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Radiation-induced amorphization of ordered intermetallic compounds CuTi, CuTiz, and Cu4Ti3.
A molecular-dynamics study
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Solid-state amorphization resulting from the introduction of chemical disorder and point defects
in the ordered intermetallic compounds CuTi, CuTi2, and Cu4Ti3 was investigated, with use of the
isobaric-isothermal molecular-dynamics method in conjunction with embedded-atom potentials.
Antisite defects were produced by randomly exchanging Cu and Ti atoms, and vacancies and inter-
stitials were created by removing atoms at random from their normal sites and inserting atoms at
random positions in the lattice, respectively. The potential energy, volume expansion, and pair-
correlation function were calculated as functions of the numbers of atom exchanges and point de-

fects. The results indicated that, although both chemical disordering and point-defect introduction
increased the system energy and volume, the presence of point defects was essential to trigger the
crystalline-to-amorphous transition. By comparing the pair-correlation function calculated after
the introduction of point defects with that of the quenched liquid alloy, the critical damage dose (in

dpa, displacements per atom) for amorphization was estimated for each compound: -0.7 dpa for
CuTi, -0.5 dpa for CuTi2, and -0.6 dpa for Cu4Ti, . At the onset of amorphization, the volume

expansions were found to be —1.9%, —3.7%, and —1.7% for these respective compounds. In
general, the results obtained in the present work are in good agreement with experimental observa-
tions.

I. INTRODUCTION

It has been known for some time that a number of
crystalline materials can be rendered amorphous by irra-
diation at low temperatures. ' The amorphous phase
was observed in ion-implanted alloys, ion-mixed thin
films, and regions irradiated by energetic electrons inside
a high-voltage electron microscope. The tendency of a
metallic alloy towards amorphization during irradiation
has been correlated with its narrow compositional range,
the difference in crystal structure of the alloy com-
ponents, the complex crystal structure of the alloy in the
unirradiated state, the position of the alloying elements
in the periodic table, ' and the high-ordering energy of
the compound. Ultimately, however, the physical basis
for the destabilization of the irradiated crystalline phase
is related to an increase in the free energy induced by ir-
radiation. Such an energy increase can be stored in the
lattice in the form of severe chemical disorder ' ' or
high defect concentrations. '

In experiments, the degree of chemical disorder is
characterized by measuring the Brag g-Williams long-
range order parameter S, which has values between 1 and
0, corresponding to the perfectly ordered and random
states of the alloy, respectively. Luzzi et a/. ' ' mea-
sured the minimum value of S, S;„,achievable during
electron irradiation at various temperatures and found a
sharp increase in S;„around 270 K in the intermetallic
compounds CuTi2 (Ref. 9) and Cu&Ti3. ' Below this
critical temperature, significant chemical disorder was
observed during irradiation, whereas above this tempera-

ture the attainable degree of chemical disordering was
drastically reduced and secondary defects were created in
the sample. The critical temperature for chemical disor-
dering was found to coincide with that for amorphiza-
tion. These observations led Luzzi et al. to suggest that
chemical disordering plays a major role as an energy
storage mechanism prior to the crystalline-to-amorphous
(c-a) transition. ' ' Recently, amorphization by the in-
troduction of chemical disorder was also simulated by
Massobrio, Pontikis, and Martin' using molecular dy-
namics in conjunction with a tight-binding potential de-
rived for the crystalline compound NiZr2. The pair-
distribution functions g(r) were calculated for various
long-range order parameters. Based on the response of
g (r) to changes in S, Massobrio, Pontikis, and Martin'
concluded that amorphization occurred when S de-
creased to values less than or approximately equal to 0.6.

