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Slow removal of vacancies inB2-Nis,Al 44 upon long-term low-temperature annealing
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Due to the high concentration and low diffusivities of thermal vacancié32rNiAl, these vacancies are
thought to be only then fully removed when long-term annealing at low temperatures is emfpthyed
Schaefeet al, Intermetallics7, 277(1999]. In the present paper the annealing of vacancies ipANjg in the
temperature range from 635 K to 685 K on a one-year time scale is specifically studied by positron annihilation
spectroscopy. The positron lifetimg,=(179+ 1) ps in as-prepared BAl,s demonstrates the presence of
remnant single vacancies. The decrease of the concentration of these vacancies with annealing time demon-
strates that they can be removed by low-temperature long-term annealing leading to vacancy clusters. From the
annealing a vacancy migration enthalpyl-d;{'f;'z(z.Oi 0.1) eV has been determined forsphl,g. The rem-
nant single vacancies are detected to be located on the Ni sublattice of ordered NiAl. The present results are
expected to be of interest as an exemplary case that removal of vacancies and therefore thermal equilibrium in
complex solids may be achieved only after long times.
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I. INTRODUCTION In the present paper remnant vacancies ig,Ajg are
studied by positron lifetime spectroscopy during annealing

The intermetallic compoun®2-NiAl is a candidate for over months at low temperatures. Coincident Doppler broad-
high-temperature structural components due to its high meltening measurements of the positron-electron annihilation ra-
ing temperature, advantageous high-temperature mechanicdiption are employed for specifically identifying the sublat-
properties, excellent corrosion resistance, and low masice on which these vacancies are formed.
density!~® The nature of structural vacancies, which are in-
troduced, e.g., intd2-NiAl (CsCI structurg upon devia- Il. EXPERIMENT
tions from stoichiometry, is often discuséefisince it may ) ) )
substantially affect the diffusional and mechanical properties 1N€ B2-NissAl ;3 Specimens were prepared by melting of
of the compound? Ab initio calculations show that antisite Puré Ni and Al in an induction furnace. The alloy was ho-

atoms rather than structural vacancies are expected for t ogenized at 1573 K for 48 h and then cooled to room
Ni-rich compound Ni,Al.® In this compound, however emperature at a rate of 50 K/h. The low-temperature anneal-
- 48+ ' '

vacancies are available in high concentrations at ambierf? of NispAl46 was carried out at temperatures between 635

: : K h 2x10°2 Pa).
temperature after castift§.The nature of these vacancies and 685 K over months under vacuum 0 2)

tructural or th | hould be furth lucidated The positron lifetime spectrum of as-prepared and an-
(structural or thermal vacangghould be further elucidate nealed N§,Al ;5 was measured at room temperature by a fast-

since no efficignt removal of th% vaqancies is obse'rved b%low vy spectrometer with a time resolution of 210 psll
annealing at h,{/lgh temperaturés.® A high vacancy migra-  idth at half maximum (FWHM)] using a sandwiched
tion enthalpyH, =1.8 eV and a low vacancy formation en- 22\aCJ positron source. The time constamtand their rela-
thalpy H{=1.5eV in NiAl were determined by measure- tive intensities; were numerically determined from positron
ments of the time-differential length change after fastlifetime spectra with % 10°—6x 10° coincidence counts by
temperature changéFrom the high raticH¥/HY,>1 itis  means of standard techniquésBy this procedure the time
anticipated that due to their high equilibrium concentrationconstants and intensities of the positron lifetime components
and low diffusivities thermal vacancies in il 45 can only  could be derived with low uncertainty limits even in the case
be fully removed by long-term annealing at low tempera-when three-component fitting is applied as demonstrated in
tures. For testifying this conjecture application of specificTable I. This is due to the narrow time resolution of the
local probes such as positrons is of interest. By positron lifespectrometer, the good statistics, and the wide separation of
time spectroscopy vacancy-type atomic defects can bthe time constants.

identified* and by coincident measurements of the Doppler The measurements of the Doppler broadening of the
broadening of the positron-electron annihilation photons thepositron-electron annihilatiory spectra up to the high mo-
sublattice in an ordered binary compound can bementa of the chemically characteristic core electrons were
determine®® on which the vacancies are located. For thecarried out at room temperature by measurements of the two
latter technigue the chemical environment of the annihilatiorannihilation photons with the energi&s andE, by means
site—e.g., a vacancy—can be analyzed on an atomic level bgf two high-resolution Ge detectors. The high peak-to-
considering the high-momentum part of the electron momenbackground ratio of>5x 10° was achieved by diagonal cuts
tum distribution'® of the E;—E,-Doppler spectra along th&;+E,= (1022
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TABLE |. Positron lifetime parameters,, 7, and . with the relative intensities,, 1y, andl. and the lifetimer; of positron
annihilation in the delocalized free state as well as the mean positron lifetimeasured on as-preparedspl ,5 and after annealing at
temperatures between 635 K and 685 K for 60 days.

