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Characterization of radiation-induced lattice vacancies in intermetallic compounds
by means of positron-lifetime studies
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In the present paper a characterization of atomic vacancies in intermetallic compounds is given by means of
positron-lifetime measurements after electron irradiation and comparison with the states after preparation, after
long-time annealing, or in high-temperature equilibrium. In TiAlgAl, and NizAl no structural vacancies
(detection limitC,=10"%) are observed at ambient temperature. This confirms that in these compounds slight
deviations from stoichiometry are compensated by antisite atoms. In the ABibalioys FeAl and NiAl, on
the other hand, remnant vacancies exist due to the high thermal equilibrium vacancy concentrations and their
slow diffusivities. The kinetics of vacancy elimination in FeAl and NiAl is discussed. A substantial tempera-
ture dependence of the positron lifetime in vacancies is detected in close-packed intermetallics which is
attributed to an increased atomic relaxation or partial positron detrapping at high temperatures. In contrast to
that, the temperature dependence of the positron lifetime in vacancies is small in the open-stia2tured
aluminides. The lifetimes; of free delocalized positrons in transition-metal aluminides and in NiZr and NiTi
can be correlated to those of the pure components, taking into account the densities of valence electrons. For
the positron lifetimesr; of vacancies in intermetallic compounds, values7of 7;=1.5—-1.7 are observed
similar as in the pure metals. Annealing studieBB@f-FeAl after electron irradiation yield time constants for
the disappearance of vacancies identical to those deduced recently for the equilibration of thermal vacancies. In
electron-irradiated Ti aluminides annealing processes at 250 K and 450 K are observed where the latter process
is tentatively attributed to long-range migration of vacandi&163-18286)00426-2

[. INTRODUCTION sublattices. Hence, they may contribute to the assessment of
thermal defects at high temperatures or of structural vacan-
Alloy systems with intermetallic compounds are the sub-cies(Sec. Il A 2).
ject of comprehensive investigations under aspects such as The determination of the characteristic positron lifetimes
the attractive high-temperature mechanical properties of; or =, in the free or the vacancy-trapped states of interme-
transition-metal aluminides or the formation of novel andtallic compounds and the constituent pure metals yields, fur-
metastable microstructures as in the case of quasicrystallitbermore, insight into the systematics of positron annihila-
or amorphous alloys. For both aspects lattice vacancies dion parametergSec. Il A 3). This is of particular interest
vacancy-type free volumes play an important role. On theor an assessment of theoretical data and is helpful for the
one hand, the thermal formation and migration of lattice va-characterization of vacancy-type defects in disordered mate-
cancies determine the material transport properties at highals.
temperatures, e.g., self-diffusion, or creep. On the other A further objective of the present work comprises the
hand, vacancy-type defects may represent structural elemergtuidy of the annealing behavior of radiation-induced vacan-
in intermetallic compounds or disordered alloys. cies in Fe- and Ti-aluminide&Sec. Ill B). From this type of
To both types of questions positron-lifetime spectroscopymeasurement additional information on defect migration and
was applied recently as a sensitive foml the study of ther-  the mechanisms of self-diffusion can be derived by means of
mal vacancy formation in transition-metal aluminidesa comparison with high-temperature vacancy formation and
[Fe;Al (Ref. 2, FeAl (Ref. 3, TiAl (Ref. 4, Ti;Al (Ref. 5, self-diffusion studies.
and Ni;Al (Refs. 6—8] and in order to characterize struc-  The details of the technique of positron-lifetime spectros-
tural free volumes in crystaline or quasicrystalline copy are described elsewhéfeln the simplest case of the
Al-rich®1° or amorphous Ni-based alloys. applicability of a two-state trapping modelthe mean pos-
For a more detailed and comprehensive characterizatiottron lifetime
of vacancy-type defects in these materials, the present paper
aims at a positron-lifetime study of vacancies in transition-
metal aluminides and in the intermetallic compounds NiZr — 1+0Cymy
and NiTi after electron irradiatioiSec. 11l A). As demon- TETIXTT oCyy
strated earlier in the cases of GafRef. 12 or SiC (Ref.
13), positron-lifetime measurements in binary-crystalline
compounds after low-temperature electron irradiation near ois given by the characteristic time constants, 7,, the
well above the threshold of atomic displacement may proatomic concentratiol,, of vacancies, and the specific pos-
vide specific information on vacancy-type defects on the twdtron trapping rates.
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[l. EXPERIMENTAL PROCEDURE (Fey . Nigp as structural defects on the transition-metal-rich
side of theB2 aluminide$! The removal of vacancies at
higher annealing temperatures is restricted by the early onset
of thermal vacancy formatidn(Fig. 2, compareT ,= 633 K

nd 733 K. Moreover, the removal of vacancies becomes
Iess efficient with increasing Al content as indicated by the
increase ofr (Fig. 2. This is due to a decrease of the va-
cancy formation enthalpy*3?or an increase of the vacancy
migration enthalp$?3*with increasing Al content.

