rate theory to ordered
compounds has not yet been achieved. The difficulty in
applying these equations to ordered intermetallic com-
pounds is that there are many different defects (vacancies
and interstitials in either sublattice, and anti-site defects),
so separate equations should be written for each. This
introduces many new parameters (defect migration and
formation energies, recombination reaction volumes, etc.)
which have to be supplied for the system of equations to
be solved.

A further complication is the interaction between topo-
logical and chemical disorder, as exemplified by reactions
of the type:

A'—> B+ A" )

where an interstitial on an A-site (A') decomposes to an
interstitial on a B-site (B') plus an anti-site defect A°Z.
This reaction can be energetically favorable [167], and
hence chemical disorder can be created by the migration
and conversion of interstitials. This means that the recom-
bination term is not the only coupling between the defect
balance equations. Also, the migration of these defects is
very anisotropic, and is dependent on the concentration of
the other defects. It is thus a formidable task to accurately
solve the rate equations for defect concentrations in inter-
metallic compounds. It is however essential to do so in
order to predict damage accumulation during irradiation.
If this effort is to succeed, however, it is necessary to
obtain reliable values of the defect properties in order that
amorphization can be modeled appropriately. Recently the
use of new experimental techniques to study the local
environment of defects in intermetallic compounds, such
as perturbed angular correlation spectroscopy (PACS)
[168], Mdssbauer, and positron annihilation spectroscopy
(PALS) has generated significant data on defect properties
of intermetallic compounds. During the past decade, a
small but growing number of defect characterization stud-
ies have been performed in intermetallic compounds [169].
Collins [170] has used '''In PAC spectroscopy to identify
and characterize a variety of thermal and constitutional
point defects in B2 ordered compounds such as NiAl, FeAl
and CoAl. They used equilibrium thermodynamics to de-
termine binding energies and entropies associated with
various defects, which can be used in some cases to
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determine actual defect concentrations [171]. Sun and Lin
[172] performed positron annihilation lifetime measure-
ments on Ni;Al. By correlating these results with previous
embedded-atom simulations of the Ni;Al structure [173],
they calculated the concentrations of vacancy and antisite
defect concentrations as a function of temperature. They
found their positron lifetime results to be in good agree-
ment with those of previous researchers [174]. Mossbauer
spectroscopy has also been used extensively to study diffu-
sion in intermetallic compounds, [175], such as FeAl [176]
and Fe Te [177]. The limitations of this technique have
been discussed by Petry and Vogl [178]. The results of
Hahn and co-workers [179] in PdIn, using "9Sn and *'Fe
probes suggest that the two probes can give information
about each of the two sublattices. In this case, they were
able to study constitutional defects, but their high concen-
tration impeded them from detecting the thermal defects
from quenching.

3.3. Transformation mechanisms

Little is known about how the crystalline to amorphous
transformation under irradiation actually takes place atom-
istically (i.e., which specific atomic rearrangements take
place). There has been discussion on whether the transfor-
mation is first-order or second-order, whether it occurs by
nucleation and growth [180], by a gradual rearrangement
of atoms that smoothly passes into another phase without
discontinuity [181] or finally whether the transformation
occurs by a lattice [182] or shear instability [183]. Other
studies have detected the presence of precursors to amor-
phization [154,184], or alternative phase formation paths
depending on irradiation conditions [185].

The usual thermodynamic descriptions of first-order
and second-order phase transitions in terms of discontinu-
ity of the first or second derivatives of the Gibbs free
energy are less useful under irradiation. Since the Gibbs
free energy is not a good measure of phase stability under
irradiation as mentioned in Section 3.1. Hence, and of
necessity, any discussion on the order of phase transitions
under irradiation is formally incorrect. However, common
usage associates some of the characteristics of first-order
and second-order phase transitions with the characteristics
of amorphization under irradiation. For example, the co-
existence of two phases during phase transition is often
cited as evidence of a first order phase transition. Again,
the different conditions prevalent under irradiation make
such analogies less valid: for example in the case of
amorphization by direct cascade impact there is coexis-
tence of phases, but only as a consequence of damage
localization. The most relevant question is whether the
transformation is continuous and gradual or discontinuous.
As argued below, there is actually a continuum between
gradual (‘2nd-order-like’) or discontinuous (‘lst-order-
like’) amorphization phase transitions.

