
AECL 1 2 0 7 3

Chapter 8
Irradiation Damage

CA0200108

Lawrence M. Howe
AECL Research, Reactor Materials Research Branch, Chalk River Laboratories,

Chalk River, Ontario KOJ1J0, Canada
(Present address: 2 Frontenac Crescent, P.O. Box 697, Deep River, Ontario, KOJ IPO, Canada)

1. Introduction

There is considerable interest in irradiation effects in
intermetallic compounds from both the applied and
fundamental aspects. Initially, this interest was
associated mainly with nuclear reactor programs but it
now extends to the fields of ion-beam modification of
metals, behavior of amorphous materials, ion-beam
processing of electronic materials, and ion-beam
simulations of various kinds.

From the applied point of view, significant mechanical
(Chapter 6 by Schulson in Volume 2; HUlairet, 1989;
Povolo and Hillairet, 1990), physical (Rest ft al., 1990;
Piercy, 1963; Hillairet, 1989; Rullier-Abenque and
Senateur, 1986), and microchemical (Griffiths, 1988;
Yang et al., 1986) changes have been observed during
irradiation of various alloys that are in service or have
potential use in an irradiation environment. For
example, candidate reactor fuel materials, such as
U3Si (D0c (til6) structure) and U«Fe 02^'structure)
reveal extraordinary large voids at low and medium fuel
burn-up (Rest et al., 1990). This accelerated swelling
phenomenon was attributed to an irradiation-induced
crystalline-to-amorphous transformation associated
with an enhancement of diffusion and plastic flow in
the amorphous material (Rest et al., 1990; Birtcher et
al., 1991). The ordered ajloy Zr3Al (Ll2 (cP4).
structure) has some very attractive properties (low
absorption cross-section for thermal neutrons, good
mechanical properties at elevated temperatures, and
acceptable corrosion behavior) for its use in a nuclear
reactor, particularly for the CANDU (Canadian

deuterium-uranium) system (Schulson, 1974; Chapter
6 by Schulson in Volume 2). However, its use in a
nuclear reactor is somewhat questionable, as an
irradiation-induced ordered -»• disordered -»amorphous
phase transformation occurs below ~ 700 K (Howe and
Rainville, 1977, 1979, 1980; Schulson et al., 1979).
Further information on the potential use of Zr3Al as
a structural material in nuclear reactors can be found
in Chapter 6 by Schulson in Volume 2).

The irradiation behavior of the various intermetallic
compounds of zirconium containing Fe, Cr, Ni, Nb, Sn,
and Si, which are contained in the fuel cladding and
pressure tubes (e.g. Zircaloy-2, Zircaloy-4, and Zr-2.5Nb
alloys) in water-cooled nuclear reactors, is of considerable
interest. An irradiation-induced crystalline-to-amorphous
transformation was found for Zr(Cr,Fe)2 and
Zr2(Ni,Fe) precipitates in Zircaloy-2 and Zircaloy-4
(Gilbert etal., 1985; Griffiths, 1988,1990; Yang, 1988;
Yang et al., 1986; Lefebvre and Lemaignan, 1989;
Motta et at., 1991, 1993a; Motta and Lemaignan,
1992a, b). Depending upon the precipitate, temperature
of irradiation, and nature of the bombarding projectile,
the transformation could occur with or without a
concurrent preferential depletion of Fe from the
precipitates. Yang (1990) and Yang et al. (1986) also
reported on the phase instabilities in neutron-irradiated
Zircaloy-4, which included the amorphous transformation
and the dissolution of the intermetallic precipitate
Zr(Fe,Cr)2 in the a-recrystaUized matrix and the
dissolution of the metastable precipitate Zr2(Fe,Cr) in
the 0-quenched matrix. Some of the above effects
appear to be associated with the macroscopic irradiation
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response of these alloys in service, and it is essential,
therefore, to understand fully the mechanisms involved.
Crystalline-to-amorphous transitions are discussed

* further in Chapters 31 and 29 by Greer and by Johnson
in this volume, and Okamoto and Meshi (1990).

The good structural stability and creep resistance at
high temperatures of nickel-based y/y' superalloys
result from the presence of a hardening y' phase (an
Ll2type intermetallic compound, dispersed in a short-
range-ordered f.c.c. nickel-based solid solution); see
Chapter 1 by Anton in Volume 2. The atomic mobilities
(via vacancy diffusion) in the two phases control the
high-temperature properties (Voorhees, 1985). For
example, the creep rate is mainly controlled by
dislocation climb either in the y phase or in the y'
phase, and thus depends on the diffusion rate in the
corresponding phase. Irradiation damage studies on
Ni-Al alloys provide pertinent information on the defect
properties (Dimitrov et al., 1992a,b).

Various A15 compounds (e.g. Nb3Sn, V3Si, and
Nb3Ga) have possible applications in superconducting
magnets in controlled thermonuclear reactors. However,
during irradiation, the critical temperature Tc for the
transition from the superconducting to the normal state
can be reduced appreciably due to irradiation-induced
disordering (Brown et al., 1978a). Adequate shielding
from the irradiation would be needed to prevent
appreciable depression of Tc if the above A15
compounds were used in practice. See Chapter 16 by
Stekly and Gregory in Volume 2 on superconducting
applications.

The development and refinement of metallic glass-
forming techniques, such as electrodeposition (Brenner
et al., 1950), vapor and sputter deposition (Buckel and
Hilsch, 1952, 1954), and the rapid quenching of alloy
melts (Klement et al., 1960; Duwez, 1967), have resulted
in extensive investigations of the properties of metallic
glasses and a considerable growth in applications (Steeb
and Warlimont, 1985; Wagner and Wright, 1988).
Crystalline materials can undergo solid-state amorphizing
transformations by interdiffusjon reactions, mechanical
alloying, hydrogenation, or the application of pressure
(Johnson, 1986). Even though amorphous alloys are
metastable materials, they often exhibit properties that
are superior to those of the corresponding crystalline-
material (Johnson, 1986). Consequently there is a strong
impetus to obtain a detailed understanding of the factors
controlling the crystalline-to-amorphous transformation.
Other examples of where intermetallic compounds are
sustained in non-equilibrium conditions by external
forcing are (i) compounds produced by ion-beam mixing
(Banerjee et al., 1984), (ii) intermetallics in superalloys

under cyclic loading where there is sustained shearing
(and sometimes dissolution) of the precipitates (Brechet
et al., 1987), (iii) intermetallics undergoing phase
transformations during ball-milling (Martin and Gaffet,
1990), and (iv) ordered compounds when formed by
vapor-phase deposition (Bellon et al., 1988).
Investigations of the nature of the damage produced
during irradiation have proven to be quite useful in
understanding the behavior of intermetallic compounds
that are driven far from equilibrium.

Ion implantation is now used quite extensively for
modifying the properties of metals, particularly in the
near-surface region. This procedure can give rise to a
considerable improvement of the corrosion, wear,
and fatigue properties. This frequently involves
the formation of an intermetallic compound in the
implanted region. Compound formation using ion
implantation and annealing is a powerful technique for
forming multilayer structures (Celler and White, 1992).
Full exploitation of the above techniques requires a
detailed understanding of phase stability during
irradiation as well as the properties of the irradiation-
produced defects.

From a fundamental point of view, the study of
irradiation damage in intermetallic compounds offers
an interesting challenge. Antisite defects (atoms
occupying wrong sites) need to be considered in addition
to Frenkel defects (interstitial atoms and vacancies); see
Figure 1. Ion-beam mixing can also occur, and in
general there is a more complex behavior of the
irradiation-produced defects than in elemental metals.
On the other hand, special features of the intermetallic
compounds (e.g. ordered alloys) allow for some rather
sophisticated studies of irradiation damage (Piercy,
1963; Kirk et al., 1977; Rullier-Albenque and Senateur,
1986). Improvements in the determination of inter-
atomic potentials has also resulted in more detailed
calculations of point-defect properties in intermetallic
compounds, particularly using molecular-dynamics
simulations (Caro et al., 1990; Sabochik and Lam,
1991a,b; Lam et al., 1993; Devanathan, 1993;
Devanathan et al., 1993a,b.c).

The field of irradiation damage in intermetallic
compounds is rapidly expanding, and no attempt
will be made in this chapter to cover all of the
various aspects. Instead, attention will be focused
on some specific areas and, hopefully, through
these, some insight will be given into the physical
processes involved, the present state of our knowledge,
and the challenge of obtaining more comprehensive
understanding in the future. The specific areas that will
be covered are:
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Figure 1. Schematic of a lattice of an intermetallic compound containing Frenkel defects (vacancies and interstitial atoms) as
well as regions of chemical disorder in which there are antisite defects

• Point defects in intermetallic compounds.
• Irradiation-enhanced ordering and irradiation-

induced disordering of ordered alloys.
• Irradiation-induced amorphization.

2. Point Defects in Intermetallic Compounds

2.1 Experimental Investigations f

A variety of experimental methods have been used to
elucidate the properties of point defects irj ijitermetallic
compounds. The specific examples given below are
relevant to understanding the irradiation behavior of
these compounds. More detailed information on point
defects in intermetallic compounds can be found in
Chapter 23 by de Novion in this volume.

The most extensive studies of point defects in inter-
metallic compounds have been performed in ordered
alloys. In such alloys both irradiation-induced
disordering and irradiation-enhanced ordering can
occur, as will be discussed in Section 3 (also see the
review by Schulson, 1979). The principal objective of
many of these studies was to attempt to elucidate the
mechanisms responsible for the irradiation-induced

disordering or irradiation-enhanced ordering. In many
cases, changes in electrical resistivity were monitored
during the irradiation and subsequent annealing.
Consider, for example, the experiments on the electron
irradiation of Cu3Au by Gilbert et at. (1973). Ordered
and disordered Cu3Au samples were irradiated with 1.0
and 1.5 MeV electrons at ~20K and subsequent
isochronal anneals were performed from 30 to 450 K.
Electron irradiations were used in order to produce
fairly simple defects, i.e. isolated pairs of vacancies and
interstitial atoms. For electron irradiation, the maximum
energy transferred per primary collision is given by

2m0C
2)/M2C

2
(1)

where Eo is the energy of the incident electron, m0 is
the rest mass of the electron, c is the velocity of light,
and M2 is the mass of the struck atom in the sample.
The purpose of selecting electron energies of 1.0 and
1.5 MeV was that at the former energy only Cu atoms
were expected to be displaced in the Cu3Au lattice,
whereas both Cu and Au atoms should be displaced at
the higher energy. In disordered specimens irradiated
with 1.0 MeV electrons, four annealing stages were
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detected, centered at about 90, 130, 330, and 410 K.
These were assigned to recombination of an interstitial
gold atom IAu with a copper vacancy VQ, close pair, IQ,
migration, V migration, and trapped V migration,
respectively. Following irradiation with 1.5 MeV
electrons, a disordered specimen exhibited the four
above stages, plus ones at 55 and 190 K that were
attributed to IA U -V A U close-pair recombination and IAu

migration, respectively. For both 1.0 and 1.5 MeV ion
irradiations, the ordered Cu3Au exhibited only three
stages at 75, 240, and 410 K that were assigned to ICu

migration, V migration, and migration of vacancies
initially trapped at antiphase domain boundaries,
respectively. It was proposed that focusons dissipate the
energy in the ordered specimens such that Au interstitials
cannot form (a focuson is a focused energy packet in
which energy is only transferred along a particular
direction). In the Cu3Au superlattice (Ll2 structure) as
shown in Figure 2, Cu atoms are nearest neighbors in
<1 1 0> directions on (1 1 lj planes. Lines of Cu atoms
can therefore serve as focusons to dissipate the energy
given to a primary knock-on atom. Computer studies
of irradiation damage in ordered FejAl (Jackson et al.,
1972) show such a mechanism operating.

Minimum displacement threshold energies for Cu
atoms in ordered and disordered Cu3Au and CuAu
were determined at 20 K by Alamo et al. (1986) using
0.66 and 2.36 MeV electron irradiations and electrical
resistivity measurements. It was found that the minimum
displacement threshold energy is £^u

min=18eV in all

Figure 2. Schematic of the ordered Cu3Au lattice (Ll2(cP4)-
structure). Other ordered compounds having this structure are
ZrjAl, NijAl, Ni3Mn, Ni3Fe, and Pt3Fe

cases. Post-irradiation annealing studies in the ordered
compounds showed the same recovery stages regardless
of the energy of the incident electrons (see Figure 3).
It was argued that a single type of interstitial (Cu) was
migrating freely at 70 K in both Ll2-ordered Cu3Au
and Ll0-ordered CuAu. Proposed <1 0 0> Cu-Cu split
interstitial configurations and their migrations are
depicted in Figure 4. The Au interstitial is believed to
take the place of a Cu atom and to produce a Cu
interstitial associated with an antisite defect. The
assignment of the other stages shown in Figure 3 was
as follows: recovery of close vacancy-interstitial pairs
at - 4 0 K in Cu3Au and CuAu, interstitial cluster
growth at - 1 4 0 K in Cu3Au and - 1 3 0 K in CuAu,
and vacancy migration above 300 K in both alloys.
Positron annihilation experiments by Doyama et al.
(1985) indicate that in ordered Cu^u vacancies migrate
and form three-dimensional clusters at 260-400 K, and
break-up of the vacancy clusters occurs at 400-500 K.

