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Thermal formation of atomic vacancies in Ni3Al

K. Badura-Gergen and H.-E. Schaefer
Universität Stuttgart, Institut fu¨r Theoretische und Angewandte Physik, Pfaffenwaldring 57, 70569 Stuttgart, Germany

~Received 6 November 1996!

The temperature and composition dependence of the formation of thermal vacancies in the intermetallic
compound Ni3Al with the L12 structure was studied by means of positron lifetime spectroscopy. High values
of the effective vacancy formation enthalpyHV

F increasing monotonically from 1.6560.08 eV to 2.0160.08
eV with increasing Ni content from 74.1 to 76.5 at. % are found. A fit of a model based on the interaction of
nearest-neighbor atoms to the experimental data demonstrates predominant formation of thermal vacancies on
the Ni sublattice and high concentrations of antisite atoms. The results are discussed with respect to recent
tracer-diffusion measurements in Ni3Al. @S0163-1829~97!06530-2#
he
en
re
n
o

ifi
re

n
ca

fe
-

a

a-
o

n
e

high
es

ex-

t
si-

ver
os-

r to
he
en
Cu
ing

ing
ge

the
was

a-
otal
I. INTRODUCTION

Transition-metal aluminides are of interest both from t
viewpoint of basic research and with respect to their pot
tials for technical application as high-temperatu
materials.1,2 The investigation of the formation and migratio
of atomic defects is a prerequisite for the understanding
self-diffusion processes,3 order-disorder phenomena,4 creep
behavior,5 mechanical hardening,6 or plastic deformation.7

Positron lifetime spectroscopy is a sensitive and spec
technique for studying thermal vacancy formation in pu
metals8 as well as in intermetallic phases.9–17 For a detailed
understanding of the experimental data on thermal vaca
formation in ordered intermetallic compounds a theoreti
treatment of thermal defect formation in the framework ofab
initio calculations,7,18 embedded-atom calculations,19,20 or
empirical nearest-neighbor bond models21–29 is necessary. A
comprehensive overview of the systematics of thermal de
formation, migration, and self-diffusion in intermetallic com
pounds and ordered alloys was given recently.30

The present work aims at the investigation of the therm
vacancy formation in Ni3Al in dependence ontemperature
andcompositionby positron lifetime spectroscopy accomp
nied by model calculations based on the interaction
nearest-neighbor atoms.

II. EXPERIMENTAL DETAILS

For the high-temperature positron lifetime measureme
single crystals were required in order to use the techniqu31
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of a 22NaCl positron emitter sealed into the Ni3Al speci-
mens. Polycrystals are unsuitable for measurements at
temperatures because of the cracking of grain boundari32

which gives rise to an escape of the22NaCl positron emitter.
Ni 3Al single crystals of the compositions Ni74.1Al 25.9 ~Ref.
33! and Ni76.5Al 23.5 ~Ref. 34! were grown by the Bridgman
technique whereas for the crystal of Ni75.2Al 24.8 ~Ref. 34! the
zone-melting technique was applied. According to the
tended phase diagram2 of Singletonet al.35 the three Ni3Al
compositions are lying within the narrowL12 phase at leas
up to 1550 K. The Ni content of the investigated compo
tions of the Ni3Al system~see Table I! was determined by
x-ray fluorescence analysis with a precision of60.2 at. %.
Cylindrical specimens with an axial bore hole and a co
were prepared by spark erosion. After deposition of the p
itron emitter ~about 20mCi 22NaCl! in the bore hole the
specimens were sealed by electron-beam welding. In orde
avoid cracking in the welding zone the two parts of t
specimen were aligned crystallographically. The specim
was hermetically enclosed in a Nb container where a 2-g
sample was integrated in a separate chamber for perform
high-precision temperature calibration at the Cu melt
temperature11 for each specimen in the temperature ran
where thermal vacancy formation is studied~see Fig. 1!. For
the high-temperature measurements the container with
specimen was electron-beam heated and the temperature
controlled by means of Pt-Pt87Rh13 thermocouples with a
precision of65 K. The positron lifetime spectra were me
sured with a coincidence count rate of 70–90 cps and a t
ee

nt

ra-
TABLE I. Compositions of the Ni3Al specimens together with their positron lifetime data: the fr
positron lifetimest f at room temperature and their temperature coefficientsa, the positron lifetimes in
thermal vacanciestV as well as the vacancy formation enthalpiesHV