Taking electron irradiation as the simplest type of

irradiation to model, since its damage is homogeneous at
the atomic level, amorphization can result from a lattice
instability due to a large defect concentration, or it can
result from a gradual approach to the amorphous state by
an accumulation of small local atomic rotations and dis-
placements, within regions smaller than a unit cell. As
irradiation continues, more and more of these rotations
occur and it becomes progressively easier to effect further
rotations. This causes an acceleration of the loss of long-
range topological order, or conversely, a shrinkage of the
correlation distance between atoms, until only the first and
second nearest neighbors are correlated; at that point the
sample is amorphous. This most likely occurs when a
percolation condition is achieved that renders the remanent
crystalline material unstable with respect to the amorphous
phase. The computer simulations of Massobrio and Pon-
tikis [186], in Zr,Ni showed that amorphization occurs
when the long-range order parameter S decreased to 0.6.
At that level of disorder, amorphization occurs by a perco-
lation of disordered zones through the material.

The other route is for damage to progressively accumu-
late until at a critical level, there is an elastic or shear
instability which causes the lattice to lose most of its
crystallinity relatively quickly. Koike [182] proposed a
model where amorphization occurs by an elastic instabil-
ity, after enough defects have accumulated in the lattice. It
is difficult to distinguish between those two models as the
acceleration of the transformation caused by the coopera-
tive nature of the process is similar to an instability. It
should also be noted that molecular dynamics simulations
of amorphization do not directly answer the question of
whether the transformation is continuous or discontinuous,
since transitions that appear gradual in their time scale
appear discontinuous in the laboratory. For the case of
irradiation, the localization of damage due to displacement
cascades is an additional factor.

There is little evidence of a nucleation and growth
process taking place during amorphization; the fact that
amorphization is easier at low temperature is an indication
this mechanism is not dominant. As mentioned above,
since long-range diffusion is not needed, amorphization is
effected with only local atomic rearrangements. the ques-
tion is then is amorphization continuous or discontinuous?
If as damage accumulates in the lattice it becomes progres-
sively easier to create defects and disorder, the transforma-
tion rate always accelerates as amorphization proceeds. It
is thus only a question of degree of how cooperative this
process is. If there is a great deal of acceleration of the
amorphization rate as damage progresses, amorphization
would appear as discontinuous, and if not, amorphization
would be seen as gradual in the observation time.

The amorphous phase in intermetallic compounds has a
lower density than the crystalline phase, a larger dispersion
in the nearest neighbor distance and no shear modulus, so
it is not surprising that according to any of the formalisms
above for calculating the critical damage level, the more
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defected a particular region in a crystal, the more favorable
it is for amorphization to occur preferentially there. Thus,
amorphization is easier near extended defects, as men-
tioned in Section 2.7. In the same way, the localization of
damage creates regions of very high local damage density,
so that amorphization occurs first in those regions. As
mentioned in Section 2.4, the presence of cascades by
causing direct amorphization in cascades or amorphization
by cascade overlap extends the amorphization region under
ion irradiation compared to electron irradiation. A high
dose rate (which can be seen as a localization of the dose
in time) also facilitates amorphization.

3.4. Model for amorphization of intermetallic compounds
under irradiation

None of the models above answer the fundamental
question: why is the amorphous phase stable under irradi-
ation once it is formed? To answer this question it is
necessary to consider that irradiation causes the material to
evolve differently than it would under purely thermal
conditions, as the atoms are subjected to random ballistic
motions in addition to thermal motions. Under purely
thermal conditions the crystalline intermetallic phase is the
most stable phase because it implies the greatest degree of
both short and long-range order. Under irradiation because
of kinetic constraints, that lowest free energy state may not
be achievable, and as shown in Fig. 1, the greatest gain of
energy comes with the establishment of short-range order,
the contribution of long-range order being comparatively
smaller. There is evidence that there is a high degree of
short-range order (SRO) present in the amorphous phase.
The local atomic environment in the amorphous state is
very similar to that in the crystalline solid: for example, in
the Fe—Zr system a molecular dynamics study showed that
the bond lengths, coordination numbers and bond angles in
the amorphous material are almost equal to those in the
crystalline intermetallic compound Zr, Fe [187].