In B2-NiAl, in contrast to Fe-Al, the high positron life-
times are persistent even after long-time annedkeg Table
I, Fig. 3). This demonstrates that B2-NiAl on both sides of
the stoichiometric composition vacancy concentrations
Cy=10 * above the limit of saturation trapping of positrons
occur. On the Ni-poor side, the saturation trapping of posi-
trons originates from structural vacancies in high
oncentration§3! In Ni-rich NiAl, however, antisite atoms
ather than structural vacancies are expected like in Fe-Al

Specimen platelet€’x 9 mm?) were cut from pure met-
als (Zr 99.8 at. %, Ti 99.99 at. %, Goodfellgvor from the
same intermetallic materials which were used for the hlgh
temperature studies of thermal vacanciesBR-Feg,Al 39
(Ref. 3, yTiAl (Ref. 4, a,TizAl (Ref. 5, and Ni-
aluminides(Ref. 8 or for the structural studies of amorphous
alloys[NiZr, NiTi (Ref. 13].

Low-temperature electron irradiation E{-=0.4,0.55
MeV, Tijag= 120-140 K; E.-=2.5-2.9 MeV, Titad
= 85-95 K) was performed at the Stuttgart Dynamitron ac-
celerator. The positron-lifetime spectraXa® coincidence
count$ were measured with a sandwiché®NaCl positron
source by means of a fast-sloyy spectrometeftime reso-
lution full width at half maximum(FWHM) 240 pg and nu-
merically analyzedsee Refs. 12,16 Annealing experiments
above ambient temperature were performed under hig

C 4 . )
}/r?)%luﬁepgslgcim22 aﬂt:trelreetgqovl':ggr t:;en pzfr;teona:r?ggl:ii (see above The high positron lifetimesFig. 3) in that case
=24 h thp =N P : led off g I | Yare ascribed to saturation positron trapping at quenched-in
(ta ) the specimens were sealed off in glass ampou €S$hermal vacancies. These vacancies can hardly be removed
as shown in the following for NizAl 47.

IIl. RESULTS AND DISCUSSION (a) Saturation positron trapping, i.e., positron annihilation

A. Characterization of lattice vacancies exclusively from vacancies, is typically observed above a
_ L _ _ positron trapping rate ofC,=3x10° s (see, e.g., Ref.
1. Free poeltron lifetimes and deteetlon of vacancies 20). Together with a specific trapping rate=4x 10451
in the as-prepared specimens as in pure metatsthis yields a lower limit for the available
In close-packed L1o-type TigsAls;s, DOjgtype — vacancy concentration @y=7.5x10"°.
Tigs.Al 336 andL1,-type NigAl, positron lifetimes rather (b) Concentrations of thermal vacancies above this limit

similar to that in the pure transition meta(§i, Ni) occur  existin NiszAl 47 at high temperature@.g. Cv—2>< 10~ at
after preparation. These lifetimes characterize the “free” de-770 K) due to the low activation enthalgyy,=0.67 eV for
localized state of positrons in the crystal lattiq@ble I,  vacancy formatior®

Fig. 1, see Sec. lllABand demonstrate the absence of (c) These vacancies are easily quenched in and hardly
guenched-in thermal or structural vacandidstection limit removed due to a high migration enthalpy\“}'zQSD

of atomic concentration I¢; see below. This supports —HV = 2.1 eV for Ni vacancies as derived froH15 [item
theoretical predictions for these compounds according t@b)] and the activation enthalp® S°= 2.77 eV for Ni
which deviations from the stochiometric compositions onself-diffusion®® The disappearance of vacancies may be
both sides g|ve rise to antisite atoms rather than to structuradharacterized by the time constant