In many other studies, however, point-defect models
have been proposed, based on the concept that the pri-
mary mode of energy storage arises from the accumula-
tion of point defects. '" ' The idea that the material
becomes amorphous when the defect concentration
exceeds a critical value was first advanced by Swanson,
Parsons, and Hoelke. ' They estimated a critical concen-
tration of approximately 0.02 —0.04 site fraction. Mori,
Fujita, and Fujita" observed that amorphous zones were
formed as small islands along dislocation lines in
electron-irradiated NiTi. Arguing that, since interstitials
preferentially annihilate at dislocations, enrichment of
vacancies occurs in the regions surrounding dislocations,
Mori, Fujita, and Fujita suggested a model for the c-a
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transition based on the accumulation of vacancies exceed-
ing a critical concentration. Limoge and Barbu, ' on the
other hand, emphasized the importance of interstitials in
the amorphization process, pointing out that in some or-
dered compounds, like FeA1 and NiA1, very high concen-
trations of structural vacancies exist, but only cause devi-
ations from stoichiometry, not amorphization. These au-
thors attributed the existence of a critical temperature for
amorphization to the onset of migration of interstitials
whose mobility was reported to be significantly reduced
in many alloys. ' Subsequently, Simonen modeled
the amorphization kinetics in NiTi under electron irradi-
ation and found that an interstitial migration energy of
approximately 1.0 eV was necessary in order to rational-
ize the observed c-a transition. Another point-defect
model was proposed by Pedraza, based on the formation
of strongly bound vacancy-interstitial complexes which
are stabilized by short-range chemical ordering. Model
calculations performed by Pedraza for the kinetics of
amorphization in NiTi indicated that good agreement
with experiment was obtained if the complex binding en-
ergy was between 0.7 and 1.0 eV. Finally, in a recent
study of electron irradiation-induced c-a transition of
precipitates in Zircaloy, Motta, Olander, and Machiels
used a kinetic model that includes the contributions of
both chemical disordering and accumulation of point de-
fects (mainly vacancies) and found that these contribu-
tions were equivalent. Also, with reasonable choice of
physical parameters for point-defect and ordering ener-
gies, the temperature and dose rate dependence of the
critical dose for amorphization could be explained by
model calculations.

Amorphization induced by electron irradiation
represents the simplest case of c-a transitions to study,
both experimentally and theoretically, because only
Frenkel pairs are involved; concepts like thermal spike,
local melting, or quenching can be safely excluded.
Despite this simplicity, however, there is a drawback in
the experimental investigation, since it is difficult to
unambiguously determine which mechanism, chemical
disordering or point-defect creation, is dominant in in-
ducing amorphization. This is due to the fact that the in-
cident electrons generate lattice defects which also result
in chemical disorder and volume expansion, both of
which are always observed to occur prior to the c-a tran-
sition. Because of this experimental drawback, several
molecular-dynamics studies have been carried out in re-
cent years. In computer simulations, one can easily in-
duce chemical disorder or vary the system volume
without introducing point defects, and thus the individu-
al effects of these mechanisms can be determined. Unfor-
tunately, due to the lack of appropriate interatomic po-
tentials for alloys, most of these simulations have so far
been performed on monatomic solids. In addition, the
evidence to date from computer simulations is neverthe-
less conAicting. For example, studies of amorphization
by the introduction of Frenkel pairs' ' and of intersti-
tials alone' ' in pure fcc systems have suggested that
point defects were sufficient to induce the c-a transition,
even though it is known that pure fcc metals cannot be
amorphized in the laboratory. Hsieh and Yip simulated

II. SIMULATIQN PRQCEDURE

A. Molecular-dynamics model

The primary atomistic simulation technique used in
the present work was an isothermal, isobaric molecular
dynamics scheme modified from the computer code
DYNAMo. The model lattices are illustrated in Fig. 1.
The model system that represents the y-phase CuTi com-
pound has a B11 structure and contains 576 atoms,
equally divided between Cu and Ti ~ For the ordered
compound CuTiz, a microcrystallite of the C15b struc-
ture, containing 882 atoms, was used. The crystal struc-
ture of Cu4 Ti3 is more complicated; it is a Frank-
Kasper-type structure, consisting of seven stacked body-
centered-tetragonal sublattices. The model lattice of
Cu4Ti3 contains 504 atoms. The interactions between
atoms in the system were governed by appropriate poten-
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FIG. 1. Crystal structures of CuTi, CuTi2, and Cu4Ti3.

the effect of interstitial insertion on the destabilization of
an A 3B ordered lattice with Lennard-Jones potentials
and concluded that chemical disordering played a dom-
inant role in the amorphization process, in agreement
with the simulation result for NiZr2 by Massobrio, Pon-
tikis, and Martin. '

In the present work, molecular-dynamics simulations
have been performed to study the mechanisms of
radiation-induced amorphization in the three ordered
compounds CuTi, CuTiz, and Cu4Ti3, for which realistic
interatomic potentials could be developed. The relative
significance of chemical disordering and introduction of
lattice defects in triggering the c-a transition was exam-
ined in detail. It is noted that, among the alloys investi-
gated experimentally, the intermetallic compounds of the
Cu-Ti system have been studied most systematically, and
it has been suggested that chemical disordering played a
critical role in amorphization of these compounds
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tials, which we have developed on the basis of the
embedded-atom method (see below). The simulations
were all performed at 160 K and at zero pressure.

