PHYSICAL REVIEW B VOLUME 56, NUMBER 6 1 AUGUST 1997-lI

Thermal formation of atomic vacancies in NiAl
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The temperature and composition dependence of the formation of thermal vacancies in the intermetallic
compound NiAl with the L1, structure was studied by means of positron lifetime spectroscopy. High values
of the effective vacancy formation enthalpﬂ:, increasing monotonically from 1.650.08 eV to 2.0%0.08
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 Jl. [S0163-182607)06530-2

l. INTRODUCTION of a ??NaCl positron emitter sealed into the il speci-

Transition-metal aluminides are of interest both from themens. Polycrystals are unsuitable for measurements at high

viewpoint of basic research and with respect to their poten'gemperatures because of the cracking of grain boundaries

tals for technical application as high-temperatureWh'Ch gives rise to an escape of thA#aCl positron emitter.

. . Lo . -~ .. __NisAl single crystals of the compositions Mi;Al (Ref.
materialst? The investigation of the formation and migration ., .3 . Y259
of atomic defects is a prerequisite for the understanding o 3)har_1d N'”ﬁAI 235 (fRetfh 34 Wetrtla gfroyvnl by t(ge fBgigtr;an
self-diffusion processesprder-disorder phenomefiagreep echnique whereas for the crystal ofpAl 2.5 (Ref. €
behavior? mechanical hardeniryor plastic deformation. zonde—rc?elrt]lng t(caj_chnlguef é\{aslatppllid.léctck:]or?rl]ng tcl)\l'tz(la ex
Positron lifetime spectroscopy is a sensitive and specifiéen ed phase diagrant singietonet al. € three Ny

technique for studying thermal vacancy formation in purecon:polség%ni a_:_eh IyII(II_g W't?'n tth? Pharrpmz tphatsz at least .
metal§ as well as in intermetallic phas&st’ For a detailed up 1o - 1he NI content of the nvestigated composi-

understanding of the experimental data on thermal vacancyP"s of the NpAl system(gee Table)l was determined by
-ray fluorescence analysis with a precision=00.2 at. %.

formation in ordered intermetallic compounds a theoretical” "= " ) : :
Cylindrical specimens with an axial bore hole and a cover

treatment of thermal defect formation in the frameworlabf . o
initio calculations:'® embedded-atom calculatioh&2° or were prepared by spark erosion. After deposition of the pos-

empirical nearest-neighbor bond mod&i€°is necessary. A ton emitter (about fO'“Ci ZIZNaCI) in the bcl)re hole the
comprehensive overview of the systematics of thermal defe&pe%menslzvere_ sea;]ed bylde' ectron-bear\]m welding. In ofrdir to
formation, migration, and self-diffusion in intermetallic com- avoid cracking In the welding zone the two parts of the
pounds and ordered alloys was given recefftly. specimen were aligned crystallographically. The specimen

The present work aims at the investigation of the thermalV@S hlermethally enclgsed in a Nb conthamebr wr]:ere a f2—g cu
vacancy formation in NjAl in dependence otemperature sample was integrated in a separate chamber for periorming

andcompositionby positron lifetime spectroscopy accompa- hlgh-premsrl%clJr]lc tempehrature_ callbr_atlohn at the Cu melting
nied by model calculations based on the interaction ofSMPerature” for each specimen In the temperature range
nearest-neighbor atoms. where thermal vacancy formation is studisge Fig. 1 For

the high-temperature measurements the container with the
specimen was electron-beam heated and the temperature was
controlled by means of Pt-pRh;; thermocouples with a

For the high-temperature positron lifetime measurementgrecision of=5 K. The positron lifetime spectra were mea-
single crystals were required in order to use the techrifque sured with a coincidence count rate of 70—90 cps and a total

Il. EXPERIMENTAL DETAILS

TABLE I. Compositions of the NjAl specimens together with their positron lifetime data: the free
positron lifetimes; at room temperature and their temperature coefficiantshe positron lifetimes in
thermal vacancies, as well as the vacancy formation enthalp}eg, and the temperature-independent
coefficientsoexp@/kg) derived from the temperature dependence of the positron trappingrége In
order to estimate the vacancy formation entro@&and the vacancy concentrations at the melting tempera-
ture Cy(Ty), a specific trapping rate=4x10'*s~! as in pure Al(see Ref. Bwas used.