vacancies:5°

In the open-structure®2-type Fe- or Ni-aluminides, on te=t, exp(H\"}'/kBTA). )
the other hand, vacancies are detected after preparation of the
specimens. This is demonstrated by the single-componeidaking use of the preexponential factty = 5x 10~ °
positron-lifetime spectra with time constants=187-200 determined forB2-Feg,Al 39 (Ref. 3 the time constant
ps (Fe-Al, Fig. 2 or 7;=166-180 pgNi-Al, Fig. 3). These tg=79 h can be determined for annealing out of vacancies at
lifetimes are similar to the theoretical values for vacancies/70 K in NissAl ,;. This means that at 770 K the equilibra-
e.g., in Fe-Al(see Table )l and much higher than the free tion[Cy,=2x104, item (b)] can be attained within the ex-
positron lifetimes expected from a comparison with the freeperimental annealing time of 120(kee Fig. 3 The residual
lifetimes in pure Fe or Nisee Table | and Sec. lll A)3They vacancy concentration above the limit of positron saturation
are, therefore, ascribed to saturation trapping and annihilarapping[item (a)] is, however, retained at lower tempera-
tion of positrons at vacancies. tures because the annealing is too slow.

In the Fe-rich Fe aluminidesQ,, < 39 at. % these va- A further important aspect of the positron-lifetime mea-
cancies can be mainly eliminated by means of long-time ansurements in the as-prepared state pertains to the variation of
nealing atT,=633 K (340 h. This is indicated by the de- the positron lifetimer; in vacancies with the composition of
crease of the mean positron lifetimewhich arises from a B2-NiAl (Fig. 3) or B2-FeAl (Fig. 2). From this variation
short-time constant due to partial positron annihilation in thenformation on vacancy agglomeration or complexes of va-
free state with a lifetimer;=121 ps(see Fig. 2 We con- cancies with neighboring Ni or Fe antisite atoms may be
clude, therefore, that the vacancies in the as-prepared state@éduced. An increasing contribution of vacancy agglomer-
the Fe aluminides are introduced by quenching due to thates with an elevated positron lifetinfe.g., divacancigson
low diffusivity of thermal vacanci€sduring cooling rather the Al-rich sides is expected from an agglomeration of struc-
than by deviations from stochiometry. This is in agreementural vacancies of increasing concentration. On the other
with theoretical results which predict antisite atomshand, complexes of Nior Fe vacancies with Ni(or Fe
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TABLE |. Positron lifetime in the free stater{) and in the vacancy-trapped state(,) after electron irradiationlenergy
E.-=2.0-2.9 MeV and annealingtemperatureTl ;) or in high-temperature thermal equilibriun { ,) as well as theoretical values for
the positron lifetime in monovacancies( o of intermetallic compounds and the constituent pure megalsdenotes the valence electron
density and\, the mean number of the outsey p, andd electrons per atom. Experimental uncertaiaty= =2 ps.

Tt T 1irrad [ps] T 1,therm TV, theo Pel Ne
Structure [ps] (Ta [KD [ps] [ps] [nm~2]
Tisy Al sgs L1, 146 220(90/300 2112 216 35
Tigs Al 336 DO0yg 147 223(140/300 223P 221 3.7
Ti77 Al g DO04g 147 223 3.8
Ni ;A L1, 109 181(90) 157°¢ Vs 177 732 8.25
182 Vp o 175
Fese Al 237 DO,/ 112f 171f V o 1867 566 6.75
B2/A2 Vy 11848

Fe;sSiys DO, 109" 175" 624 7
FegiAl 39 B2 121 180 (90/300 187 491 6.0
Ni 49,7l 50.5 B2 184X (90/300 542 6.5
Ni 5,Al 45 172 (90/300
Ni 60Al 40 167X (90/300
NiTi B2 132 197 (300 384 7
Nizr B33 142m 197 (300 432 7
Ti hcp 146 220(90) 146" 227 4
Zr hcp 159 219300 159" 172 4
Fe bce 106 175°P 14449 190" 680 8
Ni fcc 1018 160 (90) 1528 184" 834 10
Al fcc 163! 251" 248! 253" 181 3

8Brossmanret al. (Ref. 4.

bValue taking into account frequent positron detrapping and retrappirigsahumet al. (Ref. 5.
‘Badura-GergertRef. 8.

dpuska(Ref. 17.

fWanget al. (Ref. 18.

fSchaeferet al. (Ref. 2.

9Jiraskovaet al. (Ref. 19.

PKimmerleet al. (Ref. 20.

'Derived from two-component spectra analy§ig. 2).
Iwirschumet al. (Ref. 3.

kKsaturation value before and after irradiatidfg. 3.
'Wiirschumet al. (Ref. 23).

™A Urschumet al. (Ref. 22.

"Puska(Ref. 23.