F , and the temperature-independe
coefficientssexp(SV

F/kB) derived from the temperature dependence of the positron trapping ratesCV . In
order to estimate the vacancy formation entropiesSV

F and the vacancy concentrations at the melting tempe
ture CV(TM), a specific trapping rates5431014 s21 as in pure Al~see Ref. 8! was used.

t f ~ps! a ~1025 K 21) tV ~ps! HV
F ~eV! sexp(SV

F/kB) SV
F/kB CV(TM)

~1016 s21) (1024)

Ni 74.1Al 25.9 10861 8.661 15763 1.6560.08 2.0562.4 3.94 4.91
Ni 75.2Al 24.8 11061 1061 15563 1.8160.08 5.1562.4 4.86 4.02
Ni 76.5Al 23.5 10961 9.761 16063 2.0160.08 43.76624 7.0 8.42
3032 © 1997 The American Physical Society
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56 3033THERMAL FORMATION OF ATOMIC VACANCIES IN Ni3Al
number of 23106–63106 coincidence counts, making us
of a fast-slow time spectrometer equipped with BaF2 scintil-
lators, yielding a time resolution of full width at half max
mum ~FWHM! of 212 ps. A numerical two-componen
analysis of the spectra36 gives the time constantst0 and
tV , which denote the positron residence time in the f
delocalized state and the lifetime of positrons localized
vacancies, respectively, with their relative intensitiesI 0 and
I V512I 0.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The temperature variation of the mean positron lifetim
t̄ 5I 0t01I VtV in Ni 3Al shows for the present composition
the S-shaped behavior, which is characteristic for the ann
lation of free delocalized positrons at lower temperatures
positrons annihilated with a longer lifetime at high tempe
tures due to trapping at thermally formed vacancies@see Fig.
1~a! and Table I#.

The positron lifetime at lower temperatures was det

FIG. 1. Temperature dependence of the mean positron lifet

t̄ in Ni 74.1Al 25.9 (s), Ni 75.2Al 24.8 (h), and Ni76.5Al 23.5 (,) to-
gether with the fit of the two-state trapping model to the experim
tal data.
e
n

i-
d
-

-

mined to t̄ 5 t̄ ~300 K!3~1 1 a T! between 300 K and
1100 K with a5(9.4161)31025 K 21.

If we compare this value oft̄ at lower tempera-
tures ~Table I! and the mean valence electron dens
h50.731Å23 in Ni 3Al with similar h values of pure metals
and other intermetallic phases16,33 without vacancies, these
low lifetimes have to be ascribed to positrons annihilati
from the free delocalized state (t̄ 5t f) without positron trap-
ping at vacancies. From this we can conclude that no st
tural vacancies but antisite atoms are introduced upon de
tions from the stoichiometric composition. Therefore
structural vacancies but antisite atoms are expected at de
tions from the stoichiometric composition.

The strong increase oft̄ between 1100 K and 1550 K
@see Fig. 1~a!# is due to positron trapping and annihilation
thermal vacancies and is characterized by the appearan
an additional positron lifetime component with the time co
stant tV and the intensityI V . Saturation trapping of posi
trons occurs at about 1550 K for all Ni3Al compositions,
pointing to a vacancy concentration of about 1024. Within
the measuring precision the same positron lifetimetV5157
63 ps in thermal vacancies is determined for all the spe
men compositions~see Table I!.