Damage production by electron irradiation and its
subsequent annealing have been investigated in solid
solutions of NiAl and Ni(Al,Ti) as well as (Llj) Ni3Al
intermetallic compounds by Dimitrov et al. (1992a, b)
using electrical resistivity measurements. Frenkel-pair
resistivities deduced from the comparative analysis
of the initial damage rates in the solid solutions and in
pure nickel were 6.5-9.4/tQ cm/"la, which are similar
to that for pure nickel. In the Ni3Al intermetallic
compounds the Frenkel-pair resistivities ranged from
97 to 1091& cm/%, and this was correlated with the
large ideal resistivity of these materials. In the solid
solutions, long-range defect migration resulted in
increases of local order; self-interstitial atoms were
found to be mobile above 110K and vacancies to be
mobile above 330 K. The recovery spectrum of the
irradiated Ni3AI compounds was similar to Ni but with
a smaller amount of fine structure. The mobility of self-
interstitials (corresponding mainly to Ni-Ni dumbbells)
occurred at a higher temperature (75 K) than in Ni (50 K)
and did not induce significant ordering. The Ni
vacancies in Ni3Al, which appeared to be the dominant
vacancy species, were slightly less mobile than in Ni and
promoted some increase of long-range order.

The critical temperature Tc of A15 (cP8) compounds
like Nb3Ge or V3Si is very sensitive to lattice disorder
and decreases under irradiation by neutrons, a particles,
heavy ions or electrons. In the above A15 compounds
the Si (or Ge) atoms constitute a b.c.c. lattice and the
V (or Nb) atoms are arranged in linear chains along the
<10 0> directions. Labb6 and Friedel (1966) have
developed a model of A15 compounds in which the one-
dimensionality of transition-metal atoms gives rise to
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Figure 3. Recovery stages in (a) ordered Cu,Au and, (b) ordered CuAu following electron irradiation at 20 K, at Et = 0.66 MeV
(—) and 2.36 MeV (—). For both graphs, the left and right vertical axes are for (l/Ap,)[d(Ap)/d7], but have different scales
(From Alamo et at., 1986) T ' A

a high density of electronic states near the Fermi level,
a condition favorable to a high Tc. On the basis of this
model, essentially no change of Tc should occur when
disorder is created in the b.c.c. sublattice, leaving the
transition-metal rows unaltered. Combining
measurements of electrical resistivity p and critical-
temperature Tc can provide information on the
displacement threshold energies Ed (i.e. the minimum
energy that has to be transferred to an atom to produce
a point defect) for specific atoms in the lattice and can
also be used to obtain specific Frenkel-pair resistivities.
For example, Rullier-Albenque and Senateur (1986)
have measured p and Tc in V3Si irradiated with electrons

at - 2 1 K and analyzed their results within the
framework of the linear chain model of Labbe and
Friedel (1966). The results indicated that Si atoms were
displaced at an electron energy is = 0.20 MeV, leading
to an increase in p, but Tc was only affected when V
atoms were displaced at £ = 0 . 3 5 MeV. Values of Ed

were 25 ± 1 eV for both Si and V, and specific Frenkel-
pair resistivities were pj^ = 4.2±0.5jiQ cm/at.% and
P%P = 27 ± 3 jiO cm/at. Wo for Si and V respectively. The
production of antisite defects occurred at E<z0.50 MeV.
In general, the most efficient mechanism for producing
antisite defects under electron irradiation is the
replacement-collision sequence. In the A15 structure,
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Figure 4. Proposed <1 00> Cu-Cu split interstitial configurations before and after migration in ordered Cu3Au and CuAu (From
Alamort al., 1986)

the diatomic rows along which atom displacements can
produce antisite defects are the <1 2 0> rows (see Figure
5). Long-range collision sequences are unlikely in these
directions because of th«f 'void' between the V-Si-V
atomic sequences.

In all of the investigations discussed above, electron
irradiations were employed and isolated Frenkel pairs
were produced. For bombardment with ions and neutrons,
a more complex damage cascade is produced, usually
with a vacancy-rich core region and interstitial atoms
(either single or in small clusters) in the peripheral

regions. The maximum energy ETmax
 t n a t c a n be

transferred to a lattice atom of mass M2 by an incident
particle of mass M, and energy Eo is given by

(2)

The number of displacements per cascade, nd, is
given approximately by (Sigmund, 1969):

= 0.8p(E)/2Ed (3)



Irradiation Damage 187

< 1 2 0 >

20>

O AtomV

• Atom Si

Figure 5. Schematic sketch illustrating (a) the (0 0 1) plane of
the A1S structure of V3Si and the <1 2 0> direction along which
atom replacements can produce disorder, and (b) the atomic
configuration around the <1 2 0> direction. In order to make
a replacement, an atom V, (or Si) has to go through two
barriers ((1) and (1')) and an atom V2 has to pass the barrier
(2) (From Rullier-Albenque and Senateur, 1986)

where v(E) is the portion of the energy that goes into
nuclear collisions (remainder gives rise to electronic
excitations) and Ed is the threshold displacement energy
required to displace an atom from its normal lattice site.
As an example, for zirconium irradiated by 1.0 MeV
neutrons, /id = 675, i.e. K#)~0.04. It should be noted,
however, that, due to recombination events the number
of point defects that actually survive in the initial
cascade event is considerably less than the calculated
number. It is also convenient to consider the number of
times each atom has been displaced during irradiation,
or displacements per atom (DPA), particularly at high
fluences where considerable overlap of the displacement
cascades occurs. The quantity DP A is given by

DPA = (4)

where as is the scattering cross-section, <t> is the flux
of bombarding projectiles, and t is the time of
bombardment. For neutron irradiation of many metals,
for E> 1.0 MeV and EA~25 eV, 1 DPA corresponds to
a fluence of ~1.0x 1O25 neutrons/m2.

Information on the long-range migration of self-
interstitial atoms (SIA) produced in collision cascades
in Ni4Mo and Pt3Co was obtained by Aidelberg and
Seidman (1987) using the field-ion microscope (FIM)
technique. The specimens were irradiated in situ with
either 30 keV Kr ions or 30-60 keV Xe ions to fluences
of (2-10)xl0 u ions/cm2. The surface of the FIM
specimen served as a sink for the SIA, and the arrival
of the SIA was detected when it reached the surface.
No long-range migration of SIA was observed between
6 and 30 K, while uncorrelated long-range migration was
detected above 30 K. In the case of Ll2 (cP4) Dla (tllO)
Pt3Co a broad peak centered at ~ 37.5 K was attributed
to long-range SIA migration, and for Dla (tllO) Ni4Mo
peaks centered at — 37.5 and ~ 77.5 K were attributed
to long-range migration of interstitial atoms.

2.2 Theoretical modeling

With the establishment of suitable potentials for
interatomic compounds (see Chapter 23 by de Novion
in this volume) and large memory and fast computers
(particularly for molecular-dynamics calculations), more
detailed theoretical information is now emerging on
point defects in intermetallic compounds. Several
examples are given below.

Caro and Pedraza (1991) have used the embedded-
atom potentials for Ni and Al, developed by Daw and
Baskes (1984) and Foiles and Daw (1987), to calculate
the energy of formation of antisite defects, of vacancies,
and of various possible interstitial configurations in the
ordered B2 (cP2) alloy NiAl. The <1 1 1> crowdion
incorporating an extra Ni atom was found to be the
lowest-energy interstitial configuration (a crowdion is
an interstitial atom that is constrained to move in one
direction). The Ni-Al <1 1 0> mixed dumbbell at an Al
site was the second lowest-energy configuration;
although it contains an Al atom, it still contains an extra
Ni atom. If an extra Al atom is incorporated, the lowest-
energy stable configuration is a <1 1 1> crowdion that
incorporates an extra Ni atom plus a Ni antisite defect
(that the Al atom moves into), as shown in Figure 6.
The displaced Al atoms may be the main contributors
to the loss of long-range order under irradiation when
their mobility is low, either when they recombine with
nearby vacancies that are not of their own sublattice
or when they occupy a Ni site upon driving the Ni atom
into a crowdion configuration, as in Figure 6. In the
ordered alloy, the Ni interstitial will tend to be quite
stable since all its neighbors are Al atoms. Only when
an adjacent site becomes vacant will the extra Ni atom
move in and create an antisite defect. The distance for
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Figure 6. Schematic for defects in the (B2) NiAl lattice
showing the relaxed atomic positions attained when an Al atom
is added at site A (!4, lA, Vi). The Al atom at A moves into
site B, which is a Ni sublattice site, generating an antisite defect.
The Ni atom initially at B moves into position C, displacing
the Ni atom at D, as indicated, and causing the Al atoms at
E and F to be displaced. A crowdion with an extra Ni atom
along a <1 1 1> direction is produced. Open circles show initial
positions, filled circles final ones (From Caro and Pedraza,
1991)

spontaneous recombination of Frenkel pairs was found
to be third-nearest neighbor provided the chemical order
was maintained, i.e. in ordered alloys the recombination
of close pairs was favored, even though antisite defects
were created. In disordered alloys, however, interstitial
trapping occurred in the vicinity of a vacancy and
thereby enhanced the survival of Frenkel pairs.

Threshold displacement energies for atomic
displacement along <110>, <1 0 0>, and <111> directions,
and formation enthalpies of several symmetrical
interstitial atom configurations, have been computed
in ordered Ll2 (cP4) Ni,Al,by Caro'eial. (1990), also
using embedded-atom potentials: developed by Daw and
Baskes (1984) and Foiles and Daw (1987). The stacking
of the Ll2 structure (Figure 2) along the <100>
direction is ABAB . . ., where A is a plane containing
50% Ni and 50% Al and the B plane contains 100% Ni.
Besides two types of vacancies and two types of antisite
defects, several types of interstitials are possible (i.e. six
possible dumbbell configurations, four octahedrals, and
four proper crowdions). In the Al sublattice, an extra
Al or Ni atom generates a dumbbell, which has eight
Ni atoms as nearest neighbors regardless of its
orientation along any of the three major crystallographic
axes. For the Ni sublattice, a Ni atom can belong to
either an A or B plane, depending on the direction of

stacking. The dumbbell interstitial with the lowest
enthalpy was found to be Ni-Ni(B), whereas the Al-
A1(A) dumbbell had the highest enthalpy. The most
mobile dumbbell appears to be the Ni-Ni(B), whereas
an Al interstitial is immobile since it converts into an
antisite defect. Among the octahedral interstitials, the
Ni(B) had the lowest enthalpy. The results also predict
crowdion formation at the end of replacement-collision
sequences along <110> for A planes as well as the usual
<100> dumbbell for B planes. The simulations also
showed that the spontaneous recombination volume for
some defects in Ni3Al can be much smaller than in
pure metals. It was argued that this may have important
implications for irradiation-induced amorphization of
intermetallic compounds, since each Frenkel pair makes
a large contribution to the total enthalpy of the
crystalline phase.

Molecular-dynamics calculations provide valuable
insight into the evolution with time of defect structures
created in the collision cascade. Consider, for example,
the molecular-dynamics simulations of low-energy
displacement cascades in the Bll-ordered compound
CuTi (Figure 7) by Zhu et al. (1992). Figure 8 shows
the number of Frenkel pairs produced by a Cu primary
knock-on atom (PKA) as a function of recoil energy
at the end of the collisional phase (0.2 ps) and at the
end of the cooling phase (2.5 ps). The number of Frenkel

0.3238 nm

0.2649 nm

0,5887 nm

row]

— 0.3108 nm —
•[1001

o
Figure 7. The Bl 1 (tP4) structure of ordered CuTi (From Zhu
et al., 1992)
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Figure 8. Average number of Frenkel pairs produced by a Cu PKA as a function of recoil energy at 0.2 ps (o) and 2.5 ps (•).
The Kinchin-Pease function (equation (3)) for Et= 15 eV is shown for comparison (From Zhu et al., 1992)

defects predicted by equation (3) (i.e. the modified
Kinchin-Pease function) is also shown for i?d = 15 eV.
It can be seen that there is an appreciable reduction in
the number of Frenkel pairs during the cooling phase.
For example, considering both Cu and Ti PKAs and
a recoil energy of 500 eV, about half the number of
replacement atoms that had been produced in the
collisional phase returned to their original lattice sites
in the cooling phase. At the end of the cooling phase,
half of the replacements are antisite defects. It was also
found that when the PKA was a Ti atom, the directional
dependence of Ed was similar to that in pure metals
(i.e. Ed was small in low-index directions); whereas if
the PKA was a Cu atom, this behavior was not observed
in <11 0> and <1 1 2>. On average, the threshold energy
with Ti as a PKA was greater than that with Cu as a PKA
by a factor of 1.67. The effective threshold energy
calculated by averaging over all the directions and both
Cu and Ti PKAs was 62 eV. For detailed information
on the computation of the energies and configurations
of vacancies and interstitial atoms in CuTi and CuTi2,
using embedded-atom potentials, see Shoemaker et al.
(1991).

The energies and configurations of interstitials and
vacancies in the B2 (cP2) ordered compounds NiTi and
FeTi have been calculated by Lutton et al. (1991) using
atomistic simulation. In NiTi, the stable configuration
of a vacancy after the removal of a Ni atom was a vacant
Ni site, and in FeTi the removal of an Fe atom resulted
in a vacant Fe site. In both compounds, removal of a
Ti atom led to the creation of a vacant Ni or Fe site

and an adjacent antisite defect. Interstitial atoms in NiTi
formed split <1 1 1) configurations consisting of a Ni-
Ni dumbbell with one or two adjacent antisite defects.
The Fe interstitial atom in FeTi was of the Fe-Fe <1 1 1>
dumbbell type, and the Ti interstitial formed a <1 1 0)
Fe-Fe dumbbell. All of the interstitial configurations
contained antisite defects and probably have large
migration energies. Consequently the interstitial atoms
in these compounds may be much less mobile than those
in pure metals.