°Schaefer and Wischum(Ref. 24.

PVehaneret al. (Ref. 25.

9Shirai et al. (Ref. 26.

'Puska and Niemine(Ref. 27.

SFranzet al. (Ref. 28.

'Schaeferet al. (Ref. 29.

antisite atoms are anticipated on the Al-poor side due to &igh® but lower than the above estimates for NiAl. This ex-
high concentration of structural Nor Fe antisite atoms and plains the increase af; upon annealingsee Fig. 2in terms
the predominant formation of thermal vacancies on theof the formation of small vacancy clusters. Moreovah
transition-metal sublattice(see Ref. 3 and references initio calculations of the vacancy binding energy suggest a
therein. Therefore, the lowering of the positron lifetime to stronger tendency for vacancy agglomeration in the case of
the value for vacancies in pure Kir Fe; see Table)imay  FeAl in comparison to NiAP’
arise from the additional contribution of electrons to the pos- _ o _ o )
itron annihilation rate due to the additional transition metal 2. Positron lifetimes in radiation-induced vacancies
atoms in the direct neighborhood. compared to high-temperature thermal vacancies

The behavior of the positron lifetime in residual vacan- From a comparison of vacancies induced by low-
cies during annealing iB2-FeAl differs from that in NiAl.  temperature electron irradiation or formed at high tempera-
In FeAl the vacancy migration enthalpyty =1.7 eV is also  tures information on the variation of the positron lifetime in
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FIG. 1. Ratio of the positron lifetimes in the vacancy-trappedy) of unirradiated Fe-aluminides. The free positron lifetime

state (1 a9 after electron irradiation and in the free statg)(as (r=[(1—1,) 751+ 7] 11-1y (V) according to the two-state trap-

well as7; in intermetallic compc_)unds and t_he _constituent pure _met‘ping model was derived from the time constangsand 7, and the
als. The valence electron density;= p,;Ne is given by the atomic o 5tive intensityl , after annealing.

densityp,; and the mean numbét,, of outers, p, andd electrons

per atom(see Table)l ] . .
vacancies could be derived from recent high-temperature

vacancies with temperature or with the sublattice of the bi-studies ofD 04 Ti g6.4Al 336 Which is close packed, tob.

nary compound may be deduced. Compared to the close-packed intermetallic alloys where
Thermal vacancies in intermetallic aluminides are pre-vacancies appear to be prone to a decrease of the positron

dominantly formed on the transition metal sublattigee lifetime and a loosening of the positron binding a different

Refs. 3,5,8 and references thepeiAfter irradiation, how-  situation prevails in open-structur&R-FeAl. In this com-

ever, Al vacancies are expected to be selectively generated pound no temperature variation of the positron lifetimen

the electron energy is sufficiently low. This is concludedvacancies occurs; i.e., similar values are observed after

from the displacement threshold energies lower for Al atomslectron irradiation E.-=2.5,2.6 MeV; Fig. 4, after

than for Ni atoms?® Higher electron energies will induce quenching, or in high-temperature thermal equilibrisee

vacancies on both sublattices. Table ). In addition, this result indicates similar positron
In Ni Al or Ti 45 Al 51 5 practically the same positron life- lifetimes in vacancies on either sublattice.

times 7,44 for the vacancy-trapped state were found The same behavior can be deduced in the case of

after irradiation with high-energy H.-~2.5 MeV) and B2-NiAl from the following observations.

low-energy electrons (NizAl, E.-=0.44-0.55 MeV; (i) In NigeAl 59, the valuer, = 184 ps at ambient tem-

Ti 45.5Al 51 5, Ec- =0.44 MeV). This conjectures that the pos- perature due to remnant guenched-in vacancies remains

itron lifetimes in vacancies on either sublattice are similarnearly unchanged up to 1300 KRef. 8 where abundant

which is in agreement with recent theoretical studisse thermal vacancy formation occuts.