The effect of chemical disordering on the structural
stability of the system was investigated by switching
atoms in the lattice. A perfect lattice was equilibrated for
5000 time steps (b, t =2X 10' s) and then every 10 time
steps, a random pair of Cu and Ti atoms was exchanged.
The system configuration, defined by the system edge
lengths and the atom positions and velocities, was period-
ically saved during the exchange process. The
configurations were subsequently allowed to evolve for
6000 time steps, long enough for the volume and energy
to reach equilibrium. To simulate the effect of Frenkel-
pair generation, on the other hand, a randomly selected
atom was removed (creating a vacancy) and then reinsert-
ed at a random position (forming an interstitial) every 10
time steps. To prevent high potential-energy configur-
ations from excessively heating the system or causing nu-
merical instabilities, the interstitial atom was inserted at

0
least 1.5 A from any other atom, and the system was par-
tially relaxed using an efticient energy minimization
scheme. As with the atom exchange, the system
configuration was also saved periodically and subsequent-
ly equilibrated for 6000 time steps in separate runs. The
equilibrated systems were analyzed by comparing their
volumes, total energies, atom-position projections, and
pair-correlation functions g(r) with those of the perfect
lattice.

B. Interatomic potentials

The interatomic potentials for the Cu-Ti system were
developed with the approach of Oh and Johnson, which
is based on the embedded-atom method (EAM). The
potential energy of a system of X atoms is given by

U(rl ' rN) yFk[P(r')1+/@k (ri/)

where r; is the position of atom i, p(r;) is the electron
density at atom i due other atoms in the system, F is the
embedding function, N is the repulsive potential, and r, -

is the distance between atoms i and j. The subscripts k
and I denote the species of atoms i and j, respectively.
The electron density is given by

+ ' [1 (r—jr, k ) ']
c

r r«m dr
c, km

Here z is the ratio of the edge length of the expanded or
compressed perfect lattice to that at zero pressure, and
the electron density is now written as

P (kz)=g fk(zr„),

with the sum over n corresponding to the neighbors of an
atom in the perfect lattice. The energy per atom Ek(z)

30

E/, (z)= E, /, 1+~k(z 1)
1
h k

h
+hk

X exp[ —ak(z —1)],
with the cohesive energy E, k and the constant ak being
given by Rose et al. for particular elements, and hk a
"hardness" factor as described by Oh and Johnson.

The fitting of the potential parameters consisted of two
steps. In the first step, the pure metal properties of Cu
and Ti were fitted, specifying the parameters We kk, ykk,
s, kk, pk, and sd k, where 0=1 or 2 corresponding to Cu
or Ti, respectively. These parameters are listed in Table
I. It is noted that the parameter f, k does not aftect pure
metal properties. For Cu, the properties fitted were the
atomic volume 0, bulk modulus 8, shear modulus G, an-
isotropy ratio A=2C~4/(C» —C,2), relaxed vacancy
formation energy E, , and vacancy migration energy E, .

and an analogous function f' (r). In all cases, X, =20
was used.

The embedding function is chosen such that the equa-
tion of state formulated by Rose et al. and modified by
Oh and Johnson is satisfied for the perfect lattice sub-
ject to compression or expansion. The embedding func-
tion is given by

F/, [pk(z)]=Ek(z) X'kk(z"

p(r, )=g f (r,, ) . (2)
TABLE I. Parameters of the Cu, Ti, and CuTi potentials.

Here r, k is in nm, N, k and E, k are in eV, and all other
quantities are dimensionless.

The functions @ and f have the analytic forms

and

@k (",)=@., k («J«., k

f (r, )=f, exp[ —P (r,, lr, —1)]. (4)

For computational convenience, &bk and f were trun-
cated smoothly at the cutoff radii rc km c km re km

rd =sd r, , respectively, by defining an effective po-
tential '

Parameter

re, km

'V km

Sc km

f («)/f, (»)
Pk
Sdk
hk

Ec, I

Ak

k=m =1

0.255 6
0.845 746
6.039 482
1.933

4.661 134
1.933
2.5
3.54
5.085

k=m =2

0.295
0.293 049
8.816 339
1.66

4.41
1.66
3.2
4.85
4.743

CuTi
k=1, m =2

0.29S
0.453 404
5.748 716
1.SO

1.0
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0

TABLE II. Fitting results for pure Cu and Ti. Here 0 is expressed in A; B, G, C», C», C», C33 and C44 are in Mbar; and E„
and E, are in eV.