According to the simple two-state trapping model37–39the
mean positron lifetime

t̄ 5t f

11sCVtV

11sCVt f
~1!

is expressed by the positron lifetimet f in the free delocalized
state,

t f5S I 0

t0
1

I V

tV
D 21

, ~2!

by the positron lifetimetV in thermal vacancies and by th
positron trapping rate

sCV5I VS 1

t0
2

1

tV
D ~3!

5sexpS 2HV
F

kBT DexpS SV
F

kB
D . ~4!

Here s denotes the specific positron trapping rate,CV the
thermal vacancy concentration,HV

F the effective vacancy for-
mation enthalpy,SV

F the effective vacancy formation entropy
andkB Boltzmann’s constant.

The vacancy formation enthalpiesHV
F and the factors

sexp(SV
F/T) ~see Table I!, which are assumed to be temper

ture independent, are determined from a fit of Eq.~4! to the
experimental data in the temperature range between 120
and 1350 K.

The shift of thet̄ curves is due to a monotonic increa
of the vacancy formation enthalpy with increasing Ni co
tents.

IV. MODEL CALCULATION AND DISCUSSION

For calculating the thermal equilibrium concentration
atomic defects in Ni3Al as a function of temperature
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3034 56K. BADURA-GERGEN AND H.-E. SCHAEFER
and composition in the framework of an empirical neare
neighbor bond model, we make use ofAnsätze presented
earlier.21,27,28,40,41Here, ni j

denotes the number of atom

of the type i~Ni or Al ! on the sublatticej ~Ni or Al !, nV j
the

number of vacancies on the sublatticej , and
NNi53(N2Nd) or NAl5N13Nd the total numbers of Ni or
Al atoms, respectively, whereNd designates deviations from
the stoichiometric composition andN the total number of Al
atoms in the stoichiometric compound.

For the number of vacanciesnVNi
, nVAl

or antisite defects

nNiAl
, nAlNi

on the Ni or Al sublattice the following equation
hold:

nVNi
5NNi2nNiNi

2nAlNi
, ~5!

nVAl
5NAl2nAlAl

2nNiAl
, ~6!

nNiAl
5NNi2nNiNi

, ~7!

nAlNi
5NAl2nAlAl

. ~8!

HereNNi or NAl denote the number of lattice sites on the
or Al sublattice, with

1

3
NNi5NAl , ~9!

because of the conservation of the whole number of
tice sites. From Eqs.~5!–~8! we then obtainNNi53N
1 3

4 (nVNi
1nVAl

). The temperature variations of the conce
trations of thermal defects in thermodynamic equilibrium a
derived from the configurational part of the Gibbs free e
thalpy
t-

i

t-

-
e
-

G5H2TS, ~10!

where the configurational part of the enthalpy,

H52
4

NNi
@~nNiNi

2 13nNiAl
nNiNi

!eNiNi

1~nAlNi

2 13nAlAl
nAlNi

!eAlAl 1~2nNiNinAlNi

13~nNiNi
nAlAl

1nNiAl
nAlNi

!!eNiAl #, ~11!

is represented by the sum of the probabilities of two nea
lattice sites be occupied by a certain configuration of at
pairs multiplied by the corresponding bond energ
eNiNi ,eAlAl ,eNiAl between these pairs. In the formalism
Bragg and Williams42 the ordering energy

e5eNiAl 2
eNiNi1eAlAl

2
~12!

is related to the critical temperatureTc for the order-disorder
transition of the alloy@Eq. ~21!#. The configurational entropy
of the crystal lattice,

S5kBln
NNi!

nVNi
!nNiNi

!nAlNi
!

NAl!

nVAl
!nAlAl

!nNiAl
!

, ~13!

is given by the total number of permutations to distribute
defect species on the sites of the two sublattices.

