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Abstract 

Recent progress in molecular-dynamics studies of radiation-induced crystalline-to-amorphous transition in the 
ordered intermetallic compounds of the Cu-Ti system is discussed. 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 defect 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, 
CuTi and CuTi2 could be rendered amorphous by the creation of Frenkel pairs, but Cu4Ti could not, consistent 
with experimental observations during electron irradiation. 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 bombardment. A generalization of the Lindemann criterion was used 
to develop a thermodynamic description of solid-state amorphization as a disorder-induced melting process. 

1. Introduction 

The crystalline-to-amorphous (c-a) transition induced 
by displacement-producing irradiation takes place in 
many intermetallic compounds. Although several fun- 
damental aspects of the transformation, including the 
nature of the driving force, the order  of transition and 
the transformation mechanism, are not well understood, 
experiments on various ordered intermetallics have 
revealed a number of characteristic features [1, 2]. 
Firstly, for a given type of irradiation, there exists a 
critical temperature above which amorphization cannot 
be induced. The critical dose for amorphization is 
temperature independent  at very low temperatures, but 
rises sharply near the critical temperature.  This tem- 
perature is significantly higher for heavy-ion bombard- 
ment than for electron irradiation [3]. Secondly, during 
irradiation, the long-range order  parameter,  S, drops 
rapidly from 1 (i.e. the value for the perfect lattice), 
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and the volume of the compound expands with increasing 
dose. At the onset of amorphization, S decreases to 
approximately 0.2 [4-6], and the volume expansion 
saturates at values between 2% [5] and 6% [7]. Thirdly, 
in compounds that become amorphous during irradia- 
tion, e.g. Zr3AI, FeTi and Nb3Ir , the velocity of acoustic 
phonons decreases by about 70% when amorphization 
occurs [2]. Since the sound velocity is proportional to 
the square root of the average shear modulus, the latter 
is found to drop by a factor of about 2 [5, 7]. 

Due to its simplicity, electron irradiation-induced 
amorphization has been investigated most systematically 
during recent years ([1, 2] and references therein). 
Experimentally, it was found that most of the amor- 
phizable alloys are high-temperature intermetallic com- 
pounds, which are composed of early transition or 
refractory elements with unpaired d-electrons (e.g. Ti, 
Zr, V, Mo) and late transition or noble metals having 
nearly filled d-shells (e.g. Fe, Co, Ni, Cu). The latter 
elements tend to have significantly smaller atomic sizes 
(>  15%) than those of the early transition meta 1 group. 
It is generally accepted that the increase in the free 
energy of the compounds, caused by the decrease in 
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long-range order and/or by the production of Frenkel 
defects, provides the necessary driving force for amor- 
phization. However, it is difficult to determine exper- 
imentally which mechanism, chemical disordering or 
point-defect production, plays the dominant role in 
inducing amorphization. This difficulty arises because 
the incident electrons generally produce both lattice 
defects and chemical disorder. Their relative contri- 
bution to the lattice expansion and property changes, 
which occur prior to the c-a transition, cannot be 
interpreted unambiguously. 

To aid in the interpretation of experiments, a number 
of molecular-dynamics studies have been carried out 
recently [8-15]. In computer simulations, one can easily 
induce chemical disorder, Frenkel pairs, or vary the 
system volume without introducing point defects, and 
thus the specific effects of individual mechanisms can 
be studied. Unfortunately, except the work of Massobrio 
et  al. [12], earlier computer simulations focused on 
monoatomic solids, due to the lack of appropriate 
interatomic potentials for alloys [8-11]. More recently, 
we performed a series of molecular-dynamics simula- 
tions of radiation-induced amorphization in several 
intermetallics [13-17], using interatomic potentials de- 
veloped with the embedded-atom method [18, 19]. The 
present paper summarizes the simulation results that 
were obtained for four intermetallic compounds of the 
Cu-Ti alloy system, Cu4Ti, Cu4Ti3, CuTi, and CuTi2. 
It is noted that, among alloy systems investigated ex- 
perimentally, the Cu-Ti system has been studied most 
systematically [1, 2], and that, with the exception of 
CuaTi, these compounds can be amorphized by electron 
irradiation. 