Table ) in NizAl (Ref. 17 and FgAl (Ref. 19. (i) The same positron lifetime is observed in quenched-in
In Ni3Al and to some extent in i Al 455 the positron  or radiation-induced vacancies in NiAl.

lifetimes in radiation-induced vacancies at low temperature The latter item follows from the observation that the pos-

are higher than in high-temperature thermal vacantes itron lifetime in NiAl with a quenched-in vacancy concentra-

Table ). This behavior is as also observed in pure Fe or Nition of C,=2.0x10"* (see Sec. lll A 1is unchanged upon

(Table ). Since the difference of the positron lifetimes in irradiation E.-=2.6 MeV, electron dosep=10" m~?).

vacancies on the two sublattices appears to be negliggble  The irradiation of Fg;Al 35 with a considerably lower dose

above, this change is attributed to an increased relaxation of®=5.6x 10?2 m~?2) gives rise to saturation trapping of pos-

vacancies at high temperatures or a partial positron detragtrons, i.e., to a concentratio,>7.5x 10> of radiation-

ping from high-temperature thermal vacancies. Strong eviinduced vacancietsee Fig. 4 and Sec. Il A)1 Therefore,

dence for fast positron detrapping and retrapping at thermahe radiation-induced vacancies in NiAl should be visible in
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FIG. 3. Single positron-lifetime component in well-annealed L

Ni-aluminides before and after electron irradiation. Annealing con-  FIG. 4. Mean positron lifetime- measured at ambient tempera-
ditions: high-temperature annealing above 1223 K with subsequeritire in B2-type Fe,Al 5 after electron irradiatiofielectron energy
slow cooling(4—24 h to ambient temperature; holding at 873 K for Ee-=2.5 MeV, electron dos&=9.1x10"* m~? (A); E.-=2.6
12 h (NisAl 4,9 and at 773 K for 12—120 tNigoAl sp, NispAl 4, MeV, ®=5.6x10?> m~? (@®)] and subsequent isothermal anneal-
NiscAl 45, NigoAl 40 during the cooling process. Irradiation condi- ing (time't) at T,=733 K (A) or T,=633 K (®). The solid lines
tions: NisgsAl 505, €lectron energyE,-=2.5 MeV, electron dose denote fitdsee Eq(5) in Ref. 3 with the time constant;=0.81 h
®=1.0x107 m 2 NigAlsg, Ee-=2.9 MeV, ®=4.5x 107 (733 K) or 42.3 h(633 K) for the annealing of vacancies. The
M~ 2; NigoAl 49, Ee-=2.6 MeV,&=1.0x10% m~2, positron lifetimes after long-time annealingee Fig. 1 prior to

irradiation (dotted ling and in the as-irradiated stateolid line) are
competition with the quenched-in vacancies if the positrorgepicted by horizontal lines.
lifetimes in the two cases would differ.

(i) In FegAl 39, Fesg Al 535, and NizAl the free posi-
3. Systematics of positron lifetimes in intermetallic compounds tron lifetimes 7; are higher(i.e., by 6 ps, 7 ps, or 9 ps,
respectively than expected according to a linear interpola-

tion of the r; values of the constituent pure metals Fe and Al

radiation, guenching, or_llon.g-t!me annealmg or in .h'gh'or Ni and Al. As discussed earlfet? this may be due to a
temperature thermal equilibriumin the preceding Sections .paiqe transfer from the aluminum atoms to the transition-

(Secs. Il A1 and Il A 2 enabled an assessment of the POS‘metal atomé3-%® This charge transfer gives rise to an en-

itron lifetimes in the free ;) and in the vacancy-trapped pancement of the positron wave function on the transition-

following, the systematics existing between the positron lifetgwards those of the transition metals.

times in the various transition-metal aluminides are dis- (jii) For NiZr or NiTi, on the other hand, the; values
cussed by means of a comparison with the characteristigeviate only slightly from the interpolation between Ni and
positron-lifetime values in the constituent pure met@se  Zr or Ni and Ti, respectively. This indicates a more uniform
Table | and Fig. 1 In addition, the positron-lifetime data for distribution of the positron wave function within the two
the intermetallic compounds NiZr or NiTi with group-1V and sublattices compared to the transition-metal aluminides.
group-VIIl transition-metal components are considered (iv) For B2-NiAl where positron saturation trapping oc-
(Table ). curs due to the high concentrations of remnant vacarisess
Although the free positron lifetimey is determined by Sec. Il A 1) a free positron lifetimer;=120 ps similar as in
the details of the core and valence electron distribution a&€Al is expected according to the,-7; relationship.
well as the positron wave functidh the averaged densities ~ Regarding the positron lifetime j jaq in the vacancy-
p o Of the outers, p, andd electrons(cf. the valence elec- trapped state after electron irradiation, the ratQg.aq/ 7 s
tron may serve as a crude measure for The increase of for the pure metals and the alloysxcept for Zr and Nizr
7. within the sequence Ni, Fe, Ti, Zr, and Al reflects the studl_ed in the present experimertfsg. 1) fit the empirical
decrease op o (Table I, Fig. 3. The r; values in pure Tiand relationshipr,/7=1.5-1.7 as observed for other metdis.
Zr observed in the present studies are similar to the value®! Zr and NiZr after irradiation and annealing at ambient
obtained earlier by Hooet al3° and are in agreement with temperature, the, /¢ ratio appears to be a little lower. This
the data ofab initio calculation<234° could indicate the formation of vacancy-impuritie.g.,
Based on thep -7 relationship, the following conclu- yacancy—o_xygehcomplexes with a positron lifetime reduced
sions can be drawn with respect to the free positron lifetimed? comparison to that of undecorated vacantfes.
in the intermetallic compounddable I, Fig. 1.
(i) The similar positron lifetimes in the free state of the
Ti-aluminides and of pure Ti are due to the rather similar In addition to a specific generation of vacancies for the
electronic densities. assessment of positron lifetimes in intermetallic compounds