3. Irradiation-Enhanced Ordering and Irradiation-
Induced Disordering of Ordered Alloys

3.1 Irradiation-Enhanced Ordering

The Bragg-Williams description (Bragg and Williams,
1934) of long-range atomic order S in a binary alloy is
given as follows:

S={PK
a-XK)/(\ - -XB) (5)

. where the parameters P% and />£ are the probabilities
of an A atom residing on an a site and a B atom residing
on a 0 site, respectively, and XK and XB are the atomic
fractions of the respective species. For complete order,
P * = p £ = l and 5 = 1 , whereas for complete disorder
F* = XA and F%=XB and S = 0 .

An increase in the degree of order in a disordered or
partially ordered alloy corresponds to an increase in the
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number of correct atomic bonds, i.e. to an increase in
the probability that an A atom occupies an a site and
that a B atom occupies a /3 site. It has been demonstrated
in numerous experiments (see the review by Schulson,
1979) using a variety of experimental techniques that
this increase in S during irradiation involves the
thermally activated migration of irradiation-produced
point defects. The phenomenon can be suppressed if the
temperature of irradiation is sufficiently low and
accelerated if the temperature is raised above ambient.
It also occurs under irradiation conditions where isolated
Frenkel pairs are created (electron irradiation) as well
as when there are more complex displacement cascades
(heavy-ion and neutron irradiation).

Consider, for example, the study of ordering and
disordering in Cu3Au during 600 keV electron
irradiation (in a high-voltage electron microscope
(HVEM)) by Hameed et al. (1982). The rate of ordering
and disordering was determined between 140 and 400 K
by measuring the ratio of the intensities of the super-
lattice and fundamental reflections in electron diffraction
patterns. Specifically, the degree of order was obtained
from the relation,

(6)

where 7S and If are the intensities of the superlattice

and fundamental reflections, respectively. Figure 9 and
10 show the way S varies for initially ordered (Ll2)
Cu3Au and initially disordered Cu3Au samples during
electron irradiation at various temperatures. The final
state of the alloy at any irradiation temperature is
independent of the initial condition, as can also be seen
in Figure 11, which contains measurements obtained
from both initially ordered and initially disordered
specimens. At all irradiation temperatures a steady-state
degree of order was developed.

The most comprehensive models of irradiation-
induced ordering and disordering, which have been used
to analyze data of the type shown in Figures 9-11, are
those due to Liou and Wilkes (1979), Zee and Wilkes
(1980), Butler (1979), and Banerjee and Urban (1984).
In Butler's model, only AB alloys are considered; Liou
and Wilkes, and Zee and Wilkes consider AB3 alloys
(Cu3Au in particular); and Banerjee and Urban's
model has been developed for alloys with B2, Ll : , and
Dl2 structures. In general, in these models two
competitive processes are occurring simultaneously, i.e.
irradiation-enhanced ordering and irradiation-induced
disordering. In the above models, it is assumed that
interstitial atoms do not contribute significantly to the
ordering and that disordering takes place athermally.

The irradiation-induced disordering is expressed by
Zee and Wilkes (1980) as follows:
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Figure 9. Variation of the degree of long-range order S for initially ordered Cu3Au for various irradiation temperatures as a
function of time of irradiation with 600 keV electrons (From Hameed et al., 1982)
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Figure 10. Variation of the degree of long-range order S for initially disordered Cu3Au for various irradiation temperatures
as a function of time of irradiation with 600 keV electrons (From Hameed et al., 1982)

(dS/dt)in=-ekS (7)

where e is the number of replacements per displacement,
K is the displacement rate, and S is the instantaneous
degree of order. Under electron irradiation and near
threshold c ~ 1, whereas for fast-neutron irradiation Zee
and Wilkes (1980) use e = 80. To describe the rate of
change of order due to thermally activated processes
during irradiation, Zee and Wilkes (1980) use the
equation:

(dS/d0ord = [ (ZO

exp( - E°m/kBT) ] [XAXB(l - S)2 (8)

- e x p ( - VoS/kBT)[S+XAXB(1 -S)2]}

Where Za is the number of A atoms around /3 sites, Zp

is the number of B atoms around a sites, vv is the
vacancy jump attempt frequency, XK and XB are the
fractions of A and B atoms, Cv is the steady-state

100 200 300 400

Temperature of irradiation (K)
500

Figure 11. Variation of the steady-state degree of order St developed during irradiation at various temperatures with 600 keV
electrons at a displacement rate of -10~3 DPA/s (From Hameed et al., 1982)
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vacancy concentration, £^ is the ordering jump
energy, £B is Boltzmann's constant, T is the absolute
temperature, S is the degree of long-range order, and
Vo= V/S (V is the ordering energy). The actual
ordering rate dS/dt is a balance between the irradiation-
induced disordering rate (dS/d/)irr and the irradiation-
enhanced ordering rate (d5/d/)ord. Thus:

(9)

The steady state of order Se is developed at any
temperature when

(dS/d/)irr + (dS/d/)ord = (10)

Zee and Wilkes (1980) applied their model to data
that had been obtained by various investigators on fast-
and thermal-neutron irradiations of Cu3Au, and
claimed that there was reasonably good agreement
between their model and the experimental results,
particularly for irradiation times beyond the initial
transient stage. The parameters used in fitting the
theoretical model to the experimental data were
£m = 0.8eV for vacancy motion, £^ for ordering
vacancy jumps, c = 80 for fast neutrons and 20 for
thermal neutrons, and a survival rate for vacancy
production of 5% for fast neutrons and 100% for
thermal neutrons.

Hameed et al. (1982) applied the model of Zee and
Wilkes (1980) to their experimental data, shown in
Figures 9-11, on the rates of ordering and disordering
in electron-irradiated Cu3Au. Reasonable agreement
with these experimental data was obtained if minor
modifications were made to the theory. Values of Em

and £^ of 0.6 and 0.62 eV, respectively<,were used in
place of the 0.8 and 0.84 eV values used by Zee and
Wilkes (1980). A value of £"m = 0.6deV.4s considerably
less than that expected for vacanc/ migration in
Cu3Au, and may indicate that point-defect mobility
is considerably increased during irradiation due to
irradiation-enhanced diffusion or by the formation of
divacancies. In the case of electron irradiations in a
HVEM, the role of the nearby surfaces acting as sinks
for the migrating defects (which might affect the above
analysis) still has to be assessed.

In the model by Banerjee and Urban (1984), the net
ordering rate under irradiation is given by

(11)

where (dS/d0c is the rate of disordering due to
collision sequences, (dS/d0r is the total disordering

rate by random defect annihilation, and (dS/d/), is the
thermal ordering rate. Specifically,

(dS/d/)c=-x»»ePS/CACB

(dS/d/)r= -PS

(12)

(13)

(14)

In the above equations, x is a geometrical factor, me

is the effective number of pair exchanges produced in
a collision sequence, P is the atom displacement rate
(DPA/s), S is the long-range order parameter, CA and
CB are the concentrations of A and B atoms in the
alloy, K+ and K_ are rate coefficients for ordering and
disordering, respectively (these are related to the
concentration of vacancies on the a and 0 sublattices
of the ordered alloy), and C% Cg, CA, and C{ refer
to the concentrations of either A or B atoms on a or
/3 lattice sites. The above model was applied by Banerjee
and Urban (1984) to analyze the results obtained by
Banerjee et al. (1984) on the electron irradiation of
Ni4Mo (Dla (tllO) structure). The calculated
temperature dependence of the steady-state degree of
long-range order was in good agreement with the
experimental observations, although the values used for
the diffusion behavior as well as the displacement
threshold energies were those for Ni, as pertinent data
for Ni4Mo were not available.

It is obvious that, in order to apply models of the
above type to study the irradiation behavior of ordered
compounds in general, detailed information is required
on the configurations and migration energies of the
vacancies and interstitial atoms. Computations of the
type described in Section 2.2, along with corresponding
experimental investigations, are certainly required. In
the analysis of the Cu3Au and Ni4Mo results described
above, it was assumed that only the migration of
vacancies is contributing to the ordering, which may be
quite a reasonable assumption for those particular alloys
for the temperature regime used for the analysis. It also
may be true for many other ordered alloys. However,
as shown in Section 2.2, there are some ordered alloys
in which the migration energy for interstitial migration
may be quite high, and may be even higher than that
for vacancies (i.e. the reversal of that normally found
in most elemental metals). There is also evidence for
this reversal from studies of mechanical relaxation
effects in the irradiated substitutional alloy Ag-24 at.%
Zn (Halbwachs and Beretz, 1980). This effect was
attributed to the marked slowing-down of the self-
interstitials by the undersized solute atoms and may also
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occur in other solid solutions where a marked size
difference exists between the constituent elements.

It is also of interest to obtain information on changes
of short-range order (SRO) during irradiation as well
as of long-range order (LRO). The state of SRO is
usually given by the Cowley-Warren parameters a,
that describe the conditional probability f^ ( P ^ ) of
finding B (A) atoms on the successive coordination shells
around A (B) atoms, and which have the form

a,= l - (P ' A B /C B )=l - ( / " B . /C A ) (15)

As an example, consider the study by Banerjee et al.
(1984) on the effect of electron irradiation on the order-
disorder transformation in (Dla) Ni4Mo. Electron
micrographs and diffraction patterns were obtained
during in situ electron irradiations at 50-1050 K in a
HVEM. At temperatures below 200 K, the alloy
completely disorders. At 200-450 K, only SRO was
observed, and the transition between LRO and SRO,
which occurs via the completely disordered state, is
consistent with the concentration-wave description of
the SRO structure and supports the concept of spinodal \
ordering. It is believed that an interstitial mechanism
is responsible for maintaining the SRO. Above 450 K,
LRO persisted for samples initially in this state and SRO
was only preserved up to 550 K for samples initially in
that state. Between 550 and 720 K, a mixed SRO-LRO
state occurred, and at temperatures above 720 K a
complete transition to SRO was obtained. It is believed
that maintenance of LRO requires a vacancy mechanism.
At temperatures below 800 K the SRO-LRO transition
occurred in a continuous fashion, while above 800 K a
nucleation and growth mechanism was operative. This
behavior is characteristic of an ordering transition of
the first kind below and above the coherent instability
temperature.

3.2 Irradiation-Induced Disordering

From measurements on the changes in electrical
resistivity, lowering of the transition temperature for
superconductivity as well as the magnetic saturation in
ferromagnetic materials and decreased intensity in the
diffraction intensity in superlattice reflections, it has .
been shown that irradiation-induced disordering occurs
in alloys that were initially ordered. For a general review
of some of these aspects, see Schulson (1979).

In investigations on the Ll2 compounds Ni3Mn
(Aronin, 1954), Cu3Au (Siegel, 1949), Zr3Al
(Carpenter and Schulson, 1978), and Pt3Fe (Piercy,
1963), the Dla compound Ni4Mo (Banerjee et al.,

1984; Banerjee and Urban , 1984), the A15 compounds
Nb3Sn and Nb3Ge (Brown et al., 1978b) as well as
Nb3Al (Sweedler and Cox, 1975), the degree of long-
range order S decreased exponentially with the irradiation
fluence. In general, this dependence can be expressed as

(16)

where So is the initial degree of long-range order, K is
a parameter expressing the effectiveness with which the
incident particle disorders the material, and <f>t is
the irradiation fluence. The disordering occurs for
bombardments with electrons, ions, and thermal and
fast neutrons. In general, at temperatures below which
irradiation-enhanced ordering can occur, complete
disordering occurs at lower calculated DPA levels (see
equation (4)) for cascade-producing irradiations (ions
and fast-neutron irradiation) than for irradiations where
only Frenkel pairs are produced (electrons and thermal
neutrons). In Zr3Al and Ni3Al, —1-3 DPA was
required with electron irradiation to reduce S to ~ 0.1,
whereas in Zr3Al, Ni3Al, Pt3Fe, Cu3Au, Ni3Mn,
Nb3Sn, and Nb3Al, -0.1-0.3 DPA was required with
heavy-ion and neutron irradiation to reach 5—0.1 (see
Schulson, 1979). A more detailed comparison, however,
should also take into account the large amount of
spontaneous recombination that occurs promptly in
dense cascades. Irradiation also increased the lattice
parameter a, as indicated by studies on Zr3Al, Nb3Sn,
V3Ga, Nb3Ge, Nb3Al, Nb3Pt, and Mo3Os, by amounts
ranging from 0.1 to 1.25% in these materials (see
tabulation by Schulson, 1979). Many of these increases
were considerably larger than those observed in
intermetallic compounds that can be disordered thermally
in the absence of irradiation, where Aa/a~ 0.1-0.2%.
Hence under irradiation, as disordering occurs in an
ordered alloy, the observed volume changes arise from
the creation of wrong bonds (i.e. disordering) and lattice
dilations arising from the presence of point defects and
defect clusters.

Various mechanisms have been proposed for the
rearrangement of atoms from their correct positions in
an ordered lattice to a random distribution of the atoms
as irradiation proceeds. These include thermal spikes by
Seitz (1949), replacement collisions by Kinchin and Pease
(1955), plastic spikes by Seitz and Koehler (1956),
collapse of cascades to vacancy loops by Jenkins and
Wilkens (1976), and random recombination by vacancies
and interstitials by Carpenter and Schulson (1978). Some
examples will now be given of experiments that have
been undertaken in an attempt to elucidate some of the
mechanisms of irradiation-induced disordering.
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Piercy (1963) performed magnetic measurements on
(LI2) ordered Pt3Fe that had been neutron irradiated
(3.4 x 1017-6.4x 1019 fission neutrons/cm2) at -333 K.
Pt3Fe was chosen because it is normally paramagnetic
above the antiferromagnetic Neel temperature of 70 K
but becomes ferromagnetic when disordered. Hence the
size of small disordered regions (~ 5 nm) in an ordered
matrix could be detected since they were ferromagnetic
regions with a low magnetic anisotropy contained in a
non-ferromagnetic matrix. It was concluded that an
average of 2.3 disordered regions were produced per
fission neutron and that approximately 3300 atoms were
disordered on average in these regions. The results also
indicated that there was a region of partial disorder
surrounding each completely disordered region. From
an estimation of the temperature (~ 1.5 x 104 K) and
duration (~4x 10~" s) of the thermal spikes produced
during each neutron collision, Piercy (1963) concluded
that purely thermal effects could account for the
disordering of about 3100 atoms contained within a
radius 1.125r0 and the partially disordering of a further
1200 atoms contained within a radius of 1.25r0. The
above calculation was based on an average energy of
8.6 keV being available in a thermal spike that
disordered 3300 atoms, this energy being initially
distributed uniformly over a radius r0 of 1.97 nm. A
normal Arrhenius equation for the atomic jump
frequency, with a frequency factor of 10Ms~' and an
energy of 3 eV for interchanging two atoms, was used
for calculating the number of jumps per atom for the
short time interval that the spike was heated.