Quantity

Q
B
G
C/C'

Cia

C44
Ef
Em

e/a

Experiment

11.81'
138
0.55b

3.19

1.31'
0.76'

CU

Present
work

11.81
1.38
0.59
3.27

1.27
0.71

Ref. 30

11.81
1.38
0.55
3.21

1.31
-0.55

Experiment

17.64'

1.761'
0.868'
0.683'
1.891'
0.508'
1.55

1.587'

T1
Present

work

17.64

1.883
0.768
0.672
1.918
0.454
1.55

1.6113

Ref. 30

17.64

1.835
0.78
0.67
1.992
0.409
1.55

1.6173

'Reference 38.
Reference 39.

'Reference 40.
Reference 41.

'Reference 42.

In the case of Ti, the atomic volume, the elastic con-
stants, c/a, and the relaxed vacancy formation energy
were fitted. The Atted parameters are shown in Table II.
In general, the fit was quite good, with a maximum rela-
tive error of approximately 10%. In addition, the rela-
tive stabilities of fcc, hcp, and bcc structures were
checked for both potentials, and it was found that the fcc
and hcp structures were the most stable for Cu and Ti,
respectively.

In the second step, the structure, the equilibrium atorn-
ic volume, and the heats of formation of CuTi and Cu Tiz
were fitted. This step specified f, „4,,2, y, 2, and s, ,2,
whose values are given in Table I. The above properties
of the compounds were fitted to within approximately
10% for CuTi, as shown in Table III. The Gt to CuTi2
was not quite as good, with deviations of approximately
15%%uo between experimental and fitted values (Table III).
It was found during the fitting that either compound
could individually be Atted exactly, but that some
compromise was necessary in order to achieve a simul-
taneous fit to both. No systematic fitting was performed
for Cu4Ti3 since its heat of formation was not known.

However, the potential derived for CuTi and CuTi2 was
also used for simulation of Cu4Ti3, because this potential
stabilizes the structure and correctly predicts the lattice
constants (a and c) for this compound. The calculated
values of a, equilibrium atomic volume, and heat of for-
mation of Cu4Ti3 are tabulated in Table III.

III. RESULTS AND DISCUSSION

A. Amorphization of CuTi

The changes in the system volume and potential energy
as a result of random atom exchanges are shown in Fig.
2. As the number of exchanges was increased, the system
volume smoothly increased to a value approximately
1.7% larger than that of the perfect lattice, and then de-
creased slightly. Similarly, the energy rapidly increased
to a maximum level before slowly decreasing to a value
corresponding to approximately 0.04 eV/atom higher
than the perfect lattice energy. This gentle decrease has
been observed in all of our simulations of the atom-
exchange effect (see Figs. 6 and 9), and could be attribut-

TABLE III. Results of potential fits to alloys. Here the lattice parameter a is in nm, the atomic
volume 0 is in nm /atom, and the heat of formation AH& is in eV/atom.

CuTi

Quantity Expt. data
Present

work

Cu Ti&

Expt. data
Present

work Expt. data

CU4T13
Present

work

a
Q
AHg

'Reference 38.
Reference 37.

'Reference 43.

0.310 8'
0.014 217'
0.097 4

0.296 1

0.014016
0.106

0.294'
0.015 54'
0.091 9

0.326 0
0.013 472
0.082 8

0.312 54'
0.013 913'

0.305 4
0.013 805
0.107 2
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FIG. 2. Changes in the potential energy and volume of a
576-atom CuTi system as functions of the number of atom ex-
changes or Frenkel pairs. The values calculated for the
quenched CuTi liquid are shown by the horizontal dashed lines.

ed to some structural relaxation. The long-range order
parameter S, defined as S=(p —x )/(1 —x), with p being
the probability of finding an A-type atom ( A = Cu or Ti)
on an ordered lattice site and x the molar fraction of A
atoms in the system, was found to be 0.13 and approxi-
mately 0 after 300 and 600 exchanges (i.e. , 0.521 and
1.042 epa, where epa is exchanges per atom), respectively.
The calculated volume expansion is close to the recent
experimental value observed at the onset of amorphiza-
tion in Zr Al and similar to the values obtained for3

17S~0.6 in NiZr2 by molecular-dynamics simulation.
Nevertheless, amorphization was not found after atom
exchange in the present work. This is evident in a com-
parison of g(r) obtained after 600 exchanges (curve 8)
and g (r) for the perfect lattice (curve A ) in Fig. 3, as well
as in a comparison of the atom projections onto the (100)
plane in Figs. 4(a) and 4(b). Although the random atom
exchange has reduced and even eliminated some of the
peaks observed for the perfect lattice, a definite structure
still remains, indicating that the system was only chemi-
cally disordered. It should be noted that the evolution of
both the Cu-Cu and Ti-Ti pair-correlation functions (not
shown in Fig. 3) is similar to that of the overall g (r).