Specimen 7o (PS) lo (%) v (P9 ly (%) 7c (P9 le (%) 7 (pS) 7 (py
As-prepared 1791 100 1791
635 K 1771 100 1721
660 K 23+7 6.6+1 178+1 88.5-1 522+8 4.9+1 125+10 184+4
685 K 30+5 11.2+1 1771 80.2-1 530+7 85+1 1189 1914

+1.5) keV energy conservation line. Each of these spectrpositron lifetime =179 ps) indicates positron saturation
contains more than 10coincidence counts for achieving trapping at single vacancies ind¥l 44 (see Fig. 1 Since in
good statistics in the core electron region abavE=E Ni-rich NiAl antisite atoms rather than structural vacancies
—511keV=5keV, which corresponds top,=19.6 are expected for compensating the Ni surfltise vacancies
X 10 3myc for the core electron momenta. For demonstrat-detected in NjAl 5 are regarded as remnant thermal vacan-
ing the details of the high-momentum tails, the Dopplercies.
broadening spectra measured on NiAl, defect-free pure Ni, During long-term annealing at the relatively low tempera-
and pure Al were normalized to the Ni Doppler broadeningtures T,=660 K andT,=685 K, a long positron lifetime
spectrum(see Fig. 4 so that the Ni spectrum is represented component appears, indicating the formation of vacancy
by a straight horizontal line. clusters consisting of more than 20 single vacancies accord-
ing to the lifetime ofr,= (520—530) pgsee Table)L'° For-
mation of the vacancy clusters occurs at the expense of the
concentration of single vacancies which decreases according
A positron lifetime n,=(179+1) ps determined in as- to the decrease of the relative intendiy(see Table)l of the
prepared Nj,Al .5 (See Table)lis much longer than the value positron lifetime component with the time constagtattrib-
of 74=(120=5) ps expected for the lifetime of free delocal- uted to vacancies. At the same time a short-lived component
ized positrons in defect-free NiAl as estimated from thewith the time constantr, appears(see Table )l which is
mean valence electron densiiy;=542 nm 2 derived from  characteristic for partial annihilation of positrons in the free
a comparison with the free positron lifetimes and valencestate because the vacancy concentration is now below the
electron densities of pure metals and other intermetallizvalue required for positron saturation trapping. In this state
compound&-!8 (see Fig. 1 The experimentally determined the free positron lifetime 7=1/(1o/ 7o+ 1y /7y+ 1/ 7¢)
=(120+5) ps can be derive¢see Table )l making use of

III. RESULTS AND DISCUSSIONS

T T T y the parameters deduced from the positron lifetime spectra,
250 b ot ] wherelg=1—1,,—1. is the relative intensity of the short-
’.cn: i o1 lived time constant,. The quantities, andl,, as well asr,
- NLA and | are the lifetimes and relative intensities of positrons
@ 200 - '52A“,§e si ] annihilated in the single-vacancy state and in the cluster
-% T "‘g ?3 v state, respectively. The value of determined here for NiAl
= 150 R R A 7 coincides well with the value expected from a comparison
8 LdNi 6 o with the data of other metals and intermetallisee Fig. 1
] W Feahled & |6 Making use of the data derived from the positron lifetime
o 100 FeAl Fe MA Ry spectra the evolution of the concentration of the single va-
200 700 500 300 canciesCy, with the concomitant formation of vacancy clus-
Valence electron density, p,, ( nm® ) ters can be determined according’to
FIG. 1. Relationship between the experimentally determined o Cy(t) = Tc— 7T IV'HC_ Telyt 7ylc T
positron lifetimes in the delocalized free statg)(or the trapped Te—Ty\ To Ty Te Ti(Te—Ty)
state at single vacanciesy( (Refs. 11 and 1)7and the valence (1)

electron density 4.;) for pure metals and intermetallic compounds. . . I 45 1
The valence electron densipy;= (nX Ng|)/V is given by the num- where7 is the mean positron lifetime anel, = 10°s (see

ber Ng, of outers, p, or d electrons and the volum¥ of the Ref. 2]? the speqﬂc positron trappl_ng rate.