(P9 a (10K 7 (p9  H{(eV) oexpS/ks) Si/ksg  Cy(Twm)

(10 s (1074
NigAlsg  108+1 8.6+1 157+3  1.65-0.08 2.05:2.4 3.94 4.91
NisgAloyg  110+1 10+1 155-3  1.81+0.08 5.15:2.4 4.86 4.02
NisgeAlpzs 109+ 1 9.7+1 1603 2.01:0.08  43.76:24 7.0 8.42
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170 —————————————— mined to 7= 7 (300 KYX(1 + « T) between 300 K and
I ] 1100 K with a=(9.41+1)x 10 ° K 1,
160 . If we compare this value ofr at lower tempera-
r 1 tures (Table ) and the mean valence electron density
150 |+ 1 7=0.731A"3 in Ni ;Al with similar z values of pure metals
. i and other intermetallic phas&s® without vacancies, these
g 140 ] low lifetimes have to be ascribed to positrons annihilating
~ 430 _ i from the free delocalized stater & 7) without positron trap-
le I ] ping at vacancies. From this we can conclude that no struc-
120 | 4 tural vacancies but antisite atoms are introduced upon devia-
L ] tions from the stoichiometric composition. Therefore no
110 F . structural vacancies but antisite atoms are expected at devia-
L tions from the stoichiometric composition.
ip0o 4t——ar 11 The strong increase of between 1100 K and 1550 K
300 600 900 1200 1500 [see Fig. 18)] is due to positron trapping and annihilation at
T (K) thermal vacancies and is characterized by the appearance of
an additional positron lifetime component with the time con-
: | 5 stant y, and the intensityl,,. Saturation trapping of posi-
__/ trons occurs at about 1550 K for all M\l compositions,
b) I:l_.; ~ pointing to a vacancy concentration of about 0 Within
140 7 the measuring precision the same positron lifetinye=157
S +3 ps in thermal vacancies is determined for all the speci-
men compositiongsee Table)l
- According to the simple two-state trapping madet®the
e mean positron lifetime
e 180 —  1+0Cymy
O—--0 Nizy 1Alys T Tfm @
O O Nirs Alzas is expressed by the positron lifetimein the free delocalized
V"V Nizg sAlys 5 state,
120 . ' ‘ ' : | -
1200 1250 1300 1350 = T_ZJ“ 7-_\\// ’ @
T (K)

by the positron lifetimer,, in thermal vacancies and by the
FIG. 1. Temperature dependence of the mean positron lifetimositron trapping rate

Tin Ni74:Al 559 (O), NizsAl 545 (0), and Nigg Al o35 (V) to-

gether with the fit of the two-state trapping model to the experimen- _ i _ i
aCy=ly €)
tal data. LY,
number of % 10°-6x 10 coincidence counts, making use —H{ s,
of a fast-slow time spectrometer equipped with Ba€intil- —oex KeT ex ke)’ (4)

lators, yielding a time resolution of full width at half maxi-
mum (FWHM) of 212 ps. A numerical two-component Here o denotes the specific POS'UOH trapping ratg, the
analysis of the spectia gives the time constants, and thermal vacancy concentratldﬁvthe effective vacancy for-
7y, Which denote the positron residence time in the fregmation enthalpySv the effective vacancy formation entropy,
delocalized state and the lifetime of positrons localized inandkg Boltzmann’s constant.

vacancies, respectively, with their relative intensitigsand The vacancy formation enthalpidS\F, and the factors
ly=1—1,. oexp@S,/T) (see Table), which are assumed to be tempera-
ture independent, are determined from a fit of E.to the
1. EXPERIMENTAL RESULTS AND DISCUSSION experimental data in the temperature range between 1200 K
and 1350 K.