Equations~11! and ~13! are inserted into Eq.~10! for the
Gibbs free enthalpy. MinimizingG with respect to the num-
bers of the defect species with the aid of the Lagrange m
tiplier technique taking into account Eqs.~5! to ~7!, the fol-
lowing coupled nonlinear equations for the antisite-defect
vacancy concentrations in thermodynamical equilibrium
obtained~see also Refs. 21 and 28!:
nAlNi

NAl
5

nNiAl
13Nd

NAl
1

3nVAl
2nVNi

4NAl
, ~14!

nNiAl

NAl
5

nNiNi
nAlAl

nAlNi
NAl

expF2
4

kBT
S 3nNiAl

2nNiNi

3NAl
~eNiNi2eNiAl !1

nAlNi
23nAlAl

3NAl
~eAlAl 2eNiAl ! D G , ~15!

nVNi

NAl
533/4S nNiNi

nNiAl

D 1/4

expF2
1

kBTS nAlNi

2 13nAlAl
nAlNi

3NAl
2

eAlAl 1S nNiNi

2 13nNi_AlnNiNi

3NAl
2

2
nNiNi

23nNiAl

3NAl
D eNiNi

1S 2nNiNi
nAlNi

13nNiNi
nAlAl

3NAl
2

1
3nNiAl

nAlNi

3NAl
2

2
nAlNi

23nAlAl

3NAl
D eNiAl D G , ~16!

nVAl

NAl
533/4S nNiAl

nNiNi

D 3/4

expF2
1

kBTS nAlNi

2 13nAlAl
nAlNi

3NAl
2

eAlAl 1S nNiNi

2 13nNi_AlnNiNi

3NAl
2

1
nNiNi

23nNiAl

NAl
D eNiNi

1S 2nNiNi
nAlNi

13nNiNi
nAlAl

3NAl
2

1
3nNiAl

nAlNi

3NAl
2

1
nAlNi

23nAlAl

NAl
D eNiAl D G . ~17!
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For the determination of the model paramete
eAlAl ,eNiNi ,eNiAl from a fit to the experimentalHV

F values the
following approximations are introduced into Eqs.~14! to
~17!.

~i! Because the concentrations of vacancies on both
lattices are small~see Table I!,

nVAl

N
,

nVNi

N
!1,

the approximation

NAl5
1

3
NNi'N

holds. Further we assume that the concentration of ther
vacancies is smaller than those of thermal antisite ato
which is supported by the observation that rather struct
antisite atoms are formed than structural vacancies upon
viations from the stoichiometric composition. Then, for t
stoichiometric composition withNd50 the concentrations o
antisite atoms on both sublattices are nearly equal. Thi
supported by calculations of the thermal concentration
antisite atoms in the framework of the above model. It f
thermore appears to be plausible because of the relati
low temperatureTc of the structural order-disorder transitio
which occurs by the formation of antisite atoms with incre
ing concentrations:

nNiAl

N
'

nAlNi

N
.

~ii ! No structural vacancies can be detected with posit
lifetime measurements in the nonstoichiometric compoun
Deviations from stoichiometry are therefore compensated
antisite atoms. The concentrations of antisite atoms for
Ni-rich compositions are then given by

nNiAl

N
'3

2Nd

N
and

nAlNi

N
!3

2Nd

N

and for the Ni-poor compositions by

nAlNi

N
'3

Nd

N
and

nNiAl

N
!3

Nd

N
.

If the above approximations are take into account, expl
equations for the defect concentrations are obtained f
Eqs. ~14!–~17! for the cases of stoichiometric, Ni-poor an
Ni-rich Ni 3Al.33 The two latter cases are not valid near t
stoichiometric composition. In the exponents of these eq
tions the vacancy formation enthalpies can be identifi
which depend linearly on the composition.