The effect of nonequilibrium point defects on the
volume and potential energy of the equilibrated system is
also shown in Fig. 2. It is seen that these quantities first
increase rapidly and then slowly approach saturation
values which are significantly larger than those obtained

by simple atom exchanges. The maximum volume expan-
sion of the lattice, achieved after 500 Frenkel pairs (i.e.,
0.868 dpa), is approximately 2.0%, and the correspond-
ing energy increase is approximately 0.06 eV/atom.

The evolution of the structure as the maximum volume
and energy are approached is shown by curves C, D, and
E in Fig. 3, corresponding to g (r) after the introduction
of 250, 300, and 400 Frenkel pairs (i.e. , 0.434, 0.521, and

0 Q C
~ ~ ~ ~ 0 ~

~ ~ ~ ~ ~
0 (D 0 & Q

Q 0 O Q 0 0
~ ~ ~ 0 ~ ~

~ ~ ~ ~ ~ 0
0 0 G O Q 0a o a o o o
~ 0 ~ ~ ~ 0

0 ~ ~ 0 0 ~
0 Q G Q O 0

C) o Q o 0
~ ~ ~ ~ ~ ~

~ ~ e ~ a ~0 e c w 0
(a)

o ~ ~
g ~ 0Ou c~Oa eeoc

Q ~ Q~ %ypQggo0O ~ gee0 QOOOP0 C e ~ 0 Q
Q ~ ~ 0 Q

G IIII W ~ 0Qa o4D&OP
(b)

y, ~wag H
o~e~ e~d a,

O I Q CPb II
Q g ~

(c)

o 4

(e)

FIG. 4. Projections of atom positions onto the (100) plane in
CuTi: (a) for the perfect lattice, (b) after 600 random atom ex-
changes (1.042 epa), (c) after 250 Frenkel pairs (0.434 dpa), (d)
after 300 Frenkel pairs (0.521 dpa), (e) after 400 Frenkel pairs
(0.694 dpa), and (f) for the quenched CuTi liquid from 4000 K.
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FIG. 3. Pair-correlation functions g(r) of the CuTi com-
pound at 160 K. Curve 3 is for the perfect lattice. The other
curves are for configurations after the following treatments: B,
600 random atom exchanges (1.042 epa); C, 250 Frenkel pairs
(0.434 dpa); D, 300 Frenkel pairs (0.521 dpa); E, 400 Frenkel
pairs (0.694 dpa); and F, quenched Cu Ti liquid from 4000 K.
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0.694 dpa), respectively. Curve C is similar to curve B
with a reduction of peak heights, suggesting that
significant chemical disorder is present. Curve D, on the
other hand, more closely resembles curve F for the
quenched liquid, which shows that amorphization is well
under way. Curves E and F are essentially identical, indi-
cating that amorphization is complete. The structural
changes can also be visualized by a sequence of (100)
atom projections shown in Figs. 4(c)—4(f). The critical
damage dose for amorphization (i.e., the damage dose re-
quired to complete the amorphization process) can there-
fore be taken to be approximately 0.7 dpa. The volume
expansion at this dose is approximately 1.9%. The calcu-
lated volume change and critical damage dose for
amorphization are in general agreement with experimen-
tal observations.

In our previous report on amorphization of CuTi, ' it
was not clear why atom exchange and Frenkel pair intro-
duction had similar effects on volume expansion and en-
ergy increase (see Fig. 2). The picture is now clearer with
our recent calculations of the stable configurations and
energetics of point defects in this compound. In CuTi,
the antisite and Frenkel pair formation energies have
been calculated to be 0.38 and 2.79 eV, respectively, im-
plying that the introduction of Frenkel pairs should lead
to a much greater increase in system energy than the
creation of antisite defects. It is seen from Fig. 4(c), how-
ever, that most of the Frenkel pairs recombine, apparent-
ly resulting in the chemical disorder.