2. Model and computational procedure 

The crystallographic structures of the compounds 
simulated in the present work are shown in Fig. 1. The 
model lattice that represents the ordered CuaTi com- 
pound has a Dla orthorhombic structure. The CuaTi  3 

compound~has a complicated Frank-Kasper-type struc- 
ture, consisting of seven stacked body-centered tetrag- 
onal sublattices. The other two compounds, CuTi and 
CuTi2, have the Bl l  and C15b structures, with stacking 
of two and three body-centered tetragonal sublattices, 
respectively. The interactions between atoms in these 
model systems were governed by appropriate potentials, 
which were developed with the approach of Oh and 
Johnson [19], based on the embedded-atom method 
[18]. Details of the fitting procedure and functional 
form of the potentials are given elsewhere [14]. In 
deriving the potential for the compounds, the structure, 
the atomic volume and the heat of formation of CuTi 
and CuTi2 were fitted. No systematic fitting was per- 

Cu4Ti 

CuTi Cu4Ti 3 

O Cu atom 
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Fig. 1. Crystal structures of Cu4Ti, Cu4Ti3, CuTi and CuTi2. 

formed for Cu4Ti and Cu4Ti3; however, the potential 
obtained was also used for simulations of these com- 
pounds because it stabilizes their structures and correctly 
predicts their lattice constants. The calculated values 
of the lattice constant a, equilibrium atomic volume 
12, and heat of formation AHt of Cu4Ti3, CuTi and 
CuTi2 have been tabulated in ref. 14; the corresponding 
values for CunTi are a = 0.5885 nm, 12= 0.01230 nm3/ 
atom and AHf= 0.0940 eV/atom. 

In the simulation, the effect of chemical disordering 
was studied by exchanging a random pair of Cu and 
Ti atoms, and the production of a Frenkel pair was 
simulated by removing a randomly selected atom (cre- 
ating a vacancy) and then reinserting it at a random 
position in the lattice (forming an interstitial). Initially, 
a perfect lattice was first equilibrated at 160 K for 
5000 time steps (At), and the physical properties of 
the system in the ground state were calculated. For 
equilibration and property calculations, we used mo- 
lecular dynamics (using a modified version of the code 
DYNAMO [20]). Then, every 10 At, a random pair of 
antisite defects or a Frenkel pair was created. To relax 
the system after each introduction of a defect, we 
employed molecular statics with the Fletcher-Powell 
minimization procedure [21]. The system configuration 
was saved periodically during the defect production 
process, and subsequently equilibrated for additional 
6000 At in separate runs. The equilibrated systems were 
analyzed by comparing their potential energies, volumes, 
pair-correlation functions, structure factors, atom pro- 
jections and elastic constants with those of the perfect 
lattice. The elastic constants were determined with the 
fluctuation formulae of Ray et al. [22]. They were 
calculated every 10 At and time averaged over 20 000 
At. Several calculations of the elastic constants for CuTi 
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and Cu4Ti3 after chemical disordering and Frenkel- 
pair production were also performed using the zero- 
temperature method developed recently by Lutsko [23]. 

3. Results and discussion 

3.1. Driving force for arnorphization 
The two most straightforward properties to calculate 

in simulations are the potential energy and volume of 
the system. These properties are shown in Fig. 2 as 
functions of "dose" for the CuaTi compound. Here, 
the dose is defined as either the number of Cu-Ti 
pairs exchanged per atom (epa) or the number of 
Frenkel pairs created per atom (dpa). For the case of 
atom pair exchanges, as shown by curves AB, both the 
energy and volume increase rapidly with increasing 
number of exchanges, but then saturate as complete 
chemical disordering is approached (S ~ 0). The energy 
and volume attain maximum values, which are, re- 
spectively, 0.02 eV per atom and 1% larger than those 
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Fig. 2. Changes in the potential energy, volume expansion and 
shear moduli as a function of the number of atom exchanges 
or Frenkel pairs per atom in Cu4Ti. The values calculated for 
the quenched Cu4Ti liquid are indicated by the horizontal dashed 
lines. Note that C,~ and C' approach each other when amor- 
phization occurs. 