Detailed information on the role of replacement
collision sequences in producing disordering was
obtained by Kirk et al. (1977,1978) and Kirk and Blewitt
(1982) from magnetic saturation experiments performed
on the Ll2 alloy Ni3Mn. The atomic structure of
ordered Ni3Mn is shown in Figure 12, along with a
representation of a Ni-Mn (1 0 0) plane, before and after
the passage of a <1 10) replacement-collision sequence
(RCS). According to the model of ferromagnetism in
Ni3Mn by Marcinkowski and Poliak (1963), each Mn
atom will align ferromagnetically with its nearest-
neighbor Ni atoms unless three or more nearest-neighbor
Mn atoms are present, in which case the central Mn
atom will align antiferromagnetically. The passage of
a <1 1 0> RCS in the fully ordered alloy will not change
the state of magnetic order, whereas the passage of a
<1 1 0) RCS in a partially ordered alloy will have some
probability of placing a Mn atom into a position with
three nearest-neighbor Mn atoms, thus causing a spin
flip and a decrease in saturation magnetization. In one
series of experiments, they irradiated Ni3Mn samples

F.C.C. Ni3 Mn, ordered

(1 0 0) plane, before an RCSm• • • • •
VoVo'o

(1 0 0) plane, after an RCS

o e • o o

\

0>

Figure 12. Unit cell of ordered Ni3Mn and (1 0 0) Ni-Mn
planes before and after occurrence of a replacement collision
sequence RCS (From Kirk et al., 1977)

containing different degrees of order S and measured
the decrease in magnetization during irradiation with
thermal neutrons at 5-6 K. The magnetic changes were
related to the production of <1 1 0> RCSs by (n,-y) recoils,
through the unique dependence on sample order (as
discussed above). A comparison of the experimental
data with a computer analysis of the magnetic model
is shown in Figure 13. It was concluded that 112-150
<1 1 0> replacements occur, within one or two sequences,
per (n,7) recoil with an average energy of 492 eV. This
is to be compared with the results of molecular-dynamics
computer calculations by King and Benedek (1982).
They found 56 <1 1 0> replacements at a 450 eV recoil
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Figure 13. The dependence of the number of Mn atom spin flips per 80-atom sequence on the degree of long-range order in
Ni3Mn. Experimental results obtained for thermal neutron irradiation (A) are compared with a computer model calculation (o)
(From Kirk et al., 1977)

energy and much branching of sequences to yield an
average maximum number of 4-5 replacements per
sequence.

Kirk et al. (1978) and Kirk and Blewitt (1982) also
studied the effect of fission neutrons on the saturation
magnetization of Ni3Mn. From equation (16), they
obtained

(17)

where K is now related to the number of random
replacements per neutron. Equation (17) shows that the
initial disordering rate (KS0) is an increasing and linear
function of the initial degree of order, Furthermore,
they argued that long <110} RCSsproduce a decreasing
magnetization change per unit neutron fluence with
increasing order (S>0.7), while random r&jlacements
produce an increasing magnetization change per unit
neutron fluence with increasing order. An irradiation
experiment on two samples of different degrees of order
(as shown in Figure 14) was performed to try to separate
the effects of the two types of disordering. The ratio
of the slopes (KS0) of the two curves in Figure 14 was
within 1% of the ratio of the degrees of order, thus
implying that very few (-4%) of the replacements that
were measured can be attributed to long-range <11 0>
RCSs. The number of Ni-Mn interchanges per high-
energy primary knock-on (average energy 30 keV) was
3400, and there were 60 replacements per displacement
(as determined experimentally). Their results also
suggest that in the cascades produced by the fission

300

4 6 8 10 12 14 16 18

Fluence (1017n/ cm2)

Figure 14. Decrease in saturation magnetization with fission-
neutron fluence (£>0.1 MeV) for two simultaneously
irradiated samples of Ni3Mn with long-range order parameters
S0 = 0.93 (o) and S0 = 0.72 (A) (From Kirk et al., 1978)

neutron irradiations, the distribution of the interstitial
atoms is spatially quite compact just outside of the
vacancy-rich core. The absence of long-range RCSs in
even the peripheral regions of the cascade suggests that
thermal agitation of the atoms within the cascade may
prevent this from occurring.
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The damage produced within a reasonably dense
collision cascade in ordered alloys can be observed
directly in the electron microscope. The principle of the
method has been described by Jenkins et al. (1976) and
Jenkins and Wilkens (1976). Within individual cascade
regions the long-range order is disrupted, giving rise to
zones of reduced long-range order within the ordered
matrix. This technique has been used for studying the
disordering of the Ll2 compounds Cu3Au, Cu3Pd,
Zr3Al, Ni3Si, and Ni3Mn, the D03 compounds Fe3Al
and Fe3Si, and the A15 compound Nb3Sn, under
various irradiation conditions. Described next are some
specific results on Zr3Al, Cu3Au, and Nb3Sn.

Zr3Al is an Ll2 alloy that under various irradiation
conditions can be disordered and then eventually
amorphized (Howe and Rainville, 1977, 1979, 1980;
Schulson et al., 1979). The nature of the damaged
regions formed in individual collision cascades has been
investigated using low-fluence ( - 1 x 1 0 " ions/cm2)
bombardments with Ar ions (Howe and Rainville, 1977,
1979, 1980) as well as Cu ions (Howe and Rainville,
1991), and the results of the latter study will be described
here. It is also of interest to describe these results in
the context of the average deposited-energy density
within a collision cascade. 0, is defined as follows for
monatomic implants:

(18)

where v{E is the portion of the monatomic ion energy
that is lost in nuclear collision events, Ny is the number
of lattice atoms contained within a spheroid whose axes
are determined by the longitudinal (AX2)'* and
transverse (Y*>l/l straggling components of the statistical
damage distribution (Winterbon et al., 1970;
Winterbon, 1975), and VR is the volume ratio defining
the fraction of the statistical cascade volume filled on
average by an individual cascade. Based upon the Monte
Carlo damage simulations of Walker and Thompson
(1978), for various implants in Si and Ge, a value of
KR = 0.18 was chosen by Howe and Rainville (1991) for

63Cu ion implants in Zr3Al.
Ion bombardments were performed at 295 K with

15-120 keV ions, which corresponded to 6, varying
from 1.33 to 0.09ev/atom (i.e. 6V decreases with
increasing ion energy). Using the (1 1 1), (2 0 0), (2 2 0),
and (1 1 3) fundamental reflections, the damaged regions
exhibited black-white features (see Figure 15(a)) that
indicate that these regions have a spherically symmetrical
strain field. The average diameter DK of these regions
was 5.1-8.1 nm. The strain-contrast features indicate
that they are probably three-dimensional clusters of
interstitial atoms, although the possibility of amorphous
regions being produced directly in the cascade cannot
be ruled out. Centres of dilation would be consistent
with the 5% volume increase observed (Schulson et al.,

Figure 15. Damaged regions produced in Zr3Al by 100 keV Cu ions. Dark-field electron micrographs taken of the same area
under two-beam dynamical conditions with m fundamental {22 0) reflection (a,) and a supeTlaltice (I 1 0) reflection (b). Zone
axes near [0 0 1] (From Howe and RainviHe, 1991)
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1979) for the crystalline-to-amorphous transformation
in Zr3Al. When the same areas of the foil previously
imaged with fundamental reflections were imaged under
dynamical conditions with (110) superlattice
reflections, many damaged regions were present in
addition to those revealed using the fundamental
reflections; as shown in Figure 15(b). These additional
damaged regions appeared as black spots and were
considerably smaller than the strain-contrast regions.
Their average diameters Da were in the range
2.4-3.7 nm. They represent regions within the damage
cascade in which sufficient disorder of the ordered lattice
has occurred to give rise to a visible region using a
superlattice reflection, but which do not contain a
sufficiently high concentration of vacancies or
interstitials to give rise to a strain-contrast effect. The
contrast arises from the difference in structure factor
(for superlattice reflections) between the disordered zone
and the ordered matrix, i.e. due to a local reduction in
the long-range order parameters. The number of
observed regions per incident ion increased with
increasing ion energy (decreasing 6,) for the defects
having a spherically symmetrical strain field as well as
for the disordered regions. At the lower ion energies (15

and 30 keV), there was essentially one disordered region
produced in each collision cascade, whereas at higher
energies there were multiple disordered regions produced
within a single cascade. As shown in Figure 16, the ratios
DK/2(Y1yA (strain-contrast regions) and T>A!%Yb)Vl

(disordered regions) both decreased with increasing ion
implantation energy. Even taking into account the
increase in the number of damaged regions per incident
ion with increasing ion energy, the fraction of the
theoretical collision cascade volume occupied by the
total volume of the damaged regions still decreased
appreciably with increasing ion energy (decreasing 0,).

The collapse of defect cascades to dislocation loops
in (LI2) ordered Cu3Au has been studied quite
extensively (Jenkins and English, 1982). Black et al.
(1987) have performed a systematic transmission
electron microscopy (TEM) study of the conditions
leading to the formation of vacancy dislocation loops
at the sites of defect cascades produced by irradiating
with Ar, Cu, and Kr ions (50 and 100 keV) at 30 and
300 K. The disordered zones were imaged using
superlattice reflections and dislocation loops using
fundamental reflections. It was found that all dislocation
loops were associated with disordered zones, but not

v
CM

20 60 80
Ion energy (keV)

100 120

Figure 16. Variation of £>K/2<y2>w (strain-contrast regions) (o) and Dd/2<y2>w (disordered regions) ( • ) with energy of
implantation for 63Cu ions in Zr,Al (From Howe and Rainville, 1991)
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vice versa. For all of the bombardments, collapse of the
displacement cascades to dislocation loops occurred with
high probability at temperatures as low as 30 K. Since
vacancies do not undergo long-range thermal migration
at 30 K, the collapse is occurring during the phase of
collision cascades when extensive vacancy motion is
possible, i.e. in the thermal spike phase that occurs
within about 10"" s of cascade initiation (Guinan and
Kinney, 1981). Following the 30 K irradiation, no
additional cascade collapse was observed during
warming to 300 K. This observation, along with the high
values of defect yield at 30 K, suggests that directed
motion of vacancies toward the cluster nucleus occurs
during the collapse process. Displacement cascades
were observed to collapse with a significantly higher
probability at 300 K than at 30 K, and the effect was
more pronounced the higher the mass of the incident
ion. Within a thermal spike model, an increase in
ambient temperature might be expected qualitatively to
decrease the cooling rate within the cascade region and
therefore to increase the thermal spike lifetime.

Irradiation-induced disordering and defect production
in Cu3Au and Ni3Al (both Ll2 structures) were studied
by molecular-dynamics simulation for a 5 keV recoil
atom at 10 K (Diaz de la Rubia et al., 1993). They
observed that the loss of the underlying crystalline
structure and the loss of the chemical short-range order
were controlled by different timescales. The crystalline
order parameter decreased to ~0 within 1 ps, whereas
the fast quenching occurring in the core of the cascade
did not allow for a comparable loss of the chemical
SRO. The transition between the disordered region
produced by the cascade and the surrounding ordered
region was sharper for Ni3Al than for Cu3Au, with
perfect order being recovered within shells of 0.5 and
1.5 nm for Ni3Al and CujAu, respectively. The size of
these disordered regions was consistent with those found
by Black et al. (1987) in their TEM studies of Cu3Au
bombarded with 50 keV C\i ions at 30 K. Diaz de la
Rubia et al. (1993) found evidence for vacancy clustering
in the core of the displacement cascade, but there were
no signs of interstitial cluster production in the
intracascade regions.

The effects of fast-neutron irradiation on some bulk
properties of A15 superconductors are fairly well-
established, but the basic mechanism responsible for
these irradiation-induced changes (e.g. critical current
density Jc) are not well-understood (Weber, 1986).
Experiments by Brown and Blewitt (1979) and Guinan
et al. (1984) suggest that defects produced by collision
cascades in A15 compounds are capable of pinning
magnetic flux lines and thus initially increasing the

critical current densities during ion or neutron
irradiation at low fluences. However, there is also
considerable evidence that the enhancement of Jc is
related to the irradiation-induced disorder. Support for
this view also comes from experiments on the
irradiation-produced change of Jc in pure and alloyed
Nb3Sn conductors and their comparison with the
alloying effect in unirradiated samples (Suenaga, 1985).
Kirk et al. (1990) performed 50 keV Xe-ion and 1.5 MeV
Kr-ion irradiations on Nb3Sn at 13-15 K and observed
the damage evolution in a high-voltage electron
microscope (HVEM). Initially, the martensitic structure
in Nb3Sn was observed at 12-30 K and then images of
the irradiation-produced defects were obtained using
either fundamental or superlattice reflections. At ion
doses of 8.0 x 10" Xe ions/cm2 visible strain centres
were observed that appeared to be regions of high
concentration of point defects but which contained
relatively little atomic disorder (i.e. antisite disorder).
It was postulated that the centers of strain can be
associated with pinning sites of magnetic flux and the
corresponding increase in Jc. At higher ion doses of
either Xe or Kr ions, overlap of the collision cascades
produced regions of stronger disorder and possibly even
amorphous zones. By a dose of 5 x 1012 Kr ions/cm2,
the characteristic contrast of the martensitic structure
had disappeared, thus suggesting that a revision to the
pre-transformation cubic structure had occurred due to
the strain associated with the defects produced by the
irradiation. Upon irradiating to 3.5 x 1013 Kr ions/cm2,
there appeared to be evidence for the onset of
amorphization. The disordered or amorphous zones
may be associated with decreases in Jc and the critical
temperature rc, as observed under neutron irradiation
at comparable damage levels.