The temperature variation of the mean positron lifetime The shift of ther curves is due to a monotonic increase
=lg7o+ Iy 7y in NizAl shows for the present compositions of the vacancy formation enthalpy with increasing Ni con-
the S-shaped behavior, which is characteristic for the annihigents.
lation of free delocalized positrons at lower temperatures and
positrons annihilated with a longer lifetime at high tempera-
tures due to trapping at thermally formed vacan#=® Fig.
1(a) and Table ]. For calculating the thermal equilibrium concentration of
The positron lifetime at lower temperatures was deteratomic defects in NjAl as a function of temperature

IV. MODEL CALCULATION AND DISCUSSION
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and composition in the framework of an empirical nearest- G=H-TS (10)

neighbor bond model, we make use Ahsdze presented where the configurational part of the enthalpy,

earlier?t27284041Here n, denotes the number of atoms

of the type i(Ni or Al) on the sublatticg (Ni or Al), n\,j the H=—i (nz- 3 N e

number of vacancies on the sublatticg, and Ny o Nini o= N N 7NN

Nni=3(N—Nj) or Ny=N+ 3N the total numbers of Ni or 5 ]

Al atoms, respectively, wherd s designates deviations from + (”AINi+3”AIA|”AINi)5AIAI +(2nNininayy,
e S compang "INt el

For the number of vacancies, , ny, or antisite defects s represented by the sum of the probabilities of two nearest
Nni,» Naiy, ON the Ni or Al sublattice the following equations lattice sites be occupied by a certain configuration of atom

hold: pairs multiplied by the corresponding bond energies
€NiNi s EAlAl »ENial DEtween these pairs. In the formalism of
Ny,= NNi_nNiNi_nAlNi’ (5) Bragg and William# the ordering energy
EniNi T €
Ny, =Na=Nai, —Nniy,» (6) €= enal— N'N'TA'A' (12)
Nip, = NN~ P (7)  isrelated to the critical temperatufe for the order-disorder
transition of the alloyEq. (21)]. The configurational entropy
Nl =Na—Na, - (8) of the crystal lattice,
HereNy; or N, denote the number of lattice sites on the Ni Se k| N Na! 13
or Al sublattice, with =Kgln o 13

vy iy Nt v P o !

is given by the total number of permutations to distribute the
§NNi: Nai, ©  defect species on the sites of the two sublattices.

_ Equations(11) and(13) are inserted into Eq10) for the
pecau§e of the conservation of the whole number of latgipbs free enthalpy. Minimizing with respect to the num-
tice sites. From Egs(5)—(8) we then obtainNyi=3N  pers of the defect species with the aid of the Lagrange mul-
+z(ny,, +ny,). The temperature variations of the concen-tiplier technique taking into account E¢&) to (7), the fol-
trations of thermal defects in thermodynamic equilibrium arelowing coupled nonlinear equations for the antisite-defect or
derived from the configurational part of the Gibbs free en-vacancy concentrations in thermodynamical equilibrium are
thalpy obtained(see also Refs. 21 and 28

Naiy i, 73Ns 30y, —ny,

: (14
N N 4Ny
nNiA|: NN ALy 4_ 4 /3nNiA,_nNiNi(€ L )+nAINi_3nAIAl(€ o )) 15
NAl nAlNiNAl kBT\ 3NA| NiNi NiAl 3NA| AlAI NiAl '
M_33/4 NNy, v N 1 I"/2\|Ni+3”A|A,nA|Ni6 . nﬁliNi+3nNi_AlnNiNi_ iy, ~ 3NNy, .
N NN, kT 3N3 AA 3N3 3Na NN
2Ny Maty + 3MNi Ny 30nigNa Naig =30,
+ 2 + 2 - 3N ENiAI ) (16)
3NZ, 3N2, A
2 2
%:33/4 NNy, ¥ 1 nAINi+3nAIAlnAINi€ . nNiNi+3nNi_AInNiNi+ iy, ~ 3NNy, .
N NNy kT 3N3 AA 3N3 N NN
20Nl 30NNy 30Ny Ml Nai = 3Naly
+ 2 + 2 + ENiAI . (17)
3Ng, 3N, Nai
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For the determination of the model parameters TABLE Il. Pair bond energies determined from a fit of the
€Al Enini - Eniar Trom a fit to the experimentad{, values the ~ model equationg(18)—(20) to the experimentaH{—values (see
following approximations are introduced into Eqd4) to  Table ).