of the perfect lattice. Similar variations in these quan- 
tities are also observed during the introduction of point 
defects (curves AC). Although the saturation levels 
obtained by Frenkel-pair introduction are roughly a 
factor of 2 higher than in the case of atom exchanges, 
they are still far below the corresponding values for 
the quenched liquid (shown by the dashed lines). Cal- 
culated pair-correlation functions, shown by curves B 
and C in Fig. 3, indicate that, after a dose of 1.04 epa 
(complete chemical disorder) or 1.04 dpa, the compound 
remains crystalline. To further test the structural re- 
sponse of the crystalline compound to the additional 
accumulation of point defects, we continued to introduce 
Frenkel pairs to a total dose of 5 dpa, using two 
different approaches. From 1.04 dpa to 3.13 dpa (i.e. 
from C to D in Fig. 2), two Frenkel pairs were created 
simultaneously in each defect-production event (every 
10 At). Even though this approach was found to be 
efficient in inducing amorphization in the CuTi2 com- 
pound [14] (see also Fig. 7), it failed to cause further 
increase in the potential energy and volume and, hence, 
to amorphize Cu4Ti (curve D in Fig. 3). From 3.13 
dpa to 5.0 dpa (i.e. from D to E' or E in Fig. 2), the 
rate of Frenkel-pair production was increased by an 
order of magnitude, i.e. either a Frenkel pair was 
generated in every time step At (from D to E') or a 
group of 10 Frenkel pairs was created every 10 At 
(from D to E). The former process caused only a slight 
increase in the energy and volume of the compound, 
insufficient to induce amorphization. On the contrary, 
the latter process was effective in destabilizing the 
system, boosting its energy and volume to the levels 
of the quenched CuaTi liquid, and amorphizing the 
compound (compare the pair-correlation functions 
shown by curves E and F in Fig. 3). Figure 2 also 
shows the corresponding changes in the shear moduli 
C44 , Ct=0.5(Cl1--C12) and their average value 
Cavg = 0.5(C44 + C'). Although these moduli are notice- 
ably softened by the introduction of lattice imperfec- 
tions, C44 is always higher than C' as long as the 
compound retains its crystallinity. Only when complete 
amorphization occurs do C44 and C' become equal to 
each other. 

That Cu4Ti cannot be rendered amorphous by the 
introduction of Frenkel pairs is in agreement with the 
experimental observation that this compound remained 
crystalline during electron irradiation [24]. However, 
the finding that the c-a transformation can be triggered 
by Frenkel pairs, simultaneously produced in groups 
indicates that it may be possible to amorphize Cu4Ti 
by ion bombardment. 

The structural response of CuaTi 3 and CuTi during 
irradiation is different from that of Cu4Ti. For example, 
the changes in the physical properties of these two 
compounds as a result of chemical disordering and 
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Fig. 3. Pair-correlation functions g(r) of the Cu4Ti compound at 
160 K. Curve A is for the perfect lattice. The other curves are 
for  configurations after the following treatments: curve B after 
complete chemical disordering, 1.04 epa; curve C after introduction 
of Frenkel pairs to a dose of 1.04 dpa; curve D after additional 
introduction of  double Frenkel pairs to a dose of  3.13 dpa; curve 
E after additional introduction of  groups of  ten Frenkel pairs 
every 10 At to a dose of  4.17 dpa; and curve F quenched CuTi 
liquid f rom 4000 K. 
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Fig. 4. Changes in the potential energy, volume expansion and 
shear moduli as a function of the number of  atom exchanges 
or Frenkel pairs per atom in Cu4Ti3 at 160 K. The values calculated 
for the quenched Cu4Ti3 liquid are shown by the horizontal 
dashed lines. All  the shear moduli, C.~, C' and Cavg, become 
equal to each other when the system is completely isotropic. 

Frenkel-pair production are shown in Figs. 4 and 5 
respectively. Initially, most of the Frenkel pairs created 
recombine, resulting in the formation of antisite defects. 
Consequently, the difference in the effects of the two 
types of defect production in the early stage is small. 
If chemical disordering is produced via atom-pair ex- 
changes, the system energy and volume expansion reach 
maximum values at a certain degree of disorder (cor- 
responding to S = 0.16 [16]). These values are, however, 
significantly smaller than those of the quenched liquids, 
shown by the dashed lines. Only when point defects 
are introduced can their accumulation further boost 
the potential energy and system volume to the quenched- 
liquid levels. Furthermore, as shown in the lower por- 
tions of Figs. 4 and 5, the lattice softens considerably 
during the generation of Frenkel pairs, as indicated by 
the variations in the shear moduli C44 and C', and 
their average values, Cavg. The shear modulus Can 
decreases rapidly with increasing dose and eventually 
becomes equal to C' (which first decreases and then 
increases) when amorphization is completed. 