4. Irradiation-Induced Amorphization

4.1 Experimental Observations

The irradiation-induced amorphization of intermetallic
compounds is of scientific interest and technological
importance, as it entails the complete loss of measurable
crystalline order. It is an extreme response of the solid
to a combination of a large external input of energy and
the presence of kinetic constraints that preclude the
formation or the maintenance of the stable intermetallic
phase. The kinetic path taken by the material to arrive at
this large departure from equilibrium depends not only
on the characteristics of the material but on the
irradiation conditions as well. The spatial and temporal
balance between irradiation damage and annealing can
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be shifted one way or other by changing the irradiation
conditions; for example, the irradiation temperature,
flux of irradiating particles, and the average deposited-
energy density in the cascade.

There are many experimental data on the irradiation-
induced amorphization of intermetallic compounds.
Initially, considerable experimental effort was devoted to
identifying which compounds underwent amorphization
(Brimhall et al., 1983; Ardell and Janghorban, 1984;
Ossi, 1990; Gallego et al., 1992) or crystallization (Beke
et al., 1990) during irradiation. Attempts were also made
at correlating amorphization susceptibility with some
material property common to the ensemble of
compounds that amorphize, such as ionicity, width of
the intermetallic phase field, melting temperature, and
complexity of the crystal structure. Although empirical
in nature, some of these criteria, such as width of the
phase field and complexity of the structure, were
subsequently related to more physical parameters such
as heat of mixing and the kinetic difficulty of re-forming
complex structures (Nastasi and Mayer, 1991). In this
section, some examples will be used to illustrate some
specific points. For more detailed information, see the
reviews by Pedraza (1986, 1990a, b), Okamoto and

* Meshii (1990), and Luzzi and Meshii (1987), and chapter
31 by Greer in this volume. It should also be pointed
out that amorphization can be induced in solids by
various other processes such as thermal processing,
hydrogenation, and mechanical milling; and such
investigations provide useful information for under-
standing irradiation-induced amorphization, and vice
versa. For more detailed information on this aspect, see
Luzzi (1993) and Yavari (1992), and Chapters 31 and 29
by Greer and by Johnson in this volume.

The first detailed examination of amorphization of
an intermetallic compound under ion irradiation was
that by Howe and Rainville (1077, 1978, .1979, 1980)
in (LI2) Zr3Al. The results of bombarding Zj^Al with
0.5-2.0 MeV ^Ar ions at 40 K are shown in Figure 17.
At low bombarding ion fluences (10H-1012 ions/cm2),
individual damaged regions could be clearly resolved
(previously discussed in Section 3.2), as shown in
Figures 17(a) and (b). As the ion fluence was increased
above 1012 ions/cm2, the density of these damaged
regions increased to the point where considerable
overlap of the individual damaged regions was observed
(see Figures 17(c) and (e)). Noticeable changes in the
intensities of the superlattice spots occurred for
irradiations above 5 x 1013 ions/cm2 (-0.06 DPA); see
Figure 17(d). The degree of long-range order S was
assessed by measuring the intensities of the superlattice
and the fundamental spots on the selected-area

diffraction patterns using a microdensitometer. For all
irradiation temperatures employed between 30 and
700 K, Zr3Al was completely disordered before a level
of 1.1 DPA was reached. The average increase in the
lattice parameter upon disordering to S<0.15 was
0.7 ±0.4%. Annealing-out of the defect clusters,
individual disordered regions and bulk disorder occurred
in the temperature range 723-848 K.

Bombardment at ion fluences > 5 x 1014 ions/cm2

resulted not only in the disappearance of the superlattice
spots (i.e. disordering) but in the appearance around
the transmitted and diffracted fundamental spots of
diffuse rings (Figure 17(f)). Amorphous regions were
developing throughout the highly damaged crystalline
matrix. Increasing the ion fluence still further resulted
in a complete transformation to the amorphous state,
as depicted in Figures 17(g) and (h). The diffraction
pattern (h) at this stage consisted of a strong diffuse
inner ring and weaker diffuse outer rings. The
crystalline-to-amorphous transformation also resulted
in a volume increase of 4% (Schulson et al., 1979). It
was also found (Howe and Rainville, 1977, 1978, 1979,
1980) that the ion fluence required to amorphize a given
fraction of the irradiated volume was quite dependent
upon the amount of annealing that occurred within the
defect cascade at the temperature of the bombardment.
It was proposed that amorphization occurred when a
critical defect concentration was reached. Consequently,
as defects became mobile at various stages, recombination
would occur, and a higher ion fluence was required
to achieve amorphization than in the absence of
appreciable defect mobility.

The importance of the nature of the collision cascade
was also demonstrated in the investigations on Zr3Al.
As the density of defects within the displacement
cascade decreased (i.e. in going from Ar -» N -» C ion
bombardments -»• electron irradiations), it became more
difficult to render Zr3Al amorphous, particularly
under conditions where appreciable annealing occurred
in the displacement cascade. This was also subsequently
borne out by the experiments by Koike et al. (1989a)
on Bll (tP4) CuTi, as well as in various other
investigations. In the former investigation, the critical
dose required to achieve amorphization was monitored
during in situ ion bombardments and TEM observations,
and the results are shown in Figure 18. These results
demonstrate the following: (i) for any given incident
projectile, there is a critical temperature above which
a compound cannot be completely amorphized; (ii) for
similar fluxes (dose rates) of bombarding projectiles,
the critical temperature increases with the mass of the
incident particle (i.e. with increasing average deposited
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Figure 18. Temperature dependence of the critical dose needed
to amorphize CuTi during irradiation with electrons, Ne, Kr,
and Xe ions (From Koike et al., 1989b)

energy density in the collision cascade); and (iii) at
sufficiently low temperatures, the critical dose for
amorphization becomes independent of the type of
irradiating particle. Using simultaneous dual-ion
irradiations of CuTi with electrons and Kr ions, Koike
et al. (1989b) have also demonstrated that above the
critical temperature for electron-induced amorphization,
the additional isolated vacancies and interstitial atoms
can anneal the damage produced by the Kr ions
sufficiently to retard the transformation to the
amorphous state. Below this temperature, the electrons
and Kr ions contributed additively in inducing
amorphization.

From studies on the B2 (cP2) compounds NiTi and
NiAl, Moine and Jaouen (1993) concluded that
amorphization induced by ion irradiation depended on
irradiation parameters through the deposited-energy
density, and also on the microstructure of the'material.
Specificially, it was found that chemical disordering
energy, phase stability, phase transformations induced
by the ion irradiation, and grain size could all play a
significant role. If grain boundaries contribute to strain
relaxation, then the critical threshold level required for
crystalline instability by damage accumulation may not
be reached in material with very small grains, as
appeared to be the case for NiAl thin films under certain
irradiation conditions. During heavy-ion irradiation
at low temperatures, the relaxation role of grain
boundaries did not prevent the amorphous phase
formation within the dense region of the cascade but
played a role in the intracascade regions (Jaouen et
a/., 1989).

Detailed irradiation experiments and TEM obser-
vations have been performed on Zr3Fe (Ela (0CI6)
structure) using electrons (Motta et al., 1993b) and ions
(Howe et al., 1991,1992,1993). The initial investigations
(Howe et al., 1991, 1992) showed that Zr3Fe underwent
a crystalline-to-amorphous transformation during 0.5-
1.5 MeV ^Ar-ion bombardments. This was confirmed
using 0.5-1.5 MeV 209Bi-ion irradiations (Howe et al.,
1993). The critical temperature for amorphization of
Zr3Fe by the ion irradiations was 570-625 K, with an
indication that it was slightly higher for the 209Bi ions
than for the ^Ar ions. Low-fluence (10n-1012 ions/
cm2) irradiations performed at 35-40 K with 15-350 keV
209Bi ions provided information on the nature of the
damaged regions produced within individual damage
cascades (Howe et al., 1993). Diffraction-contrast
experiments indicated that the visible damaged regions
appeared to be amorphous. At high deposited-energy
densities (<?,,;£ 2.0 eV/atom), which correspond to
fairly low ion energies (15-30 keV), the visible damage
produced in a collision cascade consisted of a single
isolated damaged region (Figure 19(a)). With decreasing
values of 6, (i.e. increasing ion implantation energies),
there was an increasing tendency for multiple damaged
regions to form within a main cascade (Figure 19(b)).
Information was obtained on the number of multiple
damaged regions (subcascades) formed within a cascade.
As shown in Figure 20, the number nK of multiple
damaged regions increased steadily from 1.07 at 15 keV
to 3.08 at 350 keV. The data are in good agreement with
the results obtained for Si (Howe and Rainville, 1987a)
and Ge (Howe and Rainville, 1987b) bombarded with
various ions. Also shown in Figure 20 is the fraction
Fof the theoretical (WSS statistical (Winterbon et al.,
1970) volume (see equation (18)) that was occupied on
average by the visible multiple damaged regions
comprising a cascade. The results show that F decreases
quite rapidly with increasing ion energy (decreasing 6,
values). Similar behavior was found in ion-implanted
Si (Howe and Rainville, 1987a) and Ge (Howe and
Rainville, 1987b); the latter results are also given in
Figure 20.

The above Zr3Fe results, as well as those for Si and
Ge, emphasize the important distinction between very

. high deposited-energy-density cascades (0,~2eV/atom)
and those_ of considerably lower deposited-energy
density (#,,:£ 0.5 eV/atom). In the former case,
appreciable fractions of the theoretical cascade volume
have been rendered amorphous. This behavior is
certainly consistent with the operation of an energy spike
for high deposited-energy-density cascades, as it would
explain why amorphous regions could extend over the
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A i-jgwc-'g a Gaussian shape of the electron beam, the electron flux
-'•̂  is given by

(19)

(b)

Figure 19. Bright-field electron micrographs of Zr3Fe
irradiated at 40 K with ^Bi ions to fluences of 2.5x10"
ions/cm2 at energies of (a) 30keV (0, = 1.96 eV/atom) and
(b) 120 keV (0, = O.42eV/atom) (From Howe et al., 1992)

whole of the theoretical collision cascade volume
and even beyond it. In Ge, for example, F=0.93 and
1.18 for 15 keV Bi (0, = 2.75 cY/atom) and 10 keV Bi
(0, = 4.1OeV/atom) implants, respectively (Howe and
Rainville, 1987b). In the lowdr deposited-energy-density
cascades, there are localized regions (i.e. subcascades)
that are essentially amorphous; but these are obviously
surrounded by areas, which are still within the main
cascade, having a high density of point defects and small
defect clusters.

The amorphization kinetics of Zr3Fe during electron
irradiation in a HVEM has been followed in detail by

* Motta et al. (1993b). Utilizing the method used by Xu
et al. (1989), by measuring the onset, spread, and final
size of the amorphous region, factoring in the Gaussian
distribution of the electron beam, a full kinetic
description of amorphization was obtained in terms of
fluence (dose), flux (dose rate), and temperature. For

where J(r) is the electron flux (electrons/cm2 s1), Jo is
the peak value of the electron current, r is the distance
from the center of the Gaussian, and rQ = ofi. (a is the
standard deviation). Shown in Figure 21 is thevariation
of the dimensionless amorphous radius (r/j2 r0) with
electron irradiation dose at various temperatures. Each
curve is completely enveloped by the preceding lower-
temperature curve, indicating that the amorphization
kinetics slow as the temperature increases. Both an
increase in the incubation time for amorphization and
a decrease in the growth rate of the amorphous zone
with increasing temperature can be seen. At low
irradiation temperatures, where the curves in Figure 21
are essentially vertical, the dose-to-amorphization is
essentially independent of dose rate. As the temperature
increases, there are larger and larger deviations from
the vertical, indicating the presence of an increasingly
important dose-rate effect.

Figure 21 also shows that, for every temperature,
at larger radii (lower dose rates) a higher dose is
required to induce amorphization. Hence the dose-to-
amorphization increases with decreasing dose rate, as
previously reported for other intermetallic compounds
(Luzzi et al., 1986; Xu et al., 1989). The above effect
can be shown in an alternate way by making successive
isodose-rate cuts in Figure 21, noting the intercept with
the successive temperature curves. The dose required
to reach a given radius (or the dose-to-amorphization
for a given dose rate) can then be plotted as a function
of temperature. As shown in Figure 22, for a given dose
rate the dose-to-amorphization increases exponentially
with temperature. Also, the critical temperature for
amorphization increases with increasing dose rate, i.e.
close to the critical temperature a high dose rate makes
the material amorphize whereas a low dose rate does
not. The increase in dose-to-amorphization between 150
and 220 K under electron irradiation corresponds well
to the observation by Howe et al. (1991, 1992, 1993)
that, at 110 K and below, the dose-to-amorphization
under ^Ar-ion irradiation was smaller than at 160K.
Below 160 K, the regions in between cascades do not
get annealed before the next cascade hits. At 160 K and
above, some type of defect becomes mobile. The
resulting defect annihilation produces a less damaged
outer region of the cascade, leaving a smaller, heavily
damaged core, thus requiring more complete coverage
of the material for complete amorptiization.