As the material accumulates damage, it becomes pro-
gressively more difficult to maintain long-range chemical
and topological order. At a critical level, the long-range
order has degraded enough that it becomes an impediment
to maintaining short-range order. That is, if the atoms are
not constrained to maintain particular long-range orienta-
tion relationships, they can rotate and rearrange themselves
locally to maximize the number of nearest neighbor unlike
bonds, or to increase the amount of short-range order. This
leads to a collective rearrangement of atoms to create a
structure where the short-range order is preserved but the
long-range order is destroyed. The atomic rearrangements
needed to render the material amorphous are only local
(smaller than a unit cell), which explains why amorphiza-
tion can easily occur at lower temperatures. It is interesting
to note that atomically-mixed alloys with a positive heat
of mixing would not necessarily be precluded from amor-
phization in this mechanism. All this mechanism requires

is that there be a constraint on the types of nearest
neighbors the atoms are more likely to have (like or unlike
atoms). It is only when the atoms are indifferent to how
they are arranged that there can be no driving force for
amorphization in this mechanism.

Other researchers have proposed similar concepts previ-
ously. Turnbull {188] notes that configurationally frozen
metastable structures (which amorphous metallic alloys are
a part of) can only occur when the kinetically preferred
course differs from the thermodynamically preferred one.
The material processing route (normally different thermo-
mechanical treatments, here irradiation) opens up new
pathways of phase space exploration. He also notes that
the kinetically preferred paths tend to be those requiring
the least amount of coordination, or the paths of minimum
entropy change. Nastasi and Mayer [3] also note that a
high degree of steric constraints leads to greater amor-
phization susceptibility and Johnson [116] notes the funda-
mental role of kinetics in the amorphization of metallic
alloys. It should be mentioned that the formation of
metastable phases under irradiation is fundamentally dif-
ferent from normal metallurgical techniques of metastable
structure preparation, as the localization of the damage and
the irreversible nature of the process create a much differ-
ent background for microstructural evolution than purely
thermal conditions do.

Once formed, the amorphous structure is stable under
further irradiation. This means that the atomic displace-
ments caused by irradiation do not cause further changes
to the material. The likely reason is that given a random
atomic displacement, the high number of atomic arrange-
ments corresponding to the amorphous state causes the
atoms to have a high probability of re-forming a local
structure with high short-range order once the struck atoms
come to rest. Relaxing the constraint of long-range order
increases the number of ways that the crystal can arrange
itself while maintaining short-range order. Thus, for a
given degree of short-range order there are many more
micro-states corresponding to a macroscopic amorphous
state than there are micro-states corresponding to a dam-
aged crystalline state. The quantity that measures this
increase is the entropy, therefore the configurational en-
tropy of the amorphous phase is much higher than that of
the irradiated crystalline phase.

Fig. 13 illustrates schematically this entropy-driven
amorphization process: defects accumulate in the lattice
which raises the enthalpy of the irradiated crystal, AH, ..
There is a (small) associated entropy increase as more
defects increase the configurational entropy, AS, . Assum-
ing that all isenthalpic states are equally probable, when
the enthalpy change A H,, is equal to AH_,, then all the
amorphous configurations become equally accessible to
the material as the irradiated crystalline structure. The
probability of finding the system in any given macrostate
is proportional to the number of equivalent microstates or
by the entropy of the macrostate. The overall entropy
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Fig. 13. Schematic representation of the amorphization process. As amorphization proceeds along the transformation coordinate, the
enthalpy and entropy of the irradiated crystal increase. As the constraint of long range order is relaxed, the number of configurations with
the same degree of short range order abruptly increase compared to the number available in the irradiated crystalline state. From that
moment on the system samples exclusively the amorphous structure. Because of the large number of configurations available, the
amorphous structure is able to re-form itself after particle impact more easily than a crystalline structure can.