Some information about on which sublattice thermal v
cancy formation predominantly occurs can be deduced f
a fit of the approximate model equations to the vacancy
mation enthalpies determined for the various compositio
If we assign the measured vacancy formation enthalp
~Table I! to the vacancy formation on the Al sublattice b
using the equations for the Al-vacancy concentration, the
yields an ordering energye.0 @Eq. ~12!# which is incom-
patible with an ordered alloy structure withe,0. This points
s
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t

to predominant formation of thermal vacancies on the
sublattice which is then described by the approximate eq
tions for the vacancy concentration on the Ni sublattice,

CVNi
}expF2

1

kBT
2~3e14eNiNi12eAlAl !G , ~18!

for the stoichiometric composition,

CVNi
}expF2

1

kBT
2S 2e12eNiNi1eAlAl

13
Nd

N
~2e2eNiNi1eAlAl ! D G , ~19!

for the Ni–rich composition, and

CVNi
}expF2

1

kBT
2S e12eNiNi1eAlAl

12
Nd

N
~e2eNiNi1eAlAl ! D G , ~20!

for the Ni-poor composition. In the exponents of the abo
equations the vacancy formation enthalpies in dependenc
the model parameterse, eNiNi , and eAlAl can be identified
and together with the experimentally determined vaca
formation enthalpiesHV

F from Table I these pair bond ene
gies can be determined. In order to reduce the uncertain
of the datermination of the pair bond energies we have c
sen the ordering energye50.092 eV similar to the value
e50.09 eV calculated according to41

e5
kBTc

1.64
, ~21!

with a critical temperatureTc51723 K suggested for the
order-disorder transition in Ni3Al.43 TheeNiNi value obtained
in this way~see Table II! lies near toeNiNi50.3 eV~Ref. 29!
determined from the vacancy formation enthalpy for pure
~Ref. 8!. This appears to be reasonable because both cry
structures are close packed and the nearest-neighbor
tances in Ni3Al and in pure Ni are similar.

Together with these pair bond energies~Table II! Eqs.
~14!–~17! were solved numerically by the iterative metho
or by the Newton-Raphson technique, yielding the conc
trations of vacancies and antisite atoms on both sublattic

The vacancy formation enthalpy of the Ni and Al subla
tices presented in Fig. 2~a! is determined according to

HVNi/Al

F 52kB

] lnCVNi/Al

]~1/T!
, ~22!

within a temperature range between 300 K and 1350 K. H
CVNi/Al

denotes the thermal vacancy concentrations on the

TABLE II. Pair bond energies determined from a fit of th
model equations~18!–~20! to the experimentalHV

F –values ~see
Table I!.

e ~eV! eNiNi ~eV! eAlAl ~eV!

0.092 0.358 0.057
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3036 56K. BADURA-GERGEN AND H.-E. SCHAEFER
or Al sublattice calculated from Eqs.~16! and ~17!. For off-
stoichiometric compositions the vacancy formation entha
on both sublattices depends nearly linearly on the comp
tion. This is also seen from Eqs.~19! and~20!. The change of
HVNi/Al

F being more significant in the vicinity of the stoichio

metric composition results from the relatively high critic
temperature for the order-disorder transition.HVNi

F decreases

about 0.09 eV/at. % with decreasing Ni content.30 A similar
situation is observed for Fe3Si with decreasing Fe content.30

From a comparison of the calculated vacancy format
enthalpies and the self-diffusion enthalpies the vacancy
gration enthalpies@Fig. 2~c!#

HV
M5QSD2HV

F ~23!

FIG. 2. ~a! Calculated vacancy formation enthalpy in depe
dence on composition in Ni3Al @Eq. ~22!#. The nearest-neighbo
bond energieseNiNi , eAlAl , and eNiAl presented in Table II were
used. Al sublattice (h). ~b! Self-diffusion enthalpyQSD determined
from tracer-diffusion measurements of63Ni ( d) and 114In (s) as
substitute for Al in Ni3Al ~Refs. 44 and 45!. ~c! Vacancy migration
enthalpies determined according toHV