An example of the microstructural evolution of the 
compounds is given in Fig. 6, showing the changes in 
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the calculated pair-correlation functions, atom projec- 
tions onto the (100) plane and diffraction patterns for 
CuTi. As can be seen, when all the Cu and Ti atoms 
have been exchanged, the system becomes chemically 
disordered, but not amorphized. However, when Frenkel 
pairs are created, the system becomes partially amor- 
phized at a dose of about 0.5 dpa, and completely 
amorphous at about 1.0 dpa. Here, the critical dose 
for complete amorphization is defined as the point when 

the system becomes isotropic, i.e. when C44 = C t. Using 
this definition, the critical dose for amorphization of 
Cu4Ti3 is 0.6 dpa. 

Somewhat similar behavior was observed in CuTi2, 
as shown in Fig. 7. It was found, however, that, if only 
one Frenkel pair was created in each defect-production 
event, almost all the interstitials and vacancies recom- 
bined, resulting in the creation of antisite defects. As 
a result, there was no large difference in the effects 
of atom exchange and Frenkel-pair generation, and 
even after a dose of 2 dpa the energy storage and 
volume expansion were insufficient to drive the system 
toward an amorphous state [14]. One way to increase 
further the energy and volume of the compound is to 
reduce the recombination effect, e.g. by allowing defect 
clustering or by randomly producing interstitials and 
vacancies individually in time-separated events [14]. For 
example, simultaneous creation of two Frenkel pairs 
in each event rapidly increases the system energy and 
volume to the values obtained for the quenched CuTiz 
liquid (Fig. 7), and amorphization can be induced after 
a dose of about 0.45 dpa (curve E in Fig. 7). The rates 
of energy and volume increase were found to be in- 
dependent of the spatial separation between the va- 
cancies in each defect-production step. 

The calculated critical doses for amorphization of 
Cu4Ti3,  CuTi and CuTi2 are in general agreement with 
experimental observations [3-6, 25]. There are no mea- 
surements of the volume expansions at the onset of 
amorphization in the intermetallics of the Cu-Ti system. 
However, the simulation results appear consistent with 
those calculated for NiZr2 [12] and NiZr [26], as well 
as with those obtained experimentally for other com- 
pounds, including Zr3AI [5], NiA1 [7], Nb3Ge [27, 28] 
and Mo3Si [29]. 

3.2. Relationship between shear modulus and volume 
expansion 

In Fig. 8, the average shear modulus C,vg and C' of 
C u 4 T i  3 and CuTi are plotted as a function of volume 
expansion caused by heating, chemical disordering and 
Frenkel-pair creation. Two important features are 
noted. Firstly, the average shear modulus of the crystal 
that contains defects decreases significantly faster with 
volume expansion than that associated with heating. 
Secondly, when Frenkel pairs are generated, a reduction 
of about 55% in the average shear modulus is found 
at the onset of amorphization. 

The first of these results was somewhat surprising, 
since earlier computer simulations of the melting process 
in Cu [30] showed that the volume dependence of the 
shear moduli C44 and C' during homogeneous expansion 
at constant temperature was virtually identical to that 
associated with thermal expansion at constant pressure, 
which implies that the volume dependence of the elastic 
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4000 K. 

constant does not depend on how the expansion is 
produced. However, it is now recognized that this 
behavior is simply a consequence of the homogeneous 
nature of the expansions employed in the earlier sim- 

ulations. Thermal expansion involves no change in 
chemical long-range order and is thus homogeneous in 
nature. By contrast, the volume expansion associated 
with chemical disordering and/or Frenkel defects results 
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from static atomic displacements. Consequently, the 
critical volume expansion at which the shear modulus 
vanishes during heating is substantially larger than that 
found for radiation-induced amorphization. However, 
the second result, i.e. the nearly factor-of-two decrease 
in the shear constant when the c-a transition occurs, 
is not surprising. It is, in fact, in good agreement with 
the elastic softening observed experimentally in the 
three compounds FeTi, Nb3Ir and Zr3A1 during Kr + 
ion irradiation [2]. Furthermore, large differences in 

the shear moduli of the crystalline and amorphous 
materials have also been measured [31-36] and esti- 
mated from theoretical considerations [37-39]. 

3.3. Generalized Lindemann criterion for amorphization 
The faster decrease of the average shear modulus 

Cavg of the structurally disordered crystal with increasing 
volume expansion, relative to that of the perfect crystal 
during heating, can be interpreted in terms of a gen- 
eralization of the Lindemann melting criterion [17, 40]. 
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The new interpretation of c-a transformations focuses 
on static atomic displacements as a measure of chemical 
and topological disorder in solids. 