increase from the perfect crystal to the amorphous phase is
AS_,; the largest fraction of that increase corresponds to
AS ro.>sro- The increase in entropy of the damaged
crystalline state to the amorphous state AS; zq .+ sro COITE-
sponds to the increase in the number of ways that the
atoms can arrange themselves with a certain degree of
short-range order, if they are allowed to relax the con-
straint of long-range order. If all states of equal enthalpy
are equally accessible to the system, the system will find
itself most often in the macrostates of greatest entropy, i.e.,
the amorphous state. The crystal to amorphous transforma-
tion occurs within the gray band in Fig. 13, as the entropy
suddenly increases. This sudden increase in AS, results
from the availability of a large number of amorphous
states that are isenthalpic with the damaged crystal. As the
system randomly explores all accessible microstates, it
finds itself more frequently in the amorphous state.

The question of whether all the iso-energy microstates
are equally accessible (i.e. whether the system is ergodic)
is difficult to answer. It should be noted here that the
exploration of phase space is notably different under irradi-
ation than under thermal conditions [149]. The system is
subjected to external forcing in the form of ballistic jumps
that are inherently different from the forcing induced by
thermal jumps. In particular the ballistic forcing is effec-
tive at any temperature, so that the entropy term can be
important even at low temperature, differently from the
purely thermal case. Thus, although it is reasonable to
assume that the regions of phase space explored by the

system under irradiation will be different than those ex-
plored outside irradiation it is difficult to predict the actual
direction of this exploration.

4, Conclusions

The amorphization of intermetallic compounds by irra-
diation is an interesting and fruitful research field, with
impact on many other related fields. Irradiation-induced
amorphization is a complex phenomenon, affected by vari-
ous irradiation parameters and dependent on the irradiating
particle, temperature and material properties. Progress has
been made on understanding the transformation mecha-
nisms and associated driving forces, but there is still great
potential for future work. Promising areas of research
include the use of amorphization to study the properties of
intermetallic compounds, and the combined use of com-
puter simulation, irradiations, and nuclear probe techniques
to better understand and quantitatively describe the amor-
phization process. A few important points are emphasized
from the foregoing discussion:

(1) Amorphization is easier at low temperatures, due to
the absence of dynamic annealing. As the irradiation tem-
perature is increased, different annealing stages corre-
sponding to the activation energies of different defects are
reached. These annealing stages make amorphization pro-
gressively more difficult until at the critical temperature
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7., the annealing rate is larger than the damage rate and
amorphization is no longer possible.

(2) The severity of the damage (damage localization in
time or in space) has great influence on amorphization.
Both higher dose rates and denser displacement cascades,
corresponding to damage localization in space and in time,
make amorphization easier. The critical temperature for
cascade-producing irradiation is higher than for electron
irradiation, and the critical temperature for ion and electron
irradiation is higher for higher dose rates.

(3) The presence of extended defects (dislocations,
stacking faults), and departures from the ideal compound
stoichiometry also facilitate amorphization. The influence
of sample orientation and electron energy has also been
studied, and related to the different displacement energies
in different crystalline orientations and in the individual
sublattices.

(4) Amorphization occurs after a critical irradiation
dose has been delivered to the material. Several models
exist to calculate that critical damage level. The amor-
phization process is controlled by the accumulation of
damage in the material, so a predictive model of amor-
phization has to include the modeling of irradiation kinet-
ics.

(5) Amorphization does not depend on long-range de-
fect diffusion, since it occurs more readily at low tempera-
ture. Therefore the transformation takes place by a cooper-
ative process, involving only local atomic rearrangements,
and unit cell rotations. This is made possible by relaxing
the constraints of long-range order so that short-range
order can be maintained.

(6) Once made amorphous, an intermetallic compound
is stable under further irradiation. This stability is likely
caused by a greater availability of microstates correspond-
ing to an amorphous structure than to a crystalline struc-
ture when the material explores phase space under external
forcing by irradiation.
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