7).
(i) Because the concentrations of vacancies on both sulf- (eV) enini (€V) €an (8V)

lattices are smal(see Table), 0.092 0.358 0.057

vy Nvy

N N <1, to predominant formation of thermal vacancies on the Ni

o sublattice which is then described by the approximate equa-
the approximation tions for the vacancy concentration on the Ni sublattice,
L 1

Nay=g NN CvNi“exn[ 2Bt dennit 26mn) |, (19
holds. Further we assume that the concentration of thermabr the stoichiometric composition,
vacancies is smaller than those of thermal antisite atoms,
which is supported by the observation that rather structural 1
antisite atoms are formed than structural vacancies upon de- Cvy=exp — kB_'r2 2€+2enini T €nn
viations from the stoichiometric composition. Then, for the
stoichiometric composition withl ;=0 the concentrations of 430 (e . (19
antisite atoms on both sublattices are nearly equal. This is N (2€7 eninit€anl) ||,
supported by calculations of the thermal concentration of o .
antisite atoms in the framework of the above model. It fur-for the Ni—rich composition, and
thermore appears to be plausible because of the relatively 1
Iow temperaturdl ; of the str_uctural o.rd.er-disorder_tra.nsition CvN“eXF{ — k—2 e+2eninit €anl
which occurs by the formation of antisite atoms with increas- ! Bl
ing concentrations: N,

2 (6= eninit €am )]s (20
Nniy,  Naly
N N for the Ni-poor composition. In the exponents of the above

equations the vacancy formation enthalpies in dependence of
(i) No structural vacancies can be detected with positronhe model parameters, ey, and ean can be identified
lifetime measurements in the nonstoichiometric compoundsand together with the experimentally determined vacancy
Deviations from stoichiometry are therefore compensated bygrmation enthalpiesH\F, from Table | these pair bond ener-
antisite atoms. The concentrations of antisite atoms for thgjies can be determined. In order to reduce the uncertainties

Ni-rich compositions are then given by of the datermination of the pair bond energies we have cho-
sen the ordering energy=0.092 eV similar to the value
NNy %3—N5 and DAty <3—N5 €=0.09 eV calculated according*fo
N N N N
. " kBTc
and for the Ni-poor compositions by €= e (21)
Nai N Nniy N with a critical temperaturel ,=1723 K suggested for the
N SN ad T sSy order-disorder transition in NAI.*3 The e\ value obtained

in this way(see Table Il lies near toey;\i=0.3 eV (Ref. 29

If the above approximations are take into account, expliciijetermined from the vacancy formation enthalpy for pure Ni
equations for the defect concentrations are obtained fronRef. 8. This appears to be reasonable because both crystal
Egs. (14)—(17) for the cases of stoichiometric, Ni-poor and structures are close packed and the nearest-neighbor dis-
Ni-rich Ni ;AL The two latter cases are not valid near thetances in NiAl and in pure Ni are similar.
stoichiometric composition. In the exponents of these equa- Together with these pair bond energi@able 1)) Egs.
tions the vacancy formation enthalpies can be identified(14)—(17) were solved numerically by the iterative method
which depend linearly on the composition. or by the Newton-Raphson technique, yielding the concen-

Some information about on which sublattice thermal va-trations of vacancies and antisite atoms on both sublattices.
cancy formation predominantly occurs can be deduced from The vacancy formation enthalpy of the Ni and Al sublat-

a fit of the approximate model equations to the vacancy fortices presented in Fig.(8) is determined according to

mation enthalpies determined for the various compositions.

If we assign the measured vacancy formation enthalpies alnCVN"AI

(Table |) to the vacancy formation on the Al sublattice by H\F/Nm: _kBW' (22)
using the equations for the Al-vacancy concentration, the fit

yields an ordering energy>0 [Eg. (12)] which is incom-  within a temperature range between 300 K and 1350 K. Here

patible with an ordered alloy structure wigk< 0. This points Cvym denotes the thermal vacancy concentrations on the Ni
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3 ' ' are estimated assuming simple vacancy-mediated diffusion
processes as in many pure metals. The self-diffusivities

a) QSP were determined from tracer-diffusion measurements of
Al | 83Ni and 1*4n as a substitute of Al in NjAl [Fig. 2(b), Refs.
- 44 and 43. The thus determined vacancy migration enthal-