According to the original Lindemann melting criterion 
[41], an ideal crystal melts when the root-mean-square 
amplitude of thermal vibrations, (p~ib) lr2, exceeds a 

[ .  2 \112 critical value, ,~cri2 , which is some critical fraction 
of the nearest-neighbor distance. For monatomic Debye 
solids, (~ib) 1/2 scales linearly with temperature and 
with the inverse square of the Debye temperature; the 
Lindemann criterion is expressed as 

MkO 2 
(/-~ib) ~ (/3"2ri) T ' Tm = 9h 2 (/-L2eri) (1) 

where M is the atomic mass, k is the Boltzmann constant 
and 0 is the Debye temperature of the perfect crystal. 
The predicted direct proportionality between the melt- 
ing temperature and the square of the Debye tem- 
perature has been confirmed by existing experimental 
data on pure metals and ordered compounds [43]. 

For irradiated or chemically disordered alloys, where 
lattice imperfections such as Frenkel pairs and antisite 
defects can introduce a static component, 2 (~,~5, to 
the mean-square atomic displacement, the original Lin- 
demann criterion should be applied to the total mean- 
square atomic displacement (/z2r), [40] 

(it/, 2 )  = (~l/~v2ib) "1- (],£2ta) ( 2 )  

As a result, the defective crystal becomes unstable at 
a temperature T~n~ << Tin: 

Mk O~,of 
T~.~- 9h 2 (/zir,) (3) 

with 0clef, the Debye temperature of the defective 
crystal, being related to 0 by 

02f=02[  1 (/,2 5] (I-~,) ] (4) 

Equations (3) and (4) represent a generalization of the 
Lindemann criterion for c-a transformations. In contrast 
to the original version, the Debye temperature of the 
defective solid and, consequently, its melting point at 
constant pressure are no longer constant; they now 
decrease linearly with increasing damage as measured 
by the mean-square static atomic displacement. Since 
the average shear modulus scales directly with the 
square of the Debye temperature for many metals and 
compounds [43], and since the increase in AV/V per 
unit mean-square displacement is smaller with static 
displacements than with vibrational displacements [44], 
eqn. (4) clearly shows that C~g of the irradiated com- 
pound ((/~2)= ([£2ta)) decreases much faster with AV/ 
V than that of an unirradiated compound subject to 
heating ((/x 2) = (/z2~)). 

Finally, Okamoto and Meshii [2] have shown that 
the enthalpy of the disordered crystal becomes equal 
to that of its glassy state when their Debye temperatures 
become equal. As a result, during irradiation, the c-a 
transition is triggered when the average shear modulus 
of the defective compound, Cdavg, becomes equal to that 
of the amorphous state, C~vg, i.e. when 

d c __ a __ 2 2 cavglC.v~ - c . ~ / ~ g -  o jo  (5) 
with C~av~ being the average shear modulus of the 
crystalline, unirradiated compound. Since the Debye tem- 
peratures of amorphous compounds, 0a, are typically 
between 0.6 0 and 0.8 0 (see e~g. ref. 2 and references 
therein), it is expected, from eqn. (5), that C~/C~g = 0.5 
when amorphization occurs. 

4. Conclusions 

(1) Radiation-induced amorphization of Cu4Ti, 
Cu4Ti3, CuTi and C u T i  2 w a s  simulated using molecular 
dynamics in conjunction with embedded-atom poten- 
tials. Changes in the system energy, volume, pair- 
correlation function, atom projection, diffraction pattern 
and elastic constants were analyzed. 

(2) It was found that, among these intermetallics, 
Cu4Ti3, CuTi, and CuTi2 could be rendered amorphous 
by the creation of Frenkel pairs, but Cu4Ti could not, 
consistent with the behaviors observed experimentally 
during electron irradiation. The Cu4Ti compound, how- 
ever, became amorphous when clusters of several Fren- 
kel pairs were introduced, indicating that this compound 
may be amorphized by heavy-ion bombardment. 

(3) The calculated damage doses required to render 
the compounds completely amorphous, and volume 
expansions after the c-a transition, are in general 
agreement with experimental observations. 

(4) The average shear modulus of the defective crystal 
decreases much faster with volume expansion than that 
associated with heating. At the onset of amorphization, 
this elastic modulus drops by a factor of about 2, which 
is in good accord with experiment. 

(5) Solid-state amorphization can be described as a 
disorder-induced melting process using a generalization 
of the Lindemann criterion. 
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