The comparison of different statése., after electron ir-

B. Annealing behavior of irradiation-induced vacancies
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(see Sec. Il A, electron irradiation in combination with an- T T
nealing studies provides information on the defect kinetics.

For this purpose positron-lifetime measurements after elec- 220
tron irradiation and subsequent isothermal or isochronal an-

nealing were performed on EgAl 3; (Sec. IlIB 1 and on
Ti-aluminides(Sec. 111 B 2.

1. Annealing of Fe;Al;g after electron irradiation

180

T [ps]

The increased mean positron lifetime in electron- |
irradiated Fg,;Al 3 remains constant upon annealing at am-
bient temperature. From the variation otluring isothermal
annealing at 623 K or 733 KFig. 4 time constants
tr=42.4 h or 0.7 h, respectively, can be derived for the 140 — | | [
disappearance of irradiation-induced vacancies assuming a
monomolecular reaction with homogeneously distributed 200 500 800
sinks® These time constants for the annealing process are in
good agreement with the values 50.2683 K) or 0.71 h Ta (K]

(733 K) obtained for the equilibration of the thermal vacancy o

concentration at elevated temperatures with a vacancy migra- FIG. 5. Mean positron lifetimer in L1,-type Tisg Al 515 (<)
tion enthalpyH\“,"=1.7 eV (Ref. 3. The recovery in this andDng-type Tigs Al 34.4.(.) after electron irradiation a.nd sybse-
temperature regime after electron irradiation which was als@uent isochronal annealing at the temperaflize(annealing time
observed by means of electrical resistivity measurerﬁ‘éntstp::13;(3< Ig;g‘)mﬂe(cgg;_ Ener:gg'zse"\;e%s@'\ii\i; 1%'230592 (?:c)’?'e
has, therefore, to be attributed to the migration of vacanciesE 256 MoV ®o21x i;ﬁz 2 (b)- E —055 Mev

The high value ofr after annealing at 773 KFig. 4) (be;lx.loz?’m*é © : ToTe T ’
reflects the unique case that the annealing of irradiation- '
nuced vacanes ccurs S e ey lemperae e fecreases i a broad temperaur range Wi substages
final 7 value at 773 K is determined by the equilibrium con- an j
centration of vacanciésvhich is quenched in during subse-

guent cooling to ambient temperature. In contrast to the ant’emperaturesf480 K, TisssAl g1 5 See Fig. 4is observed

%%?ggﬁo%f fqourevnffchaendc-lnavaclgl%cgﬁghl I(Ij L’?‘r "11)’ Tac:wwni\z/aﬁ; ngﬁe rdue to saturation trapping of positrons at vacancies at lower
Yy agg 9 9 annealing temperatures.

electron irradiation was found. This is presumably due to the (c) The positron lifetimer, = 220223 ps due to trapping
= -

lower concentration of vacancies introduced .by |rrad|at|_on. at irradiation-induced vacancies remains constant throughout
A few comments could be made regarding the micro-

. . : the course of annealing for each of the present specimens
scopic mechanism of the recovery. The disappearance cg 0s. A-B
radiation-induced Al vacancies may occur by conversion into THeT_Vériation uoon annealing found here is in aqree-
Fe vacancies and Fe antisite atonvs,(— Vgt Fey). Such P 9 J

a process can occur at or below the temperature where the ent with results obtained by Shirai and Yamaguchi for
vacancies become mobile and anneal out. It requires g 7 25 (Ref. 51 and TigAl s (Ref. 59. The rather similar