To quantify the differences among the pair-correlation
functions g(r) depicted in Fig. 3, we have defined a nor-
malization function G„, which is a measure of the evolu-
tion of g (r) during the c-a transformation. Consider two
functions f, (r) and f2(r ), defined within the interval
[a, b ]. The convolution of these functions over the inter-
val [a,b] is

&f~,f~)„=I f~(r)f2(r)r"dr, (9)
a

where the factor r' may be used to account for, e.g.,
geometry. Now, if we wish to compare a function g(r)
with two functions p (r) and q (r) over the same interval,
the normalization function G, is given by

&g p&. —&q,p&.
)

(10)
n q~p n

In the present work, we used n =0, a =0.2 nm, b =0.9
nm, and the functions p and q were taken to be the pair-
correlation functions of the perfect lattice and the
quenched system, respectively, at T=160 K. For a sys-
tem having g (r) identical to that of the perfect lattice,
6 =1, whereas for a system with g(r) identical to the
quenched system, 6 =0.

In Fig. 5, G is plotted as functions of the number of
atom exchanges or Frenkel pairs. It is seen that 6 de-
creases monotonically when Frenkel pairs are introduced,
reaching zero at a damage dose of 0.7 dpa. With atom
exchange alone, 6 initially decreases at the same rate as
with Frenkel pair creation, but bottoms out at a value of
approximately 0.5. The plots of G in Fig. 5, as well as the
atom projections in Fig. 4, suggest that radiation-induced

1 .0 4'

0.8
rs

0.6

0.4

0.2

0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Exchanges or Frenkel Pairs Per Atom

FIG. 5. Plot of G vs the number of atom exchanges or Frenk-
el pairs normalized to the total number of atoms in the system.

B. Amorphization of CuTi2

Figure 6 summarizes the effects of atom exchange and
Frenkel pair introduction the potential energy and
volume of an 882-atom CuTiz system. As the number of
exchanges was increased, the energy smoothly increased
to a maximum value, which was 0.043 eV/atom higher
than that of the perfect lattice, and then slowly de-
creased. Similarly, the system volume expanded, erst
reaching a maximum 2.95% higher than the perfact-

amorphization in CuTi proceeds in the following two-
step process: (i) chemical disorder is introduced through
point-defect recombination, and then (ii) point defects be-
come stabilized and their populations increase. It is not-
ed that amorphization is only initiated during the second
step.

The results of computer simulations by Massobrio,
Pontikis, and Martin' for amorphization of NiZrz by
chemical disordering are in contradiction with the
present study. In their work, only the effects of atom ex-
change were studied and amorphization was observed for
S +0.6. There are some differences between their work
and the present work: different alloys, different intera-
tomic potentials, and different ways of switching atoms.
In the present study, atom switching was done rather
slowly, allowing enough time between switches for the
system to relax somewhat. In the study by Massabrio,
Pontikis, and Martin' a number of atoms corresponding
to a chosen value of S were exchanged simultaneously,
and the system was then equilibrated. It is conceivable
that this might introduce a large amount of the energy
into the system, perhaps shocking it into the amorphous
transition. Previous simulation studies have indicated
that amorphization depends on defect-introduction rate,
even on the time scales accessible to simulations. ' ' We
checked this possibility by performing 500 random ex-
changes simultaneously and then equilibrating. The re-
sult was, however, the same as with the slow rate of
switching.
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FIG. 7. Projections of atom positions onto the (100) plane of
the CuTi, system: (a) for the perfect lattice; (b) after 1200 ran-
dom atom exchanges (1.36 epa}; (c) after 1200 Frenkel pairs
(1.36 dpa); (d) for G =0.3, run 1 in Fig. 8; (e) for G =0, run 1 in
Fig. 8; and (f) for the quenched CuTi~ liquid from 4000 K.

Exchanges or Frenkel Pairs Per Atom

FIG. 6. Changes in the potential energy, volume, and G of an
882-atom CuTi~ system as functions of the number of atom ex-
changes or Frenkel pairs. The values calculated for the
quenched CuTi~ liquid are shown by the horizontal dashed
lines.

lattice volume after approximately 400 exchanges (i.e.,
0.454 epa), and then relaxing to a slightly smaller value.
The calculated volume expansion was approximately
50% higher than the result obtained for CuTi. However,
as in the case of CuTi, amorphization was not observed
after atom exchange in CuTi2. This is evidenced by com-
paring the (100) atom projections of the perfect lattice
and a lattice after 1200 exchanges (i.e., 1.36 epa), shown
respectively by Figs. 7(a) and 7(b). Although atom ex-
change has introduced complete chemical disorder into
the lattice, a definite structure still remained.

