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ABSTRACT
In the present paper, important results of our recent computer simulation

of radiation-induced amorphization in the ordered compounds CuTi and CuyTig
are summarized. The energetic, structural, thermodynamic and mechanical
responses of these intermetallics during chemical disordering, point-defect
production and heating were simulated, using molecular dynamics and
embedded-atom potentials. From the atomistic details obtained, the critical role of

radiation-induced structural disorder in driving the crystalline-to-amorphous

phase transformation is discussed.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implicd, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thercof.

* Work supported by the U.S. Department of Energy, BES-Materials Sciences,
under Contract W-31-109-Eng-38.




INTRODUCTION

One of the nonequilibrium phenomena that occurs in many alloy systems
during irradiation is the crystalline-to-amorphous (c-a) phase transition, or the so-
called radiation-induced amorphization. The amorphous phase was observed in
ion-bombarded alloys, ion-mixed thin films, ion-implanted layers, and regions
irradiated by energetic electrons inside a high-voltage electron microscope. Due to
~ ity simplicity, however, eleciron irradiation-induced amiorphization hasbeen -~ e
investigated most systematically over the last decade ( see, e.g., [1,2] and references
therein). To date, most of those alloys that become amorphous under electron
irradiation are high-temperature intermetallic compounds which are composed of
early transition or refractory elements with unpaired d-electrons (e.g., Ti, Zr, V,
Mo) and the late transition or noble metals having nearly filled d-shells and
significantly smaller size (>15%) th:a that of the early transition metal group (e.g.,
Fe, Co, Ni, Cu). _

Amorphization induced by electron irradiation represents the simplest case
of c-a transitions to study, both experimentaliy and theoretically, because only
Frenkel pairs are involved; concepts like thermal spike, local melting or quenching
can be safely excluded. There is, however, a drawback in the experimental
investigation, since it is difficult to determine which mechanism, chemical
disordering or point-defect creation, is dominant in inducing amorphization. This
arises because of the fact that the incident electrons produce lattice defects which,
in turn, result in chemical disorder and volume expansion, both of which are
always observed to occur prior to the c-a transition. Due to the lack of such
atomistic details about the evolving physical properties of alloy systems under

irradiation, many experimental measurements could not be interpreted

unambiguously.



To provide more information for the interpretation of experiments, a number
of molecular-dynamics studies have been carried out in recent years [3-7]. In
computer simulations, one can easily induce chemical disorder or vary the system
volume without introducing of point defects, and thus the individual effects of these
mechanisms can be determined. Unfortunately, due to the lack of appropriate
interatomic potentials for alloys, most of these simulations have so far been
performed on monatomic solids [3-5]. Most recently, we have begun a series of
molecular-dynamics simulations of radiation-induced amorphization-[8-10] and
point-defect behavior [11,12] in several intermetallics, using interatomic potentials
developed with the embedded-atom method [13,14]. The present paper summarizes
a number of simulation results that was obtained for two intermetallic compounds
of the Cu-Ti alloy system, CuTi and CuyTiz. It should be pointed out that among
alioy systems investigated experimentally, the intermetallic compounds of the Cu-
Ti system have been studied most systematically [1]. The results of our computer
simulations indicate that the conclusion of previous investigators concerning the

role of chemical disorder in inducing amorphization of these compounds needs to

be re-examined.

MODEL AND COMPUTATIONAL PROCEDURE

The crystal structures of the compounds studied in the present work are
shown in Figure 1. The model lattice that represents the ordered CuTi compound
has a B11 structure, with a stacking of two body-centered tetragonal sublattices and
bilayer arrangement of Cu and Ti atoms. The structure of CuyTi; is more
complicated; it is a Frank-Kasper-type structure, consisting of seven stacked body-
centered tetragonal sublattices. The interactions between the atoms in the model
system were governed by appropriate potentials, which were developed with the

approach of Oh and Johnson [14], based on the embedded-atom method [13]. Details



of the fitting procedure and functional form of the potentials are given elsewhere
{8l.