oL . pies are lower than the corresponding vacancy formation en-
thalpies and are in good agreement with experimental values
. determined from recovery measurements after electron irra-
1 diation by means of positron annihilation or electrical
. resistivity*®4’ This points to a Ni self-diffusion process oc-
t i t T f i + — curring via vacancies by nearest-neighbor jumps on the Ni
I | sublattice. The higher self-diffusion enthalpies fofin than
4 b) 4 for ®Ni appear to be mainly due to a lower thermal vacancy
< W\o—o 1 concentration on the Al sublattice than on the Ni sublattice.
2 114 1 The maximum value oHY near the stoichiometric compo-
a : In : sition [Fig. 2(c)] results from the maximum of the self-
(¢ . diffusion enthalpy{Fig. 2(b)] if Eq. (23) is applied. A mo-
3r n notonous behavior is observed fek/ at the stoichiometric
B3N 1 composition. The migration enthalpies on the two sublattices
r | : | , | . ] are similar for the Ni-poor compositions and in the vicinity
of the stoichiometric composition but differ by nearly 0.5 eV
for the Ni-rich compositions. This is due to a convergence of
the vacancy formation enthalpies on the two sublattices for
the Ni-rich compositiondFigs. 4a) and 2Zb)]. From the
present data a high ratid5/HY=1 for the formation and
migration enthalpies of vacancies on the transition metal
sublattice is derived for NjAl similar as in pure metals. This
means that the transition metal self-diffusivity is governed
by low concentrations of vacancies with a high diffusivity. It
furthermore means that in the concentration range
73 74 75 76 77 C,~10"° of thermal vacancies detectable by positrons the
at.% Ni equilibration times for thermal vacancies after temperature
/e changes are in the range of milliseconds or shorter, as in pure
metals®® In contrast to that, the ratibl7/HY <1 is low in

(eV)

Hy

FIG. 2. (8 Calculated vacancy formation enthalpy in depen- . L .
dence on composition in NAI [Eq. (22)]. The nearest-neighbor the transition metal aluminides with tiB2 structure as FeAl

bond energieseyy » ean  and ey presented in Table Il were ©F NiAl, according to the experimentally observed low val-

used. Al sublatticel0)). (b) Self-diffusion enthalpyQs® determined U€S for vacancy formation and high values for vacancy mi-
from tracer-diffusion measurements BNi (®) and 14n (O) as ~ 9ration enthalpiessee Ref. 3 This gives rise to a slow
substitute for Al in NiAl (Refs. 44 and 45 (c) Vacancy migration ~ €quilibration of thermal vacancy concentrations of about
enthalpies determined accordingh) = QSP— HY, for the Ni sub- 10~° which can be studied by positron lifetime spectroscopy,
lattice (¢ ) and the Al sublattice ¢ ) as well as activation enthal- Yielding a direct and specific determination of the vacancy
pies from recovery experiments after electron irradiation measurethigration enthalpies OH\F,:1.7 eV for FeAl(Ref. 13 and
by means of positron annihilationV(, Ref. 46 and of electrical H\F/=2_14 eV for NiAl (Ref. 49.
resistivity (A, Ref. 47.

V. SUMMARY
or Al sublattice calculated from Eq&l6) and(17). For off- . . N
stoichiometric compositions the vacancy formation enthalpy. . In conclusion the rgsults of the present investigation on
on both sublattices depends nearly linearly on the composf§II 3Al may be summarized as follows.

tion. This is also seen from Egd.9) and(20). The change of ('). No structgral vacancies are detgcted in the nonstoichio
= . L ) o .~ . metric compositions. Trapping of positrons at thermal vacan-
Hy  being more significant in the vicinity of the stoichio- . B . .
Ni/Al cies can be observed for the nearly stoichiometric composi-

metric composition results from the relatively high critical tjon as well as for the Ni-poor an¥Ni-rich compositions
temperature for the order-disorder transitilaiﬁNi decreases jth a positron lifetime in thermal vacancieg= 175+ 3 ps.
about 0.09 eV/at. % with decreasing Ni contgha similar (i) The two-state trapping model is applicable in the
situation is observed for RSi with decreasing Fe contett. high-temperature range. The effective vacancy formation en-
From a comparison of the calculated vacancy formatiorthalpies for NsAl are as high as in pure fcc metals and
enthalpies and the self-diffusion enthalpies the vacancy miincrease with increasing Ni content.
gration enthalpie$Fig. 2(c)] (i) The comparison of the experimental data with a
nearest-neighbor bond model points to a predominant va-
M ~SD  LIF cancy formation on the Ni sublattice and yields the nearest-
Hy=Q> —Hy (23)  neighbor bond energies. From this the vacancy formation
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enthalpies in a temperature range between 600 K and 1350 K
on both sublattices are calculated in dependence on compo-
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