The overall effect of the Frenkel-pair generation on the
CuTi2 system is similar to the effect of random atom ex-
change, as shown in Fig. 6. A comparison of the pair-
correlation functions g (r) (Ref. 36) and the atom projec-
tions, Fig. 7(c) with Figs. 7(b) and 7(f), indicates, howev-
er, that the system has not become amorphous, even after
1200 Frenkel pairs (i.e., 1.36 dpa); its energy and volume
expansion were still below the values calculated for the
quenched CuTi2 liquid. This behavior is different from
the cases of CuTi and Cu~Ti3 (see Sec. III C), and contra-
dicts the experimental observation that CuTi2 can be
amorphized by electron irradiation.

Looking at Fig. 6, however, we notice that a larger
buildup of defect concentration would be necessary to
boost the potential energy to above the quenched-liquid
level. This excess buildup was not possible if vacancies
and interstitials were produced in pairs in a small

volume, due to their mutual recombination. Thus, if, by
some means, mutual recombination can be made less
eScient, an increase in the defect accumulation will be
achieved, which may then trigger the c-a transition. To
explore this, we tried different approaches to generate
point defects in the system. A simple way to increase the
population of defects, either vacancies or interstitials, in
our model crystallite, was to introduce them individually,
one after the other. The following scheme was chosen to
randomly select the order in which the defects were to be
created in the system. Consider a system initially consist-
ing X atoms of type j, with g X =X; let the instantane-
ous values be n, with g, n =n Altho. ugh we expect the
total number of atoms n to fluctuate, on the average it
should tend toward X. Thus the probability of introduc-
ing a vacancy (interstitial) should increase (decrease) with
increasing n In addition. , the probability P, (n ) of pro-
ducing a vacancy at a type-j site should be proportional
to n . These constraints are satisfied if we let

n.
P„(n )=

2iV. —n-
P;(n, )= (12)

The disadvantage of introducing individual point de-
fects instead of Frenkel pairs is the variability among
computer runs because the total number of atoms in the
system fluctuates. Consequently, the energy change and
volume expansion as a result of point-defect introduction

On the other hand, the probability P, (n ) of introducing
an interstitial of type j should satisfy the conditions
P, (n =N )=P, (n, =X ) and g. [P, (n, )+P;(n, )j=l,
which hold if we let
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are not well defined. However, this approach should per-
mit a reasonable simulation of the physical situation,
since in reality the vacancies and interstitials are not
necessarily present in equal numbers in a given small, lo-
cal volume of the irradiated specimen, due to, e.g. , long-
range replacement collision sequences and preferential
annihilation of vacancies or interstitials at internal sinks.

The results obtained from three different runs are
shown in Fig. 8, where G and (n —N)/N are plotted
versus the number of point defects introduced. The posi-
tive and negative values of (n N)/N -correspond to the net
accumulation of interstitials and vacancies, respectively,
in the system. (Near the onset of amorphization, the con-
cepts of interstitial and vacancy become ill defined; there-
fore, at this stage, interstitial and vacancy simply mean
n )N and n (N, respectively. ) Generally, in all three
runs, G decreased from 1 to 0, indicating that CuTi2
could be amorphized by the production of point defects.
Moreover, a correlation between the buildup of intersti-
tial concentration and the amorphization rate was ob-
served. In run 1, for example, as the concentration of in-
terstitials first increased to approximately 5% and then
decreased to 0, G dropped steadily, attaining approxi-
mately 0 at a damage dose of approximately 0.5 dpa.
Two typical (100) atom projections made for G =0.3 and
0 are presented in Figs. 7(d) and 7(e). The critical dose
for amorphization was found to be larger for a smaller in-

1.0 II
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FICz. 8. Plots of G and (n-X)/N vs the relative number of va-
cancies and interstitials introduced in the CuTi2 system. Three
different runs were carried out.

terstitial accumulation. The results of run 3 (Fig. 8) indi-
cated that a strong buildup of vacancies simply led to
chemical disordering, with G Auctuating around 0.35,
and that the tendency towards amorphization became
stronger (i.e., G resumed to decrease to zero) only when
there was a net buildup of interstitials.

Another way to increase the effective concentration of
interstitials is to introduce several Frenkel pairs simul-
taneously so as to facilitate interstitial clustering. Indeed,
it was found that by simultaneous creation of two Frenk-
el pairs in each defect-production event, the c-a transition
could be triggered. In this case, the onset of amorphi-
zation occurred at a damage dose of approximately 0.45
dpa, at which the system volume was expanded by
3.66%.