The primary simulation technique employed was a molecular-dynamics
scheme modified from the code DYNAMO [15]. Briefly, for equilibration and
property calculations, we used molecular dynamics, and for relaxing the system
after the introduction of defects, we used molecular statics with the Fletcher-Powel
minimization procedure [16]. The effect of chemical disordering was simulated by
exchianging a random pair of Cu and Ti atoms; on the-other hand, to simulate the -
production of a Frenkel pair, a randomly-selected atom was removed (creating a
vacancy) and then re-inserted at a random position in the lattice (forming an
interstitial). The simulation proceeded as follows.

A perfect lattice was first equilibrated for 5000 time steps (At), and then every
10At , a random pair of antisite defects or a Frenkel pair was created. The system
configuration was periodically saved during the defect production process, and
subsequently equilibrated for additional 6000At in separate runs. The equilibrated
systems were analyzed by comparing their potential energies, volumes, pair-

correlation functions, atom projections, and elastic constants with those of the

perfect lattice.

RESULTS AND DISCUSSION
Driving Force for Amorphization
Figure 2 shows the changes in physical properties and structure of the
compound CuTi as a result of chemical disordering and Frenkel-pair production.
Initially, as the number of atom exchanges or point defects increases, the system
energy and volume rapidly increase. Most of Frenkel pairs created recombine
resulting in the formation of antisite defects. As a consequence, the difference in

the effects of the two types of defect production in the early stage is quite small.



When chemical disordering is produced via atom-pair exchanges, the system
energy and volume expansion reach maximum values at a certain degree of
disorder, and then slightly decrease when further atom exchanges are generated.
This slight recovery in energy and volume was observed in all of our simulations of
the chemical disordering effect, and could be attributed to local structural
relaxations. The long-range order parameter decreases from 1 for the perfect
lattice to ~0.13 at the point wihere the system energy and volume are maximum,
and to ~0 when all the atoms in the system-have been exchanged. While the effect of
chemical disordering approaches saturation, the accumulation of point defects
continues to boost the potential energy and system volume to levels above those of
the quenched CuTi liquid, shown by the dashed lines. The lattice expansion tracks
very closely the variations in total energy increase and, hence, provides a direct
measure of the thermodynamic driving force for the phase transition.

The evolution of the compound microstructure is shown by the changes in
the calculated pair-correlation functions and atomic projections onto the (001)
planes (Figure 2). When all the Cu and Ti atoms have been exchanged, the system
only becomes chemically disordered, but not amorphized, indicating that chemical
disorder alone cannot lead to amorphization. When Frenkel pairs are created,
however, the system becomes partially amorphized at a dose of ~0.5 dpa
(displacements per atom), i.e., after ~50% of the atoms in the compound have been
displaced, and completely amorphous at ~1.0 dpa. (Here, being different from
previous definition based on pair-correlation functions [3-9], the critical dose for
complete amorphization is defined as the point when the system becomes isotropic,
i.e., when all the shear constants become equal.) The lattice softens considerably
during the generation of Frenkel pairs, as indicated by the variations in the shear
elastic constants, C44 and C', and their average values, C,y5 = (C44 + C'V/2 (Figure

2). The shear modulus Cy4 decreases rapidly with increasing dose and eventually



becomes equal to C' (which first decreases and then increases) when
amorphization is completed. It is noted that small differences between C44 and C'
still exist at a dose of ~0.5 dpa, even though calculated diffraction patterns exhibit a
diffuse halo [10]. This may be attributed to the remains of tiny pockets of crystalline
material inside the system.

Similar behavior was observed in Cu,Tig, as shown in Figure 3. Although
chemical disorder increases both the system energy and volume, the buildup of
point-defects beyond complete chemical-disordering is necessary to trigger the
crystalline-to-amorphous phase transition. Amorphization is completed at a
critical dose of 0.6 dpa, at which point the two elastic moduli C44 and C’ become
equal.