. : .annealing behavior i 0,4 TizAl and L1,-TiAl [items (a)
nearest-neighbor jump of a Fe atom only and, furthermore, iS . -0
; ; . . ? and (b)] may reflect the similar coordination numbers and
associated with a gain of energy due to the higher formation X .
. . nearest-neighbor distances of the two crystal structures.

enthalpy for vacancies on the Al sublattice compared to F

vacancies’“° For the same reasons, on the other hand, thi:rom item () we conclude that vacancies migrate in the

probability of the opposite process, namely, the conversioﬁnnealmg stage at 450 K and disappear without the forma-

. tion of vacancy agglomerates.
2;@ Eﬁf;\?gra;é)éYFe_)vA'+Al Fel. appears to be energet In the DO,gtype lattice (Tigs Al 339 the irradiation-

In the case of highly-iron-rich FeAl, the migration of Fe induced vacancies on the Al sublattice presumably convert

. . . . into vacancies on the Ti sublattice during annealing similarly
vacancies to sinks may exclusively occur via nearest- ; i
s assumed in the case of Fe-rich Fé#de Sec. IlIB L

neighbor jumps of Fe atoms with Fe antisite atoms acting a his follows from the distancel=0.406 nm required for

bridges>° : L o .

Al-Al jumps within the Al sublattice in comparison to the
closer distanced=0.285 nm and 0.290 nirassociated with
nearest-neighbor jumps between the two sublattices

The main results of the annealing studies of the Ti-(d=0.285 nm and 0.290 nin
aluminides are as follows. In L1,-type Tizg sAl 51 5 with a layered stacking of100

(a) After electron irradiation ot 1,-type Tisg Al 5. 5and  Ti and Al planes, on the other hand, Al and Ti vacancies can
DO,gtype Tigs Al 336 With low doses or energies of elec- migrate by means of nearest-neighbor atomic jumps both
trons a substantial decrease of the mean positron lifetime within their own sublattice (nearest-neighbor distance
upon annealing at ambient temperature is obseffgl 5, d=0.282 nm and between the two sublatticed=0.287
specimens Nos. C,D)EIn Tigs Al 336 (Specimen No. D+ nm). The former migration route would be confined to two

(b) After high-dose irradiation only the second recovery
stage centered at 450 K (Tigg 4Al 339 Or at slightly higher

2. Annealing of Ti-aluminides after electron irradiation
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dimensions. Indications for an anisotropic migration behavpresent in the as-prepared staB&2¢type aluminidepsindi-

ior of defects inL1,-type TiAl compared toDO,gtype  cate similar positron lifetimes in the vacancies of the differ-

Ti 3Al were deduced from the observation of different clusterent sublattices. The positron lifetimes experimentally ob-
densities by means of transmission electron microscopy afteserved in the vacancy-trapped state of the various
He-ior?® or high-dose electron irradiatiofi. intermetallic compounds support the available results of

The present results on defect annealing with the interprepositron-lifetime calculations.
tation of the 450 K stage in terms of vacancy migration may (iii) The characteristics of the positron lifetimes in the
be compared with studies of the self-diffusion and the therfree and vacancy-trapped states of the intermetallic com-

mal vacancy formation. Applying a simple relationship pounds can be correlated to a great extent to the correspond-
" o LF ing values in the constituent pure metals. For a more pro-
Hy=Q>—Hy (3 found assessment of this correlation further calculations of

for a vacancy-mediated self-diffusion process, vacancy mippsitron lifetimes in intermetallic compounds would be de-
gration enthalpiesi =1.59 eV (TiAl) or 1.45 eV/(TizAl)  Sirable. . o o

are estimated from the activation enthal@yS® =3 eV (iv) The annealing of irradiation-induced vacancies in
[TIAl (Ref. 55, Ti5Al (Ref. 5] for the “Ti self-diffusion Feg:Al 39 0ccurs with the same time constants as the equili-

and the vacancy formation enthalpi &5: 1.4 eV [TiAl bration of the thermal vacancy concentration.