The present simulation thus shows that CuTi2 can be
amorphized by the introduction of point defects, but
amorphization occurs only if there exists a large accumu-
lation of interstitials. The fact that the c-a phase transi-
tion has been observed in CuTi2 (Ref. 9) would suggest
that interstitial clustering is strong and/or the
interstitial-vacancy recombination is relatively inefficient
in this compound.

Experimentally, Luzzi et al. found that amorphiza-
tion in the ordered CuTi2 undergoing 2-MeV electron ir-
radiation was complete after 0.42 dpa at 183 K and 0.9
dpa and 263 K. Prior to the completion of this transi-
tion, the long-range order parameter S decreased rapidly
to low values between 0.08 and 0.1. Above a critical tem-
perature of approximately 270 K, amorphization could
not be induced. The calculated damage dose for amorph-
ization by introduction of individual point defects at 160
K (approximately 0.5 dpa) is in general agreement with
the measurements of Luzzi et al.

C. Amorphization of Cu4Ti3

The changes in the potential energy, volume, and G of
the Cu4Ti& system during atom exchange and introduc-
tion of Frenkel pairs are presented in Fig. 9 ~ Similar to
the case of Cu Ti and Cu Ti2, atom exchanges and Frenkel
pairs initially increase the energy and expand the lattice
with the same efficiency, because most vacancies and in-
terstitials mutually recombine. After approximately 200
atom exchanges (i.e., 0.397 epa), however, the effect of ex-
change saturates; after reaching maximum values corre-
sponding to an energy increase of 0.04 eV/atom and a
volume expansion of 1.03%, the potential energy and
volume decrease slightly to lower values. G decreases
rapidly from 1.0 to approximately 0.5 during the first 200
exchanges, and then remains at this level for further atom
exchange. On the contrary, after approximately 200
Frenkel pairs, i.e., 0.4 dpa, point defects continue to
boost the system energy and volume, which attain max-
imum values of 0.059 eV/atom and 1.71% at approxi-
mately 0.6 dpa, exceeding the quenched-liquid limits of
0.058 eV/atom and 1.65%, respectively. At this dose, G
drops to approximately zero, i.e., the c-a transformation
is complete. With further introduction of Frenkel pairs,
both the energy and volume relax to slightly smaller
values, but G is always zero.
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a 504-atom Cu4Ti3 system plotted as functions of the normalized
number of atom exchanges or Frenkel pairs. The values calcu-
lated for the quenched Cu&Ti3 liquid are shown by the horizon-
tal dashed lines.

In the present computer simulation study, it is found
that radiation-induced amorphization of Cu Ti, Cu Ti2 and
Cu4Ti3 occurs as a two-step process: (i) introduction of
chemical disorder via point-defect recombination, fol-
lowed by (ii) stabilization and accumulation of point de-
fects. Although chemical disordering increases the sys-
tem energy and volume, the c-a transition is only initiated
during the second step, i.e., the buildup of point defects is
a necessary factor for amorphization. The calculated
damage doses required to render the ordered compounds
amorphous and the volume expansions at the onset of
amorphization are in good agreement with the experi-
mental results obtained by Luzzi and Meshii. ' How-
ever, the findings that atom exchange alone does not
cause amorphization conAict with the model proposed by
Luzzi and Meshii, who stressed the importance of chem-
ical disordering, based on their observations in electron-
irradiated compounds. It is known, nevertheless, that it
is impossible in experiments to induce chemical disorder
without also generating lattice defects.

Finally, since the introduction of point defects was
found to cause amorphization in the three ordered corn-
pounds Cu Ti, Cu Ti2, and Cu4Ti3, one may ask whether
lattice defects would also cause pure Cu and Ti to become
amorphous. In previous simulation studies, the introduc-
tion of point defects resulted in the amorphization of
pure systems. ' ' ' In the present work, the Frenkel
pair generation process was repeated on pure 500-atom
Cu and 512-atom Ti systems. It was found that even
after 500 Frenkel pairs were introduced, the equilibrated
systems remained crystalline, in complete agreement with
the experimental observation that pure metals cannot be
amorphized by irradiation. These observations do not
necessarily conAict with the earlier simulation studies,
since different simulation temperatures, poten-
tials, ' ' ' and defect-introduction techniques' were
used.
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