The calculated critical doses for amorphization are in good agreement with
experimental observations [17,18]. There is no measurements of the volume
expansions in CuTi and Cu,Tig at the onset of amorphization. However, the
simulation results appear consistent with that calculated previously for NiZr, [6],

as well as with those obtained experimentally for other compounds, including ZrzAl
[19], NiAl [20], NbyGe [21,22], and MogSi [23].

Volume Dependence of Shear Elastic Constants
The average shear moduli C4y and C' of CuTi and CuyTig are plotted in
Figure 4, as a function of volume expansion brought about by heating, chemical
disordering, and Frenkel-pair creation. Two observations can be made. First, the
average shear modulus of the defective crystal drops significantly faster with
volume expansion than that associated with heating. And second, when Frenkel
pairs are generated, a ~50% reduction in the average shear modulus is observed at

the onset of amorphization. The same behavior has been observed experimentally

in the two compounds Zr3Al [19] and FeTi [20].



The faster decrease of the average shear modulus Cyy; of the structurally-
disordered crystal with increasing volume expansion, relative to that of the perfect
crystal during heating, can be interpreted in terms of additional contribution of the
static component, <u25t ,> o to the mean-square displacements of the atoms, <u2T>.
In fact, according to Lindemann's vibrational catastrophe theory [24], melting of an
ideal crystal is attributed to the onset of instability which arises when the atom
mean-square displacements associated with thermal vibration of the lattice,

> 1.e.,

2 sps 2
<H® > reaches a critical value < eri

Mko2 o

when <'“31'b> - <,uczri> , ToTy= on2 <Hgy > (1)

where M is the atomic mass, k is the Boltzmann constant, and 0 is the Debye

temperature of the perfect crystal. In an irradiated crystal, however, we have

<pds=<pl >+<p? > @

/

/
Generally, the static displacements <uzsta> caused by the presence of defects are
much larger than <“2vib>' As a result, irradiation can effectively increase <u2T>

toward the critical value <”2cri> at low temperatures, and therefore the defective

crystal becomes unstable at a temperature Tdi ns << Ty defined as

Mk 62
def _ def 2
ins T gp2 Hori” (3)

Here, 84,p the Debye temperature of the defective crystal, can be related to 8 by
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Since the average shear modulus of many metals and intermetallic compounds
scale directly with the square of the Debye temperature [25], and the volume. ---

expansion is proportional to the mean-square displacements of the atoms, equation

(4) clearly shows that Cyyg of the irradiated compound (<iZp> = <'u25ta'>) decreases

much faster with AV/V than that of an unirradiated compound subject to heating

(<p?p> = <p? >).
Finally, during irradiation the c-a transition is triggered when the average

shear modulus of the defective compound, Cgv , becomes equal to that of the

g

amorphous phase, C2

aveg ’ [2], i.e., when

d ¢ _a ¢ _pn2/p2
Cl g /Clg =Coyg /CC,, =62 16 (5)
with Cgv g being the average shear modulus of the crystalline, unirradiated
compound. Since the Debye temperatures of amorphous compounds, 6, are
typically between 0.66 and 0.80 (see ,e.g., [2] and references therein), it is expected,

: d c .~ .
from equation (5), that C avg /C avg = 0.5 when amophization occurs.

SUMMARY

- Radiation-induced amorphization of CuTi and Cu,Tiz was simulated, using

molecular dynamics in conjunction with embedded-atom potentials. Changes in



the system energy, volume, pair-correlation functions, atom projection, and elastic
constants were analyzed.

- Amorphization was found to occur in a twc;-step process: (i) introduction of
chemical disorder via point-defect recombination, and (ii) stabilization and
accumulation of point defects, leading to lattice instability. The buildup of point
defects is a necessary factor for amorphization.

- The calculated damage doses required to render the compounds completely
amorphous (~1.0 dpa for CuTi and 0.6 dpa for Cu,Tig) and volume expansions after: -
the c-a transition (~1.9% and 1.7%, respectively) are in general agreement with
experimental observations.