formula unit. The lifetimer;=(118+9) ps derived for the free In Fig. 2 the isothermal annealing data for the vacancy
delocalized positron state in Al 4 from positron lifetime studies concentrationCy are given for various annealing tempera-
of the specimen annealed at 685(see Table )lis in good agree- turesT, as derived from the positron trapping rates accord-
ment with the data of free positron lifetimes in other systems. ThéNg to Eq.(1). Unfortunately the initial value o€, ;, cannot
positron lifetimer, =179 ps in as-prepared NAl 5 indicates pos- be determined directly because it is so high that positron
itron saturation trapping at remnant single vacancies in the intermesaturation trapping occurs. If we, however, fit a model iso-
tallic compound. therm
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FIG. 2. Isothermal annealing of the concentratiog(t,) of
single vacancies in jAl ;g annealed at low temperatures. The con-
centrationCy, is determined from the positron trapping ratgCy
[see Eq(1)] making use ofr,=10"° s™! (see Ref. 2L The initial
vacancy concentratio@y o= 6.3X 10" ° was determined by fitting
an exponential to the isothermal annealing datal gt 660 K.
Curves are the fitting results according to E2). by taking use of
the value of the determine@, o. The value ofCy after long-term

annealing afT=660 K lower than that upon annealing at 685 K
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FIG. 4. The ratio curves of the area-normalized coincident Dop-
pler broadening spectra of the positron-electron annihilation photon
line measured on defect-free pure Ni and on pure Al, as well as on
as-prepared NjAl,5. The spectra are normalized to the Ni spec-
trum, which in this presentation yields a straight line. The similar
slope of the ratio curves of pure Al and as-prepared NiAl in the
range ofp, >20x 10~ 3myc (see slopes andb) demonstrates that
positrons are annihilated in vacancies surrounded by Al atoms—i.e.,

indicates the lower equilibrium vacancy concentration at the lowein these vacancies are located on the Ni sublattice.

annealing temperature.

ta
Cu(ta)=Cyp eXF{ - t_) , (2
E

wheretg is the equilibration time constant, according to a

first-order reaction to the isothermal data Toy= 660 K (see
Fig. 2, then the valueC =6.3X 10 ° can be determined.

Making use of this value for the other isotherms the tempera,

ture variation of the equilibration rate

HY

kgTa

tg1=tg‘(1)exp< - 3

value of 1.8 eV derived from earlier time-differential length
change measurements of,Ml 55 under thermal equilibrium
conditions™®

For a specific identification of the sublattice on which
the remnant thermal vacancies in pil,g are located
the technique of the coincident Doppler broadening
measurement??is employed herésee Fig. 4 The chemi-
cal surrounding of the positron annihilation site can be spe-
cifically characterized by the slope of a Doppler broadening
ratio curve in the high-momentum core electron regim¥.
This has been demonstrated &ly initio calculations for SiC
and vacancies therefi.The ratio curve of the as-prepared
Nis,Al,g in the core electron momentum range 20-40
X 10" 3myc exhibits a slopgmarked ash) quite similar to

can be determined, yielding the vacancy migration enthalpghat of pure Al(marked asa) and is entirely different from

H\'\j'z(Z.OiO.l) eV (see Fig. 3, which is similar to the

107
1 1
_10"F
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FIG. 3. Temperature variation of the equilibration ragé in
B2-Nis,Al 45 determined by long-term low-temperature equilibra-
tion experiments (@). The vacancy migration enthalp)b'-l\'\;1
=2.0 eV is determined according to E®). Thetz* values deter-

that of Ni(horizontal line; see Fig.)4From this we conclude
that positrons are predominantly annihilated in vacancies
with Al atoms in their nearest neighborhood, i.e., in single
vacancies on the Ni sublattice. This is in agreement with
theoretical predictiorf§ of the vacancy formation enthalpy
on the Ni sublattice in NiAl which is reported to be much
lower than that of Al vacancies.

IV. CONCLUSIONS

In B2-NigsAl 45 vacancies are specifically detected after
conventional preparation by positron lifetime measurements.
We demonstrate that these vacancies with a high ratio
H{\,"/H\F,>1 can only be removed by low-temperature long-
term (over monthy annealing. Under these conditions the
migrating vacancies form clusters. The vacancy migration
enthalpy is determined tbl}' =(2.0+0.1) eV in agreement
with earlier studies of time-differential length change
measurementS. Coincident Doppler broadening measure-

mined by time-differential length change measurements inments yield direct evidence that the remnant vacancies avail-

B2-Niy7Al 55 are indicated in additiof], Ref. 13.

able at ambient temperature are located on the Ni sublattice.
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