M5QSD2HV
F for the Ni sub-

lattice (l) and the Al sublattice (L) as well as activation enthal
pies from recovery experiments after electron irradiation measu
by means of positron annihilation (,, Ref. 46! and of electrical
resistivity (n, Ref. 47!.
y
i-

n
i-

are estimated assuming simple vacancy-mediated diffu
processes as in many pure metals. The self-diffusivi
QSD were determined from tracer-diffusion measurements
63Ni and 114In as a substitute of Al in Ni3Al @Fig. 2~b!, Refs.
44 and 45#. The thus determined vacancy migration enth
pies are lower than the corresponding vacancy formation
thalpies and are in good agreement with experimental va
determined from recovery measurements after electron
diation by means of positron annihilation or electric
resistivity.46,47 This points to a Ni self-diffusion process oc
curring via vacancies by nearest-neighbor jumps on the
sublattice. The higher self-diffusion enthalpies for114In than
for 63Ni appear to be mainly due to a lower thermal vacan
concentration on the Al sublattice than on the Ni sublatti
The maximum value ofHV

M near the stoichiometric compo
sition @Fig. 2~c!# results from the maximum of the self
diffusion enthalpy@Fig. 2~b!# if Eq. ~23! is applied. A mo-
notonous behavior is observed forHV

M at the stoichiometric
composition. The migration enthalpies on the two sublatti
are similar for the Ni-poor compositions and in the vicini
of the stoichiometric composition but differ by nearly 0.5 e
for the Ni-rich compositions. This is due to a convergence
the vacancy formation enthalpies on the two sublattices
the Ni-rich compositions@Figs. 2~a! and 2~b!#. From the
present data a high ratioHV

F/HV
M>1 for the formation and

migration enthalpies of vacancies on the transition me
sublattice is derived for Ni3Al similar as in pure metals. This
means that the transition metal self-diffusivity is govern
by low concentrations of vacancies with a high diffusivity.
furthermore means that in the concentration ran
CV'1025 of thermal vacancies detectable by positrons
equilibration times for thermal vacancies after temperat
changes are in the range of milliseconds or shorter, as in p
metals.48 In contrast to that, the ratioHV

F/HV
M,1 is low in

the transition metal aluminides with theB2 structure as FeAl
or NiAl, according to the experimentally observed low va
ues for vacancy formation and high values for vacancy
gration enthalpies~see Ref. 30!. This gives rise to a slow
equilibration of thermal vacancy concentrations of abo
1025 which can be studied by positron lifetime spectrosco
yielding a direct and specific determination of the vacan
migration enthalpies ofHV

F51.7 eV for FeAl ~Ref. 13! and
HV

F52.14 eV for NiAl ~Ref. 49!.

V. SUMMARY

In conclusion the results of the present investigation
Ni 3Al may be summarized as follows.

~i! No structural vacancies are detected in the nonstoic
metric compositions. Trapping of positrons at thermal vac
cies can be observed for the nearly stoichiometric comp
tion as well as for the Ni-poor andVNi-rich compositions
with a positron lifetime in thermal vacanciestV517563 ps.

~ii ! The two-state trapping model is applicable in t
high-temperature range. The effective vacancy formation
thalpies for Ni3Al are as high as in pure fcc metals an
increase with increasing Ni content.

~iii ! The comparison of the experimental data with
nearest-neighbor bond model points to a predominant
cancy formation on the Ni sublattice and yields the neare
neighbor bond energies. From thisV, the vacancy formation

-

d
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enthalpies in a temperature range between 600 K and 135
on both sublattices are calculated in dependence on com
sition. High concentrations of thermal antisite atoms on b
sublattices are derived.

~iv! The vacancy migration enthalpies on both sublatti
of Ni 3Al are estimated from a comparison with the se
diffusion enthalpies of63Ni and 114In ~Refs. 44 and 45! and
the vacancy formation enthalpies. The values are as hig
in pure metals and together with the high vacancy format
enthalpies point to short vacancy equilibration times a
fast temperature changes.
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