- At the onset of amorphization, the average shear modulus decreases by a

factor of ~2, in good accord with experiment.
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FIGURE CAPTIONS

Fig. 1: Crystal structures of CuTi and Cu,Tig,

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
CuTi. The values calculated for the quenched CuTi liquid are indicated by
the horizontal dashed lines. Pair-correlation functions and atom
projections are also shown for various doses: (A) perfect lattice, (B) after

random exchange of all atoms, (C) after 0.434 dpa, (D) after 0.521 Jpa, (E)
after 0.694 dpa, and (F) quenched CuTi liquid from 4000 K. Note that C,,, C’

and Gy, = (C44 + C'V/2 are equal when the system becomes completely

amorphized.

Fig. 3: 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
Cu,Tiz. The values calculated for the quenched Cu,Ti; liginid are shown by
the horizontal dashed lines. All the shear moduli C,y, C' and Cawg =(Cyy +

C')/2 become equal when the system is completely isotropic.

Fig. 4: Volume dependence of the average shear moduli CaVg and C' in CuTi and
Cu,Tiz, calculated for three different processes: heating, atom exchanges, and

Frenkel pair production.



woje 1], @

woje ny O




"

A

)

Coy—

L S

c oQ
ﬁﬁm.%muooam.ooo&
< ow.@ocawvoa Oatcs
o5 e 0 s wole
-*m 0,908,078 ﬁmﬂww
@Qooooooooeovc Q
TR a.s.oo%@

® o8 0 C 9 00

OO QOODOCQQ Qmﬁ..oa

®e 8 O CO OO0

va 9 ® c0oe »@
3 N - i
00000..0000t03 Oo

0%0 0% 0% " e
0 0%:°4%%0 %%

s o8 8®0Qo0

1 [ ! T T T
02 03 04 08 00 a? an 09

r(nrm)

AE/N (eV/atom)

Aviv

Shear Llastic Constant (Mbar)

~——&—  Frenkel Pairs
—O— Excharnges

WL

0.00
0.0 0.2 .4 0.6 0.8 1.0 1

Exchanges or Frenkel Pairs Per Atom

.2

0.8r1 T T v T T

0.0 L 1 .
0.0 0.2 0.4 0.6 0.8 1.0 1.

I'renkel Pairs per Atom

Qi
oW.m .A.G@ ‘0 QQ,
(D) @m.amvvoar O

RIS A

\. ,. » [ L 4
&@os_mchaA“-naﬁ. .

T 1 T I T T 1
2 03 04 05 06 07 08 09

r(nm)

o -

r(nm)

R 1 T 1 1 T 1
02 03 04 05 06 07 08 09
1 (nrn)



ALE/N (eV/atom)

AV/Y

Shear Elastic Constants (Mbar)

0.08

0.061

0.041

0.021 —O— Exchanges
—® Frenkel Pairs

0 00 L 1 3 i ' ] 1 IN 1 1 I

00 02 04 08 08 10 12
Exchanges or Frenkel Pairs Per Atom

T 7 1 I lJI]IIIlrlrll*lﬁI[‘I

0.8

0.7

0.6
0.5

»

/L
ILIIIIIIILII’llllLllllllllIlllJ_lJllll

0.4
0.3

||l‘|||‘|]||] l‘lflll]ll]l']
K P

0.2
0.1

041_L]||||Lv|[1|1J|||L1||

0 0.2 0.4 0.6 0.8 1 1.2
Frenkel Pairs Per Atom




J' 'Otl) —2&— Temperature

0.1 B_ C.'QO‘ (8:' ——{}— Exchange ' i
-—&— Frenkel Pairs

-~~~ Frenkel Pairs (G')

Cavg and C' (Mbar)

0.0 : . 0.0 . .
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.00 0.01 0.02 0.03 0.04 0.05

Volume Expansion, AV/V

o

Foa 24 N.QLAM <ak.

N