Irradiation Damage 203

1.2

1.0

0.8

0.6

0.4

0.2

0

I 1 I 1

COLLISION CASCADE
209Bi IMPLANTS INo1

1

PARAMETERS
Zr3Fe AND Ge

F
• Zr3Fe
0 Ge

—^

I

FOR

— •

1

1

Zr3Fe

-

-

—

50 100 150 200 250

Ion energy (keV)

300 350

- 5.0

- 4.0

- 3.0

- 2.0

- 1.0

400

Figure 20. Collision cascade parameters for ""Bi ion implants in Zr,Fe and Ge. Shown are values of the average number nK

of multiple damaged regions (subcascades) formed within an individual cascade, and the fraction F of the theoretical volume
that was occupied on average by the visible multiple damaged regions comprising a cascade (From Howe and Rainville, 1987b;
Howe et al., 1993)

The results of the ion and electron irradiations can be
understood within the framework of damage accumula-
tion under irradiation. At a certain level of irradiation
damage in Zr3Fe, there appears to be a driving force
to exchange the imperfect form of long-range order
resulting from irradiation for a local configuration of
short-range order where the bonding restrictions of
chemical species and directionality are followed more
closely. The difference between the ion and electron
irradiations is due to the fact that ion irradiation
produces displacement cascades, while electron irradia-
tion produces isolated Frenkel pairs. Within the cascades
produced by the ion irradiations, the density of the
damage is quite high and amorphization can occur
directly in the cascade or upon cascade overlap. In two
temperature regimes, ~ 150-220 K and above — 400 K,
defects appear to become quite mobile in Zr3Fe. The
resulting defect annihilation due to recombination
lowers the overall defect concentration, and a higher
ion fluence is required to produce amorphization than
at lower temperatures.

Irradiation-induced amorphization has also been
observed in intermetallic precipitates contained in various

alloys. For example, amorphization induced by neutron,
ion, and electron irradiations has been observed in C14
(hP12) or C15 (cF14) Zr(Cr,Fe)2 and C16 (tI12) Zr2-
(Ni,Fe) precipitates contained in Zircaloy-2 or Zircaloy-4.
Under electron irradiation, both types of precipitates
amorphize if the irradiation temperature is lower than
300 K. Amorphization happens homogeneously and is
thought to occur as a result of increased chemical
disordering (i.e. an increase in antisite defects) and a
higher concentration of the less-mobile point defect
caused by the loss of the more-mobile defect to the
free surface (Motta and Olander, 1990). Under low-
temperature ( - 3 5 0 K) neutron irradiation, amorphiza-
tion occurs for both types of precipitates through some
combination of chemical disordering in the cascade and
an overall increase in the point-defect concentration.
Under high-temperature neutron irradiation ( ~ 5 2 0 -
580 K), the Zr2(Ni,Fe) precipitates remain crystalline and
the Zr(Cr,Fe)2 precipitates amorphize, while developing
a duplex structure with amorphization starting at the
precipitate-matrix interface and proceeding inward
(Gilberts al., 1985; Griffiths, 1988,1990; Yang et al.,
1986; Yang, 1988, 1990). There is an associated release
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of iron from the amorphous layer into the matrix.
Above 600 K, the Zr(Cr,Fe)2 precipitates do not go
amorphous, even at very high doses (up to 64 DPA at
640 K). Motta and Lemaignan (1992a) propose that the
amorphization of Zr(Cr,Fe)2 precipitates during neutron
irradiation at ~ S20-S80 K occurs by a combination of
less-effective cascade disordering and a departure from
exact stoichometry at the precipitate-rnatrix interface
caused by ballistic mixing. Under, Ar-ion irradiation,
the Zr(Cr,Fe)2 precipitates imorphize at temperatures
up to 650 K, while the Zr2(Ni,Fe) precipitates do so at
least up to 600 K (Motta etal., 1993a). Amorphization
is homogeneous, and without associated changes in
chemical composition. The critical temperature (650 K)
for amorphization of Zr(Cr,Fe)2 under Ar-ion
irradiation is close to the critical temperature (600 K)
for neutron irradiation. For the Ar-ion irradiations, the
amorphization is believed to occur by chemical
disordering and possibly defect clustering induced by
collision cascades. There is no need for a supplement
from other mechanisms, such as departure from
stoichiometry, because, due to its higher damage rate,
the damage produced by ion irradiation is more effective

than that produced by neutron irradiation in causing
amorphization. From the examples given above on the
irradiation behavior of zirconium alloys, it can be seen
that a detailed understanding of the crystalline-to-
amorphous transformation under irradiation has to take
into account not only thermodynamic considerations of
phase stability, but also the competing kinetics of
thermal and ballistic processes.

Detailed measurements have been made on the change
of various physical properties during the irradiation of
intermetallic compounds that undergo a crystalline-to-
amorphous transformation. The results of some of these
investigations are discussed in some detail in the review
by Okamoto and Meshii (1990). Studies on the changes
in shear modulus, determined from Brillouin-scattering
measurements of the velocity of acoustic surface
phonons, are particularly interesting. The propagation
velocity Vs of the surface phonons in thin (~500nm)
surface layers of an isotropic and homogeneous material
is closely related to the velocity of the shear elastic waves
in the bulk. According to classical scattering theory, V%

should be related to the bulk shear modulus G by
(Malozemoff, 1981)
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Vs = [ (0.87 + 1.12a)/(l + a) ] (G/p)'A (20)

where a is Poisson's ratio and p is the density. Studies
were performed on A15 (cP8) Nb3lr, B2 (cP2) FeTi,
Ll2 (cP4) Zr3Al, B2 NiAl, and B2 FeAl. Nb3lr, FeTi,
and Zr3Al became amorphous during room-temperature
bombardment with Kr ions, whereas .NiAl and FeAl
remained crystalline (Okamoto and Meshii, 1990; Koike
et al., 1990; Grimsditch et a/., 1987). For the three
compounds that became amorphous, Vs decreased
approximately exponentially with Kr-idn fluehce up to
the fluence required for the onsej of arriorphization,
which was -101 4 ions/cm2 for,Nb3Ir and FeTi and
~5xlO1 3 ions/cm2 for Zr3AK A similar exponential
decrease in Vs also took place prior to the
amorphization of Nb3lr during H- and He-ion
bombardment. The decreases in Vs corresponded to
~ 40-50% decreases in the polycrystalline shear moduli
of these compounds. Once amorphization started, little
change in Ks occurred as the sample transformed
completely to the amorphous state. By contrast, in NiAl
and FeAl, which did not amorphize, a more gradual and
smaller (-15%) decrease in Vs occurred. These results
suggest that a large, pre-transition softening of a shear
modulus, indicative of a mechanical instability, may be

a characteristic feature of compounds that become
amorphous under irradiation, but not of those that
remain crystalline. It would be most informative to
obtain similar information on many other intermetallic
compounds, particularly since the Brillouin-zone-
scattering technique is well-suited for monitoring elastic-
constant changes in the near-surface regions of ion-
bombarded materials.

Irradiation experiments (Allen et al., 1988; Rest et
al., 1990; Birtcher et al., 1988, 1991) on D0c (tI16) U3Si
and D2e (tI28) U6Fe have revealed extraordinarily large
voids at low and medium fuel burn-up. This phenomenon
of breakaway swelling does not occur in other nuclear-
reactor fuel types such as D5a (tPIO) U3Si2 and Ll2

(cP4) UA13, where a distribution of relatively small and
stable fission-gas bubbles forms. An example of this
swelling behavior is shown in Figure 23. TEM
observations on ion-irradiated U3Si and U3Si2 reveal
that these compounds go amorphous below -55OK
(Walker, 1970; Birtcher et al., 1991). The neutron
diffraction experiments of Birtcher et al. (1991) show
that, during irradiation, the lattice of U3Si expands,
while the lattice of U3Si2 contracts, and that there is a
homogeneous transformation from tetragonal to cubic
structures. It is believed that the cubic structures are not
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Throughout this section, the discussion has centered
on irradiation-induced amorphization occurring
throughout the bulk of the specimen through ah increase
of chemical disorder and concentration of defects,
i.e. non-preferentially. There is also evidence that
preferential amorphization can occur at grain boundaries
(Luzzi et al., 1986), dislocations (Mori et al., 1983a),
free surfaces (Mori et al., 1983b), and antiphase
boundaries (Mori and Fujita, 1985). These are high-
energy regions, where the local distortion of the lattice
or the high chemical energy give an additional increase
in free energy due to irradiation, thus enhancing the
crystalline-to-amorphous transformation. This effect
occurs mainly in a temperature range just below the
critical temperature.

In the examples just given, the crystalline-to-
amorphous transformation occurred either directly
or, in the case of ordered alloys, via an
ordered -» disordered -* amorphous transformation. In
some alloys, the situation may be even more complex.
In Ni2Al3, for example, Kr-ion irradiation resulted in
the transformation sequence Ni2Al3 (D513 (hP5)) -• B2
(CsCl) (cP2))->A2 (b.c.c. (cI2))-> amorphous state
(Nastasi, 1991). Jaouen etal. (1993) have performed an
in situ TEM study of ion-induced amorphization in
(DO22) Al3Ti at :£40K. Complete amorphization was
obtained during irradiation with 280 keV Kr ions at ~ 1
DPA. After partial chemical disordering, a crystalline
phase change from the DO22 (tI8) to the Ll2 (cP4)
structure was observed only after the onset of
amorphization. They suggest that a release of lattice
strain is produced by the amorphization process, thus
allowing the transition toward a higher-symmetry phase
to occur. Irradiation with 40keV He ions resulted
in partial chemical disordering and strong lattice
distortions, but amorphization was not completely
achieved at doses of —2 DPA. In situ observations,
using TEM and Rutherford backscattering-channeling
measurements, have also been made of irradiation-
induced phase transformations at 10-15 K in B2 (cP2)
NiAl by Jaouen et al. (1987, 1989). The mechanisms
of phase transformation appeared to be strongly
dependent on the nature of the collision cascade. For
irradiation with 15-100keV D ions, the sigmoidal
shape of the amorphization kinetics suggested that
amorphization took place by a defect accumulation
process. More complex behavior occurred during
360 keV Xe-ion irradiations. At low irradiation fluences,
the combination of defect production in the cascades
and damage-induced stresses resulted in the formation
of a pre-martensitic phase. As the fraction of material
being disordered by the irradiation increased with

2 4 6

Fission density (1027 Fission / m3)

Figure 23. Swelling of various uranium intermetallic
compounds (having low enrichment) as a function of fission
density in the compound (From Rest et al., 1990)

produced directly by the collision cascades. This
tetragonal-to-cubic transformation saturates at -0.01
DPA, and growth of an amorphous phase occurs above
0.04 DPA. Birtcher et al. (1991) suggest that individual
fission-fragment events damage a volume of material
while directly amorphizing a smaller volume. Volume
changes (>2%) in the small amorphous volumes then
introduce long-range strains that are responsible for the
homogeneous change in the lattice parameter. Rest et
al. (1990) have analyzed the fission-gas-bubble behavior
in various intermetallic compounds of uranium and have
come to the following conclusions; The swelling
behavior of UA13, U3Si2, and USi cart b$ explained by
the current models that include irradiation-enhanced
diffusion and nucleation and growth of fission-gas
bubbles on grain boundaries, subgrain boundaries, and
dislocations in crystals. By contrast, the behavior of
fission-gas bubbles in U6Fe, U3Si, and UsMn that had
been rendered amorphous during irradiation was
explained by assuming that under irradiation the
properties of the fuel approach those of the liquid state.
Their results also suggest that extraordinary low
viscosity occurs in these amorphous solids under
irradiation and that bubble growth in these low-viscosity
materials can be approximated by an effective enhanced
diffusivity. In U3Si, which was analyzed in detail, the
observed rapid swelling was attributed to enhanced
bubble migration and coalescence due to plastic flow.
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increasing ion fluence, the pre-martensitic phase became
unstable and a reversion to the primitive b.c.c. structure
occurred. At higher ion fluences, total amorphization
was achieved.

4.2 Mechanisms for Irradiation-
Induced Amorphization

The transition from the crystalline to the amorphous
state results as a reaction to the addition of externally
applied energy. There is a driving force that causes the
highly energized material to lose crystalline order by
transforming into an energetically more favorable
state. Of fundamental concern is the mechanism (or
mechanisms) causing the instability of the crystalline
lattice during irradiation. Some proposed mechanisms
will be discussed briefly here. For more detailed
information see, for example, articles by Luzzi and
Meshii (1987, 1988), Okamoto and Meshii (1990),
Pedraza (1986, 1987, 1990a, b), Motta and Lemaignan
(1992b), Bellon and Martin (1988a, b), Jaouen (1992),
Rosato and Massobrio (1993), Massobrio et al. (1990),
and Lam et al. (1993), and Chapter 29 by Johnson in
this volume.

There is considerable evidence showing that chemical
disordering (i.e. an increase in the number of antisite
defects) plays a key role in irradiation-induced
disordering in intermetallic compounds. No pure
metals, except for Ga, and no solid solutions have been
amorphized under irradiation (Cahn and Johnson,
1986). The fact that in tI14 Cu4Ti3 there was a sharp
decrease in the amount of chemical disordering
attainable at the same temperature at which the rate of
amorphization also decreased rapidly led Luzzi et al.
(1986) and Luzzi and Meshii (1987) to conclude that the
crystalline-to-amorphous transition is driven mainly, if
not entirely, by the energy associated with th§ chemical
disordering. Johnson (1986) showed that this should
be thermodynamically possible whenever the enthalpy
difference between the disordered and ordered states
was larger than the latent heat of fusion of the
compound. However, Johnson (1986) emphasized that
the chemical disordering criterion did not take into
account entropy or kinetic effects and is therefore
only strictly valid at OK. The chemical disordering
criterion was also supported by molecular-dynamics
simulations in C16 (til2) NiZr2 (Massobrio et al. 1989,
1990).