: . (v) The migration of vacancies in Ti aluminides as con-
(R,V?f' 4] or 1.55 eV[Ti Al (Ref. 5] ,A slightly "_’W,er value cluded from the annealing behavior after irradiation occurs at
Hy =1.2 eV follows from a calculation of atomic jump rates

) . temperatured ;=450 K slightly lower than expected from
for an annealing process at 450 K assuming a mean numbgélf-diffusion and thermal vacancy formation.

of 10% jumps per vacancy to sinks and a vacancy migration (vi) A microscopic consideration of the atomic jump
entropy Sy = 1kg [see Eq(8) in Ref. 3. Within the experi-  pachanisms suggests that B2-FeAl andDO0,4Ti 3Al va-
mental uncertainties and taking into account the fact that thezcies on the Al sublattice convert into Fe vacancies during
simple relationshig3) may be considered at the most as anmjgration. A more detailed assessment of these processes,
estimate in the case of intermetallic compounds,Hifeval-  which is also essential for the self-diffusion, demands for a

ues deduced at low and high temperatures may still be comheoretical simulation and understanding of the atomic jump
patible. From the annealing stage at 250 K, however, afnechanisms.

activation enthalpy considerably below the vacancy migra-
tion enthalpy estimated above is suggested. This stage, there- ACKNOWLEDGMENTS
fore, can hardly be attributed to vacancy migration but rather
might be due to the recombination of vacancies with migrat- The authors are indebted to U. KneigBlynamitron ac-
ing interstitial atoms. celerator of Stuttgart Universityfor fruitful collaboration
and discussion, to B. Fischer, H. Holli€kynamitron accel-
IV. SUMMARY erator of Stuttgart Universily and L. RaschkéMPI f. Met-
allforschung, Stuttgarffor technical assistance, to P.A. Bea-
The main results of the comparative vacancy studies iven (GKSS, Geesthacht, GermanyT. Gaodecke (MPI f.
intermetallic compounds after electron irradiation may bewerkstoffwissenschaften, Stuttgatd. Wever, F. Zobel, Y.
summarized as follows. Shi (TU Berlin), G. Frommeyer, G. Sauthoff, and U.
(i) In B2-type Fe- and Ni-aluminides usual cooling con- Reimann(MPI f. Eisenforschung, Dsseldorf for the speci-
ditions after high-temperature processing gives rise to a sunen material as well as to Y. Shirai for making available
persaturation of thermal vacancies due to low vacancy diffuexperimental results prior to publication. The continuous in-
sivities. terest of A. Seeger and the financial support of the Deutsche
(ii) The identicalr, values in vacancies induced by irra- ForschungsgemeinschaftGrant Nos. Scha428/12-1 and
diation with different electron energiefNi;Al, TiAl) or  Scha428/17-Rare appreciated.

“Present address: Institltrfestkaperforschung, Forschungszen- ‘K. Badura, U. Brossmann, R. Wschum, and H.-E. Schaefer,
trum Jiich, D-52425 Jiich, Germany. Mater. Sci. Foruml75-178 295 (1995.

T Rrgsent address: Laboratoire pour ['utilisation du Rayonnement® k. Badura-Gergen, Ph.D. thesis, Universi&uttgart, 1995.
dlectro-magnetic (LURE), Centre Universitaire Paris-Sud, 9g wirschum, T. Troev, and B. Grushko, Phys. Re\5B 6411
91405 Orsay, France. (1995

1 e :

H.-E. Schaefer, Phys. Status Solidil®2, 47 (1987. 1R Wi :
) v v . Wuschum, B. Grushko, K. Urban, and H.-E. Schaefer, Philos.

2H.-E. Schaefer, R. Vitschum, M. $b, T. Z&k, W. Yu, W. Eck- Mag. B 70, 913 (1994
ert, and F. Banhart, Phys. Rev.48, 11 869(1990. 11 " ' - . .

3R. Wirschum, C. Grupp, and H.-E. Schaefer, Phys. Rev. [Z&t. Rérgtscgugéhl\géfifll;\?gsgs ::ﬁcflshI;ZiérAégillcggeé B. Damson,
97 (1995. 1 P ’ P AR :

4U. Brossmann, R. Vitschum, K. Badura, and H.-E. Schaefer, Ré \éVufchum, hW. gauzr* K. Ma'i;' ;(Z‘Ze;er' and H.-E.
Phys. Rev. B49, 6457(1994}. chaefer, J. Phys. Condens. MatteiSA 1 .

SR. Wirschum, E. Kmmerle, K. Badura-Gergen, A. Seeger, Ch. 13A-A-_ Rempel anq H.-E. Schaefer, Appl..“P.hys.G,qt, 51 (1995-_
Herzig, and H.-E. Schaefer, J. Appl. Phy® be publishel positrons in Solids edited by P. Hautojai (Springer, Berlin,

H.-E. Schaefer, R. Vilschum, and J. Bub, Mater. Sci. Forum  1979.

105-110 439(1992. 15A. Seeger, Appl. Physt, 183(1974.



856 R. WURSCHUM et al. 54

16R. