
THE STABILITY OF IRRADIATION-INDUCED DEFECTS IN Ni,Al

D.F. Pedraza", A C a r o " and D. Farkas*"
• Oak Ridge National Laboratory, Oak Ridge, TN 37831-6376;

** Paul Scherrer Institut, CH-5232 Villigcn, Switzerland;
*** Virginia Polytechnic Institute and State University, Blacksburg, VA

CONF-901105—46

DE91 005514

£4061.

ABSTRACT

The Ll-7 Ni^Al compound is known to be disordered by ion or electron irradiation, while
preserving its crystalline structure. In this work, embedded-atom potentials are used to investigate
the change of internal energy of the crystal and of the lattice parameter as a function of the degree
of long range order. Various vacancy-interstitial configurations are investigated in order to explore
the possibility of a substantial point defect buildup. It is found that spontaneous recombination is
a function of the nature of the interstitial, the vacancy-interstitial distance and the characteristics
of the atomic environment of the pair. The vacancy-interstitial interaction is also found to be, in
some cases, dependent on the local atomic environment. Local disorder, moreover, can produce
in some cases interstitial trapping. The implications of the effects obtained in the present
simulations on the possibility of an irradiation-induced amorphous transition are discussed.

INTRODUCTION

Amorphization is one of the most remarkable effects of irradiation in intermelallic
compounds. It does not occur in all the alloys of this class, nor in all the compounds that can be
formed with the same component elements. A well known example is the Ni-Al system, whose
phase diagram shows the existence of five intermetaliic compounds [1]. Among these compounds,
the responses of three of them to irradiation with energetic particles have been investigated and
found to be different Ni^Al, which has the LI2 structure, can be disordered by electron [2] or ion
irradiation [3], but has not been found to become amorphous. By contrast, N1AI3, which has a
more complex structure (DOj<), has not been observed to loose its long range order when
irradiated but it is turned amorphous after relatively low irradiation doses with either particle type,
even at room temperature [4]. The NiAl (B2) compound can be disordered at low temperatures
( ~ 15 K) [2], and also turned amorphous at these temperatures by heavy (Xe) or light (D) ion
irradiation [5]. The disparate behavior of these three compounds makes them very good model
systems to analyze further the phenomenon of irradiation-induced amorphization.

Experimental observations revealed that various effects are produced in crystalline
intermetalu'c compounds as the irradiation dose is increased, e.g., decrease of long range order,
decrease of elastic constants and volume expansion. The volume expansion is related to the loss
of long range order [6]. The lattice softening has been correlated to both the volume expansion
in intermetallic compounds [7] and to point defect buildup in pure metals [8]. Since some or all
of these effects occur in most cases and cannot be separated, the actual amorphization mechanism
is not clear. Therefore, it is necessary to investigate all the possible mechanisms in a quantitative
manner, keeping in mind the experimental facts.

One of the theories on the amorphization mechanism is based upon accumulation of point
defects, which is consistent with the absence of common microstructures that develop in irradiated
metals and solid solution alloys, e.g., dislocation loops and voids [9]. The evolution of such
microstructures would reveal the operation of important point defect annihilation processes that
prevent high buildups of Frenkel paits. The basic idea is that when point defects attain locally a
critical level the crystalline structure is destabilized in this region and amorphization occurs. This
mechanism is feasible either if the long range order is maintained, as it appears to be the case in
ths NiAlj compound, or if the long range order is lost, as is most often observed. In the first case,
if antisite defects are highly energetic, interstiliais may accumulate as they cannot recombtne with
vacancies that do not belong to the appropriate sublattice. In the second case, if a short range
order is established involving an interstitial and its neighboring atoms at lattice sites, th£(ptgr$ttltial

CO
C

o
O
Tl
-I

CO
O
oo
c
m

c
2

ma



can bGcome trapped if it is coupled to a nearby vacancy whose presence allows some relaxation of
the stresses created by the presence of the interstitial.

In a recent work, we investigated the operation of this mechanism in NiAJ [10]. Since this
compound can be disordered by irradiation at low temperatures, the preservation of its long range
order at hicher temperatures indicates that vacancies become mobile and point defect accumulation
may then occur only at low temperatures. The stability of Frenkel pairs was calculated using a static
atomistic simulation to reveal the differences between the ordered and the disordered case. It was
found that Frenkel pair recombination could be hindered if the chemical order was altered in the
vicinity of the interstitial at a pair separation at which recombination would occur if there were
chemical order. In these cases of interstitial trapping owing to coupling with a nearby vacancy, a
configuration we have previously denoted as a complex, the interstitial always adopted its least
energy configuration, a <lll>-crowdion. The complex binding energy (difference between the
energy of the lattice containing the isolated point defects and the energy of the lattice with the
complex) varied, for the cases studied, between 0.16 eV and 0.35 eV, depending on the specific
configuration.

In the present work, we use atomistic simulations with the embedded atom approach to
investigate the volume expansion when different degrees of chemical disorder are introduced in the
intermetallic compound Ni^Al and the stability of Frenkel pairs for the cases of local order and
local disorder around a self interstitial.

BACKGROUND

The formation energies and volumes of intrinsic point defects in Ni^Al, viz., vacancies,
antisite defects and interstitials in various configurations have been recently calculated by Caro et
al [11]. Some of these results are summarized next. The lowest energy (3.63 eV) interstitial
configuration was found to be a Ni-Ni <100>-dumbbell with its axis contained in an all-Ni {100}-
plane. A Ni interstitial in an octahedral site with its six neighbors being Ni-atoms and a <110>-
crowdion in an all Ni-<110> line, incorporating an extra Ni atom, are only slightly more energetic
(3.77 and 3.74 eV, respectively) than the previous one. Concerning the dumobell interstitial
configurations incorporating an extra Al atom, they are all more energetic than an Al-Ni antisiie
defect plus a low energy (3.63 eV) Ni-Ni dumbbell. This compound defect is still less energetic than
other stable Al-interstitial configurations, viz., an Al in an octahedral site with all Ni neighbors or
a <110> -crowdion, both having the same formation energy of 4.54 eV. The relevant intrinsic point
defects to be considered in this work are listed in Table 1 together with their formation energies
and volumes.

TABLE 1

FORMATION ENERGIES AND VOLUMES OF
INTRINSIC POINT DEFECTS IN N13AI [11]

0.1

Defect Type

AJ-Nj antisite

Ni-AI antisite

Al - vacancy

Ni - vacancy

Ni-Ni dumbbell

Ni-AI dumbbell

»Ef(eV)

0.58

0.54

1.91

1.47

3.63

4.45

»V^QO

0.35

0.35

0.83

0.96

0.67

1.00

0.2 0.4 0.6 0.8
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Figure 1. Lattice parameter change



LOSS OF LONG RANGE ORDER

The energy of the lattice and the volume change due to disorder was calculated using
Voter's potentials and the code DEVIL [12]. A cubic supercell of 500 atoms was built with the
prescribed value of the long range order parameter, S. This was achieved by using a random
number generator subroutine to interchange the atom types of a fraction of the 500 atoms. The
lattice was then allowed to relax for various values of the lattice parameter and the value that
corresponds to minimum energy was obtained. The process was repealed with different seeds for
the random number generator subroutine. The results of lattice parameter change are presented
in Figure 1. The lattice energy increases monotonically until reaching a value in excess of the
ordered lattice of 0.085 eV/atom.

STABILITY OF FRENKEL PAIRS

The stability of several close Frenkel pairs was studied as a function of their separation
distance and atomic environment, using the potentials derived by Foiles and Daw {13] and the
computer code DYN52 [14]. The number of atoms used for simulating the Ni^Al crystal is at least
4000, viz., 10 fee cells per side in a cubic supercell subject to periodic boundary conditions and
constant pressure. The relaxations for all the defect configurations were calculated using the
conjugate gradient method. Figure 2 serves as a reference to indicate the defect locations and the
atoms at the marked lattice sites. In the ordered crystal, the sites at the cell corners are occupied
by Al atoms, those at the cube faces by Ni atoms. Since only the immediate environment should
be of relevance for our study, the remainder of the calculation supercell is kept with its chemical
order unaltered.
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Figure 2. Schematics of initial configurations of Frenkel pairs used in the present calculations.
A dumbbell interstitial is located at I, while the vacancy is at either C, D, V, , Vj
or P. Chemical disorder is introduced only locally through antisite defects at A(Al)
or B(Ni) sites. For some atomic environments, the interstitial is unstable at I and
relaxes towards F, where it forms a Ni-Ni dumbbell.

The stability of Frenkel pairs in a lattice preserving its long range order was first studied.
Spontaneous recombination was obtained for the mixed dumbbells at site I if the vacancy was at
a first neighbor site, viz., an A or a B site. For the Ni-Ni dumbbell configuration, spontaneous
recombination was obtained with the vacancy at a B site, but not when the vacancy is at an A site,
revealing the existence of a barrier for the rotation of this lowest energy interstitial configuration.
The use of Voter's potential gave similar energies for the isolated defects as the Foiles-Daw
potential; however, recombination was obtained with the vacancy at B but not with the vacancy at



A for any of the dumbbells. This would indicate that a small barrier may also exist for the rotation
independently of the dumbbell nature, i.e., mixed or Ni-Ni. Mixed dumbbells with a vacancy at C
recombine when using any of the poicmials, leaving an antistfe defect. A Ni-Ni dumbbell
recombines with a vacancy at C reconstituting the perfectly ordered lattice. For more distant
vacancies, e.g., at D, V or P, neither recombination nor interstitial instability were obtained,
indicating that the pair interaction is very short ranged when the order is maintained.

Different degrees of local chemical disorder were introduced next, and some of the
calculated configurations and the way they relax are presented in Tables 2 and 3. In Table 2, the
chemical order was altered by creating two or three antisite defects at either A or B sites. Relative
to the ordered crystal, some important differences can be seen. For instance, cases 1 and 5, which

TABLE 2

STABILITY OF FRENKEL PAIRS IN DISORDERED Ni"3AJ

Case

1

2

3

4

5

6

7

8

9

10

11

12

13

Atom at
1 2

Ni Al

Ni Ni

Al Ni

Ni Al

Ni Al

Ni Al

Ni Ni

Ni Al

Ni Ni

Ni Al

Ni Ni

Ni Ni

Ni Ni

Vacancy
Site

C

C

c

c

c

D

D

D

D

V l

V 1

P

P

Antisitcs

Al at Bj ,B3

or B ] ,B2-B1

Same as 1

Ni at Aj , A3
or A1,A2-A3

Ni at A j , A3

Ni at Aj , A£,
A3

Same as 1

Al at Bj , B 3

Same as 3

Same as 3

Same as 3

Same as 1

Same as 7

Al at Bj , B2 ,
B 3

Relaxation

Atom 1 goes to F where a Ni-Ni dumbbell
configuration forms. Original antisites.

Recombination occurs. The Ni at 2 moves
to C. Original antisites.

Recombination. The Ni at 2 moves to C.
Original antisites plus one at I.

Recombination. The Al at 2 moves to C.
Original antisites plus one at C.

Atom 1 goes to F where a Ni-Ni dumbbell
configuration forms. Original antisites plus
one at I.

Recombination. The Al at Bi moves to D,
the Al at 2 moves to By Original antisites.

Recombination. The Al at Bj moves to D,
the Ni at 2 moves to B j . One antisite, at
Bj , is removed.

Same as 1.

Stable. No interaction between the pair

Same as 1.

Same as 9.

Same as 1.

Same as 9.

for the ordered case resulted in recombination, here led to the displacement of the interstitial away
from the vacancy to form the more favorable Ni-Ni dumbbell, adding an antisite to the original
configuration. By contrast, cases 6 and 7 which did not lead to recombination in the ordered case
do so for the disordered case. Notice that the cases where the original mixed dumbbell
conQguration had a Ni atom at site 1, either recombination (cases 4 and 6) or displacement of the



interstitial to form a less energetic Ni-Ni dumbbell configuration away from the vacancy (cases 1,5.8
and 10), has occurred. Having a Ni-Ni dumbbell initially, however, may also lead to the
displacement of the interstitial, as case 12 shows, where the vacanqy is far enough to suggest that
the chemical environment in this case is hostile to the presence of the interstitial. Notice the
contrast with case 13, which differs from the previous one by the addition of one antisite defect
at B> This addition suffices to stabilize the interstitial at its original site. A comparison of cases
11 and 13 shows that the instability of the dumbbell al its initial position is independent of the
presence of the vacancy for this local chemical disorder.

All the cases presented in Table 3 had the chemical disorder introduced by exchanging the
atoms at Aj and A3 with those at Bj and B3. The combination of antisites of cases 1 and 4 of
Table 2, produces here (case 2) the displacement of the interstitial away from the vacancy to form
the more favorable Ni-Ni dumbbell and adding an antisite to the original configuration. By contrast,
case 6 which did not lead to recombination in the ordered case or in case 9 of Table 2, does so for

TABLE 3

STABILITY OF FRENKEL PAIRS IN DISORDERED N13AI
(ATOMS AT Aj AND A3 ARE Ni, ATOMS AT Bj AND B3 ARE Al)

Case

1

2

3

4

5

6

8

9

10

11

12

13

14

15

Atom at
1 2

Al Ni

Ni Al

Ni Ni

Al Ni

Ni Al

Ni Ni

Al Ni

Ni Al

Ni Ni

Al Ni

Ni Al

Ni Ni

Al Ni

Ni Al

Ni Ni

Vacancy
Site

C

C

C

D

D

D

vt

V l

v2

v2

v2
P

P

P

Relaxation
(E: energy of antisite groups; 8E: excess energy of config.)

Recombination. Five antisites, the original ones plus the Al
at site I. (E = 2.08 eV)

Atom 1 moves to F, where a Ni-Ni dumbbell configuration
is formed. Five antisites (the original four and at site I).
(6E = -0.10 eV)

Recombination. Original antisile defects. (E = 1.55 eV)

Recombination. The atom at 2 moves to Ej, the atom at Bi
moves to D. Four antisite defects (at Aj,A-i, B3, and I).
(E=-1.53 eV) 1

Same as 2. (6E = -0.5 eV)

Recombination. Three antisites (at Ai, A3 and B3).
(E=1.29eV)

Stable. No interaction between the pair. (8E = 0.19 eV)

Same as 2. (ftE = -0.18 eV)

Atom 1 moves to F, where a Ni-Ni dumbbell configuration
is formed. Original antisites. (6E = -0.04 eV)

Stable Complex (6E = -1.55 eV)

Same as 10.

Same as 10.

Stable. No interaction between pair. (*E = 0.20 eV) j

Same as 2. («E = -0.18eV) I

Same as 9. (6E = 0.04 eV) J



i the disorder introduced here. Although cases 2. 5 and 8 which consist initially of a mixed dumbbell
with the Ni component outside the octahedron drawn in Figure I, relax with a displacement of the
interstitial to form a Ni-Ni dumbbell away from the vacancy, as alsp obtained for cases 1,5,8 and
10 of Table 2, this is not general, as case 11 reveals. Here the dumbbell remains stable, as it docs
in cases 10 and 12, all of them with the vacancy at V7. A comparison of cases 8 and 11 shows that
the position of the vacancy is relevant in ensuring the stability of the more energetic interstitial in
a given chemical environment. By contrast, in cases 9 and 15 the low energy Ni-Ni interstitial is
unstable and relaxes to form the same interstitial configuration but in a different chemical
environment, similar to case 12 of Table 2. Table 3 lists also the excess energies of the
configurations and, for the cases where recombination occurred, the energies of the antisite groups.
Two trapping effects can be noticed in these cases. One, as clearly exemplified by cases 8 and 14,
shows that trapping occurs due to disorder, without relation to the presence of the vacancy. The
other one, as represented by cases 8, 10, 11 and 12, indicates that the presence of the vacancy is
necessary for the trapping to take place, and in these cases complexes can be formed as described
in the Introduction.

DISCUSSION AND CONCLUSIONS

An embedded atom approach was used to calculate the volume change resulting from the
loss of long range order in N13AI and the stability of Frenkel pairs as can be generated by
irradiation with energetic particles. It is found that the lattice parameter increases with decreasing
value of the long range order parameter, reaching its maximum of 0.3% at S=0. This value is
signiGcantly lower than measured in systems at the outbreak of amorphization, e.g., 0.7% in Zr^Al
[7]. Such a small change is not expected to promote lattice destabilization [7]. The calculated
energy in excess of the energy of the ordered lattice can be contrasted with theoretical estimates
of the disordering energy. Using the proportionality constant that relates the disordering energy
EQ with the transition temperature T derived with the cluster variational method [15],
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gives, for T=1700K (around the melting temperature), EQ = 0.076 eV/ atom, in excellent
agreement with the computed value.

The recombination radius of Frenkel pairs is much less than in solid solution alloys, where
it is of the order of 5a (a: lattice parameter), and it is also less than calculated for the case of NiAl,
where it extends to third neighbor [10]. Thus, the radius for spontaneous recombination extends
to second neighbor in the ordered structure, but can extend to third neighbor if the structure looses
its chemical order. While this order is maintained, Frenkel pairs that are third or further neighbors
do not interact, as the energy of these configurations equals the sum of separate vacancy and
interstitial energies. Altering the order does not inhibit recombination, on the contrary it enhances
it. But chemical disorder can promote a variety of other phenomena in Ni?Al that makes it very
different from NiAl. Thus, trapping can occur by plain disorder, if this disorder involves at least
Ni-Al antisites, but not if only Al-Ni antisites are produced. Many cases were explored to look
for the possibility of complex formation. Such possibility was found by putting nearest neighbors
antisite defects, as in Table 3. This is not a very probable configuration, considering that it involves
a high number of Al-Al bonds. For S=0, the fraction of AI-A1 bonds is only 6% (By contrast, the
fraction of Al-Al bonds in disordered NiAl is 25%). These particular configurations gave several
cases where complex formation is favored, although the formation of these complexes does not
occur instead of recombinationof the vacancy-interstitial pair, as is the case with disordered NiAl.

The present simulations show that the loss of long range order in N13AI favors in some
cases point defect survival while it opposes it in others, as compared to the ordered compound.
Amorphization depends on the local buildup of a certain concentration of point defects capable



• of destabilizing the crystalline structure in this region. The conditions that favor complex formation
appear to be too extreme to produce a substantial defect buildup.
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