However, there is also evidence that under many
irradiation conditions an additional contribution from
point-defect accumulation is required. Howe and
Rainville (1977) proposed that the amorphization of

LI2 (cP4) Zr3Al occurred when a critical concentration
of defects was attained in the lattice. This conclusion
was also reached by Limoge and Barbu (1984) based
upon the analysis of irradiation data for various alloys,
Zr3Al, Fe3B, and NiTi in particular. As discussed in
Section 4.1, in various intermetallic compounds there
are different critical temperatures for amorphization by
electrons and various ions. This would be more
consistent with a model that considers other contribu-
tions to the free energy in addition to chemical
disordering. Also, the correspondence between the
critical temperatures for disordering and amorphization,
as observed by Luzzi et al. (1986) and Luzzi and
Meshi (1987) in Cu4Ti3, is not generally observed in
other intermetallic compounds. During proton irradia-
tion of (B2) NiTi, Cheng et al. (1989) and Cheng
and Ardell (1990) observed the occurrence of
amorphization without any significant chemical
disordering, and concluded that an increase in the
concentration of point defects must be mainly
responsible for the amorphization. Nastasi (1991)
observed the appearance of a completely chemically
disordered structure in D513 (hP5) Ni2Al3, when
irradiated with Kr ions to a fluence of 7.5 xlO13

ions/cm2, whereas only partial amorphization was seen
at 1.5xlO14 ions/cm2 and complete amorphization
appeared at 3.0 x 1014 ions/cm2. The author concluded
that additional forms of damage besides chemical
disordering were required for amorphization. Hsieh and
Yip (1987) and Limoge et al. (1988) used molecular-
dynamics calculations to study the evolution of a pure
Lennard-Jones system under the introduction of point
defects. The crystalline-to-amorphous transformation
was observed for a high concentration of lattice defects
(0.20 of interstitials or 0.25 of Frenkel pairs) and for
a rapid insertion rate of ~ 1010 DPA/s. In molecular-
dynamics calculations on Bl 1 (tP4) CuTi, Sabochik and
Lam (1990) found that amorphization was not achieved
even when the long-range order parameter S was equal
to zero, and only when point defects were introduced
did amorphization occur. On the basis of molecular-
dynamics simulations on Bf (oC8) NiZr and C16 (tI12)
NiZr2, Devanathan et al. (1993a, b,c) and Devanathan
(1993) show that these intermetallic compounds can be
amorphized by atom exchanges as well as by the
introduction of Frenkel pairs. This behavior is illustrated
in Figures 24 and 25 for C16 (tI12) NiZr2 (Devanathan,
1993; Devanathan et al., 1993c). In both cases, the
energy and volume of the system rise above the
corresponding values of the quenched NiZr2 liquid and
saturate at these values. The occurrence of a crystalline-
to-amorphous transition is indicated from the calculated
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Figure 24. The effect of chemical disorder on NiZr2. The composite figure shows the changes in the [001] atom projections,
calculated [001] diffraction patterns, energy increase per atom (AE/N), volume expansion (A V/ V), and shear elastic constants
of NiZr2 following random atom exchanges. The damage levels corresponding to the [001] diffraction patterns and atom
projections are indicated by arrows. (From Devanathan et al., 1993c; Devanathan, 1993)

diffraction patterns and atom projections. The long-
range order parameter S decreases to ~0.6 prior to
amorphization and the critical dose for amorphization
is -0 .2 DPA. At this dose, the average shear elastic
constant drops to ~5O°7o of its original value; and
the system attains elastic isotropy, indicating complete
amorphization. The results of the simulations were
in general agreement with the results of Xu et al. (1993)
for amorphization of NiZr2 during electron
irradiation.

It has been estimated that defect concentrations in
the range 0.01-0.02 would be required to produce
amorphization (Brimhall et al., 1983; Swanson et al.,
1971). If both vacancies and interstitial atoms accumulate
in the solid, with a spatially-even concentration
distribution, then concentrations of 0.01-0.02 are close
to the nthrrmal rprnimWrtatwrt limit, where each new
defect that was created would recombine instantaneously

with an existing point defect. Several mechanisms
have been proposed for obtaining high point-defect
concentrations. Pedraza (1986, 1987, 1990a, b) and
Pedraza and Mansur (1986) propose that the
recombination limit can be circumvented if a locally
favorable chemical environment stabilizes Frenkel pairs
against recombination by forming defect complexes. If
these complexes have binding energies of -0.7 eV, then
a large enough concentration of point defects can be
obtained to produce amorphization. This model was
used by the above authors to explain the amorphization
of LI2 (cP4) Zr3Al and B2 (cP2) NiTi under various
irradiation conditions.

If only one type of defect accumulates in the lattice,
the recombination limit does not apply. This can occur
whenever there is a preferential elimination of one type
of point defect at sinks because of a bias OT because only
one point defect is mobiJe. For example, Simonen (1986)
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0.00 0.05 0.10 0.15 0.20 0.25

Displacement dose (DPA)

Figure 25. The effect of Frenkel-pair introduction in NiZr2. The composite figure shows the changes in the [00 1] atom
projections, calculated [00 1] diffraction patterns, energy increase per atom (AE/N), volume expansion (AK/K), and shear
elastic constants of NiZr2 for various displacement doses. The damage levels corresponding to the [001] diffraction patterns
and atom projections are indicated by arrows. (From Devanathan el al., 1993c; Devanathan, 1993)

calculated the accumulation rate of vacancies when
mobile interstitials annihilate at dislocations, and found
that a vacancy concentration of 0.01 could be reached
in the observed amorphization time for an interstitial
migration energy of 1.0 eV. Also, as mentioned in Section
4.1, the amorphization of Zr(Cr,Fe)2 precipitates in
Zircaloy during electron irradiation could be explained
by the build-up of the necessary concentration of one
type of defect owing to preferential absorption of the
other defect at a free surface. Hence there are definitely
instances where sufficient concentrations of point
defects can be built-up to the level required for
amorphization to be kinetically feasible, even under
electron irradiation where isolated Frenkel pairs are
produced. In situations where relatively dense collision
cascades are produced during the irradiation, the
recombination limit docs not apply, as very high defect
concentrations can be achieved locally in the core of a

collapsed cascade or after cascade superposition.
Amorphization of Zr3Fe during ion irradiation is a
good example, as discussed in Section 4.1.

A generalization of the Lindemann (l?10) melting
criterion, developed for an ideal crystal, has been used
to develop a thermodynamic description of solid-state
amorphization as a disorder-induced melting process
(see, for example, Okamoto and Meshii, 1990; Lam et
al., 1993; Xu et al. 1993). On the basis of this generalized
melting criterion, a crystal can be destabilized when the
total mean-square atomic displacement </4> exceeds the
critical value </£>, i.e.

(21)

where <^ib> and <ji2
sli) are the thermal and static

components, respectively, of the mean-square atomic
displacement. For isobaric heating of a perfect crystal,
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is identical to <nlit} (where </tJib>
l/4 is the root-

mean-square amplitude of thermal vibrations); whereas
for isothermal disorder (chemical disorder, Frenkel
pairs, etc.), </4a> is the dominant component. Also,
according to the generalized melting criterion, the Debye
temperature 0 and the average shear elastic constant G
can be related to </tT> by

(22)

where the subscripts d and c denote values for the
defective and perfect crystals, respectively. Mechanical
melting occurs when <i4>~><Mcr)

 s u c n that 6d^0 and
Gd -* 0. However, Gd does not vanish during
amorphization in the solid state because the crystalline-
to-amorphous transformation becomes favorable before
<J4> reaches </£}, i.e. when (fy equals {ify, where </£>'
denotes the value of (n%) at the transition from the
crystalline to the amorphous state. This corresponds to
a critical state of disorder when the Debye temperature
and average shear elastic constant of the defective crystal
become equal to the corresponding quantities of the
amorphous state.

The results of molecular-dynamics calculations on
NiZr, NiZr2, Ni3Zr, NiTi, FeTi, Cu4Ti3, CuTi, and
CuTi2, and comparison with experimental data, are
given by Devanathan (1993), Devanathan et al.
(1993a,b,c), Lam et al. (1993), and Xu et al. (1993) as
evidence in support of the generalized melting criterion
for amorphization. For example, Lam et al. (1993) have
performed detailed molecular-dynamics studies of the
irradiation-induced crystalline-to-amorphous transition
for ordered intermetallic compounds in the Cu-Ti
system. The effect of irradiation was simulated by the
generation of Frenkel pairs, which resulted in both the
formation of stable point defects and chemical disorder
upon recombination. The thermodynamic, structural,
and mechanical responses of the compounds during
irradiation were determined by monitoring changes in
the system potential energy, volume expansion, pair-
correlation function, diffraction patterns, and elastic
constants. It was found that the intermetallics Cu4Ti3

(a complicated Frank-Kasper-type structure, consisting
of seven stacked body-centered tetragonal sublattices),
Bll (tP4) CuTi, and Cllb (tI6) CuTi2 could be rendered
amorphous by the creation of Frenkel pairs, but Dla

(tllO) Cu4Ti could not. This was consistent with electron
irradiation results. However, the simulations showed
that Cu4Ti did become amorphous when clusters of
Frenkel pairs were introduced, indicating that this
compound may be susceptible to amorphization by
heavy-ion or neutron irradiation. Xu et al. (1993) have

performed electron irradiations of various compounds
in the Ni-Zr system. The critical dose required for
amorphization increased in going from C16 (til2)
NiZr2 -> Bf (oC8) NiZr - Ni3Zr for all irradiations in
the range 10-200 K. The difference in enthalpy between
the amorphous and crystalline states of these
compounds, which was estimated from the Debye
temperature ratio between the amorphous and crystalline
states of each compound, also increased from
NiZr2 -• NiZr -* Ni3Zr. There was a large difference in
the critical temperature of the three compounds, thus
suggesting that the mobility of the point defects that
are responsible for restoring the chemical order is
substantially different for these compounds.

On the basis of a molecular-dynamics computer
simulation of Cl lb (tI6) Cutl2, Kulp et al. (1993) argue
that the thermodynamic properties of volume and total
energy cannot be generally used as criteria for
amorphization. They claim that the thermodynamic
properties do not give a unique value for the glassy
state but change as the system relaxes to the local
minimum. However, Kulp et al. (1993) show that average
atomic shear strain and its fourth-order cumulant are
independent of the history of the glass, and suggest that
the atomic-level shear stresses are effective parameters
to describe amorphization. In particular, they claim that
the irradiation-damage threshold for complete
amorphization can be determined from the magnitude
and distribution of the shear stresses. It was also pointed
out that atomic-level stresses have been successfully used
in predicting the composition limit of metallic alloys for
glass formation by quenching (Egami and Waseda,
1984) as well as the glass-transition temperature (Chen
et al., 1988; Egami and Srolovitz, 1982). The study by
Luzzi (1991) is relevant to the arguments presented
above. TEM evidence for directional structural
disordering prior to complete amorphization of Cu4Ti3
(Frank-Kasper type structure) was found. The results
indicated a significant anisotropy in the response of the
material to irradiation, and a model based on local
rotations of clusters of atoms within a partially
chemically distorted matrix was developed.

A percolation model for amorphization has been
proposed by Massobrio and Pontikis (1992), based on
an analysis of results for C16 (tI12) NiZr2 in which
large elastic relaxations of the lattice were found to
affect the neighboring atoms of the antisite defects (the
second-nearest neighbors were displaced —13% from the
equilibrium positions in the lattice). It was proposed that
the large elastic softening, occurring at the boundary
separating the crystalline areas from the amorphous
regions, may be related to the percolation of the
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disordered regions around the antisite defects. Further
molecular-dynamics simulations of damage in (C16)
NiZr2 as well as (LI2) Cu3Au were performed by Rosato
and Massobrio (1993). These results also support a model
in which the elastic softening of the C" shear modulus
(V2(Cn-Cl2)) initiates the onset of the crystalline-to-
amorphous transformation, which begins when the long-
range order parameter S reaches a critical value. At this
value of S, the concentration of disordering defects
(which may be antisite defects, Frenkel pairs or interstitial
atoms) corresponds to a threshold for the percolation
of the strained regions around the defects. Upon further
introduction of defects, the system tends to restore its
elastic behavior while complete amorphization occurs.
They found that, under isobaric conditions, the overall
process was accompanied by a critical dilation of 2%, but
they state that volume expansion alone cannot be
considered as either a necessary or a sufficient pre-
requisite for the crystalline-to-amorphous transformation
to occur.

A more general formalism for establishing criteria for
the stability of alloy phases during irradiation has been
developed by Bellon and Martin (1988a, b) and Martin
et al. (1993). This method involves describing the time
evolution of the system configuration at the atomistic
level and developing a master equation for the probability
distribution of various configurations during irradiation.
Concentrated alloys under irradiation are modelled as
a collection of atoms that exchange lattice sites
according to two mechanisms acting in parallel:
thermally activated jumps of point defects and forced
jumps imposed by the replacement collisions or atomic
core mixing. The relative stability of the steady-state
configurations is described by a stochastic potential.
This potential plays a role similar to the free-energy
function in classical thermodynamics. Dynamical-
equilibrium phase diagrams can then be computed at
various degrees of sophistication (point, pair or eventually
higher-order approximations). Orders-disorder trans-
formations in Dla (tllO) Ni4Mo XBellpn and Martin,
1988a, b) and in the B2 (cP2) structure (Bellon and Martin,
1989) have been analyzed using this model. Some of the
features predicted by the model are as follows:

• The existence of a temperature limit above which the
disordered phase cannot be obtained.

• A shift in the phase boundary toward the spinodal
ordering line due to the nature of the displacements
produced in collision cascades.

• The possible existence (as observed in Ni4Mo) of an
intermediate temperature range where the structure,
which is stabilized by the irradiation, depends on the
bistability of the initial state.

Evolution during irradiation of precipitate morphology
as well as various modes of dissolution of ordered
precipitates during irradiation have also been described
by the model.

In principle, various other aspects of phase stability
during irradiation, including the cyrstalline-to-
amorphous transformation, could be analyzed using the
model of Bellon and Martin (1988a, b) and Martin et
al. (1993).

The irradiation damage considered hitherto has
resulted from energy transfers from the incident
projectile (MeV electrons, KeV to MeV ions, and
thermal and fast neutrons) to the target atoms that are
almost entirely attributable to nuclear elastic collisions.
However, specific damage events can also result from
high levels of energy deposition (;> KeV/nm) in
electronic excitation in various materials, including
intermetallic compounds irradiated with GeV heavy
ions. For example, at high electronic excitation levels
(~ 50 KeV/nm) as produced during ~ 800 MeV Pb and
U ion bombardment of NiZr2 and the monoclinic
phase of NiTi, cylindrical amorphous tracks parallel to
the ion beam direction have been observed (Barbu et
al. 1991; Dunlop et al., 1993). Also, above a threshold
for electronic energy deposition of ~ 10 KeV/nm, an
anisotropic growth of amorphous metal alloys was
observed during irradiation with heavy ions having
energies of a few hundred MeV (Klaumunzer et al.,
1982; Klaumunzer, 1991; Audouard et al., 1988;
Audouard et al., 1989; Benyagoub and Klaumunzer,
1993; Dunlop et al. 1993; Garrido et al., 1993). This
growth consisted of a large macroscopic deformation
(up to ~ 10%) of the sample with shrinkage occurring
along the incident beam direction and expansion in the
perpendicular directions, but with no detectable volume
change. Modifications of local disorder by heavy ion
bombardment (I6O to 238U ions at energies of 0.1 to
3.8 GeV) were also observed by Dimitrov et al. (1993)
in austenitic Fe-Cr-Ni alloys. The damage resulted
from a combination of defect production and atomic
disordering, and was dependent upon the magnitude of
the electronic stopping power.

Two principal models have been proposed to explain
how the energy lost in electronic excitation can be
transferred to the lattice and induce atomic displace-
ments. The thermal spike model considers that the
kinetic energy acquired by the excited phonons is
transferred to the lattice by electron-phonon interactions
and leads locally to an increase in the lattice temperature
and a possible melting followed by a rapid quenching
(Szenes, 1992; Toulemonde et al., 1992; DufOUT etal.,
1993). The Coulomb explosion model considers that the
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potential energy of the ionized atoms is directly
converted into atomic motion due to repulsive Coulomb
interactions (Fleischer et al., 1965; Lesueur and Dunlop,
1993). This conversion is limited by the lifetime of the
space charge and hence is controlled by the response
time of the free electron gas in a metal or in an
intermetallic compound. Furthermore, Lesueur and
Dunlop (1993) suggest that a shock wave could be
generated and this might produce a phase
transformation in those materials that exist in various
allotropic forms in the pressure-temperature phase
diagram. Also, the existence of soft phonon modes may
induce large amplitude atomic displacements even with
small energy excitations; such induced dynamical
disorder creates favourable conditions for defect
formation (Dunlop et al., 1991).
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Addendum

Irradiation-Induced Amorphization

It has also been observed from ТЕМ studies that
heavy-ion i40Ar and 209Bi) and electron irradiations
resulted in the crystalline phases of Zr^Fe (body-
centered tetragonal, С 16(tl 12) structure and ZrFe2

(cubic Laves structure, C15 (cF24)) being converted
to the amorphous state (Howe et al., 1994, 1995, 1996;
Howe and Phillips, 1999; Motta et al., 1995; Faldowski
et al., 1996a). ТЕМ observations on Zr2Fe and ZrFe2

that had been bombarded at 35-40 К with 15-350 keV
209Bi ions to low fluences (1СИ1—1012 ions cm~2) also
revealed the presence of discrete amorphous regions
within the individual collision cascades (Howe et al,
1995). Consistent with the results described previously
for Zr3Fe, low energy (15-30 keV) Bi ion implants in
Zr2Fe and ZrFe2 resulted predominantly in single
isolated damaged regions within each cascade. With
increasing ion-implant energies (decreasing values of

в„), there was an increasing tendency for multiple
damaged regions to form within a main cascade. The
average number nx of multiple damaged regions
increased steadily from ~1 at 15 keV to 3.0-3.2 at
350 keV, for Zr2Fe and ZrFe2. Shown in Figure 26 is
the fraction F of the theoretical collision-cascade
volume that was occupied on average by the visible
multiple damaged regions comprising a cascade. The
results show that F decreases rapidly with increasing
ion energy (decreasing 0„ values) for Zr2Fe, Zr3Fe and
ZrFe^. For example, F decreased from ~0.6-0.9 to
~ 0.02-0.03 as the 209Bi ion energy increased from 15
to 120 keV and F was only ~ 0.002-0.003 at 350 keV.
The F values at each 209Bi ion energy were appreciably
larger for ZrFe2 than for either Zr2Fe or Zr3Fe. This is
consistent with the larger 0V values for ZrFe2 relative to
Zr2Fe or Zr3Fe at each 209Bi ion energy (see Table 1).
From the above studies on Zr2Fe, Zr3Fe and ZrFe2,
Howe et al. (1995) concluded that during heavy-ion
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Figure 26. The fraction F of the theoretical collision-cascade volume that was occupied on average by the visible multiple
damage regions comprising a cascade in Zr2Fe, Zr3Fe and ZrFe2, as a function of the incident ^Bi ion energy (from Howe et al.,
1995)

irradiation of these intermetallic compounds amorphi-
zation can occur in two ways: either directly in the
heavily-damaged core regions of the individual cas-
cades, or during cascade overlap where in the
peripheral regions disorder reaches a critical level,

Table 1. Theoretical values of the average deposited-energy
density 0, in collision cascades produced in Zr2Fe, Zr3Fe and
ZrFe2 by ^Bi ion bombardments at various energies

E (keV)

15
30
45
60
90
120
250
350

Zr3Fe

4.09
1.99
1.30
0.94
0.60
0.43
0.17
0.11

0, (eV/atom)

Zr2Fe

4.04
1.96
1.29
0.94
0.60
0.42
0.17
0.11

ZrFe2

6.29
3.02
1.96
1.40
0.88
0.63
0.25
0.16

thus enabling the crystalline-to-amorphous transfor-
mation to occur.

Studies of the temperature dependence of the dose
required to cause amorphization have also been
performed for ^Ar-ion irradiations of Zr3Fe (Howe
et al., 1991, 1992, 1993, 1994), and these results are
shown in Figure 27, along with the results of the
electron irradiations of Zr3Fe (see Figure 22 from
Howe, this chapter). Consistent with the electron
irradiation results, where the dose-to-amorphization
rapidly increased from 160-220 K, the ion bombard-
ment results showed that in the region 160-220 K there
is a step in the dose-to-amorphization curve, followed
by a plateau region extending up to about 450 K. In
the temperature range 160-280 K there was a pro-
nounced dose rate (flux) effect for the ion irradiated
case (Howe et al., 1992), similar to the effect observed
for the electron irradiations (Motta et al., 1993b,
1999). As shown in Figure 27, the critical temperature
for the amorphization of Zr3Fe by '"'Ar ion irradiation
was 570-600 K (i.e. Zr3Fe could not be rendered
amorphous during '"'Ar-ion irradiation above this
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temperature), whereas the critical temperature for
amdrphization of Zr3Fe by electron irradiation was
about 220 K. The difference between the ion and
electron irradiations results from the fact that ion
irradiation produces displacement cascades, while
electron irradiation produces isolated Fre'nkel pairs.
Within the cascades, the density of damage is quite
high and amorphization can then occur either directly
in an individual cascade or upon cascade overlap. As
the irradiation temperature increases, annealing pro-
cesses are activated that offset the production of
damage. When annealing reduces the effective damage
rate without overwhelming it, a 'step' appears in the
dose-to-amorphization vs temperature curve, decreas-
ing the dose-to-amorphization at that temperature.
The temperature at which the activated annealing
process completely overwhelms damage production is
the critical temperature, and amorphization is no
longer possible above that temperature. It follows

then that a lower damage rate is offset at a lower
temperature than is a higher damage rate. This implies
different critical temperatures for different damage
rates.

Studies have also been undertaken to determine the
energy dependence of the dose-to-amophization during
electron irradiation of Zr3Fe, Zr2Fe and ZrCr2 at 23-30 K
(Motta et al., 1994; Faldowski et al., 1996b; Howe et al.,
1996). Samples from these alloys were irradiated in the
HVEM at Argonne National Laboratory at energies
from 200 to 900 keV. The irradiations were performed at
very low temperatures (23-30 K) in order to eliminate
any dose-rate effects on the dose-to-amorphization.
Amorphization occurred in these alloys at energies
from 900 down to ~300keV. The results for the three
alloys are shown in Figure 28. Three distinct regions can
be observed in Figure 28. Between 900 and ~700keV
amorphization occurred at the lowest dose, which was
relatively constant. A higher plateau of dose-to-amor-
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Figure 28. Dose-to-amorphization for Zr3Fe (for two different samples), Zr2Fe and ZrCr2 at 23-30 K as a function of the
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phization was then present: at 500-600 K for Zr3Fe,
400-500 K for Zr2Fe and 550-600 K for ZrCr2. Finally,
there was a sharp increase in the dose-to-amorphization
at energies below that plateau region.

The results of the energy, dependence experiments
can be analyzed in terms of a composite displacement
cross-section dominated at high energies (~ 700-
900 keV) by displacements of Zr and Fe (or Cr)
atoms, by displacements of Fe (or Cr) at intermediate
energies (~ 400-600 keV) and by secondary displace-
ments of lattice atoms by recoil impurities at low
energies (below 400 keV).

For these low temperature electron irradiations
performed on Zr3Fe, Zr2Fe and ZrFe2, annealing of
the irradiation-produced defects is not a factor, and
therefore there is no dose-rate effect, as observed
experimentally. Amorphization occurs when the dose-
to-amorphization is equal to the critical dose Z)crit, i.e.

at a constant DPA, which is specific for each
intermetallic compound. Consequently, for each elec-
tron energy E at amorphization:

D{E) = {Ed, E) = Dcrii,

(23)

where £>(£) is the dose-to-amorphization, <j> is the
electron flux, fam is the measured time-to-amorphiza-
tion, JCJ is the concentration of element i, a'd {Bd, E) is
the displacement cross-section, Ed is the displacement
threshold energy and Dctit is the critical dose for
amorphization. Equation (23) states that when we
multiply the values of the dose-to-amorphization as a
function of energy (as given in Figure 28, for example)
by the weighted displacement cross section (obtained
from the tabulations by Oen, 1973), the result should
be independent of energy. Since the values from Oen's
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tables are dependent on the displacement energy, it is
possible to find the set of displacement energies that
best fits the experimental data.

As mentioned above, displacements can also occur
by a secondary-displacement mechanism, mediated by
light element impurities. Forward-elastic-recoil mea- ^241
surements (Howe et al., 1996) show that O is the major
light element impurity in the zirconium intermetallic
compounds used in this investigation. Hence, if the where ufrfi?(Cr) is the number of displacements in the
displacements produced by a secondary-displacement Zr.FefCr) lattices caused by each O displacement,
mechanism are also taken into account then: (uo Cr) was taken to be 1.)
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Using the appropriate values of x^ and JcFe(Cr) for
each of the major alloying elements (i.e. Zr, Fe, or Cr),
as well as the value of x0 for the light element impurity
O, the displacement threshold energies can be
obtained. The specific xo values used for Zr3Fe (sample
A), Zr3Fe (sample B), Zr2Fe and ZrCr2 were 0.03, 0.01,
0.02 and 0.025, respectively. Equation (24) was used to
fit the data by minimizing the least squares deviation
from the horizontal. The results of the analysis are
shown in Figure 29.

The specific values obtained for the displacement-
threshold energies were as follows:

(1) Zr3Fe (an orthorhombic phase):
Ef = 26 eV, EF

d
e = 18 eV and E°d = 12 eV

(2) Zr2Fe (a tetragonal phase):
Ef = 25 eV, EF

d
e = 27 eV and E°d = 8 eV

(3) ZrCr2 (a cubic Laves phase):
Ef = 22 eV, E% = 23 eV and E°d = 4 eV.

The method used above for determining the displace-
ment-threshold energies for the constituent atoms in
Zr3Fe, ZrCr2 and ZrFe2 is generally applicable to any
intermetallic compound that undergoes a transition
from the crystalline-to-amorphous state during low
temperature electron irradiation. It is, therefore,
complementary to other experimental methods
employed for determining displacement-threshold
energies in intermetallic compounds, such as the
changes in electrical resistivity (Alamo et al, 1986;
Rullier-Albenque and Senateur, 1986) and in the
critical temperature for transition from the super-
conducting to the normal state in A15 compounds like
Nb3Ge or V3Si (Rullier-Albenque and Senateur, 1986).
Molecular-dynamics calculations have also been used

for determining displacement-threshold energies along
specific directions in intermetallic compounds such as
Ni3Al (Caro et al., 1990) and CuTi (Zhu et al., 1992).
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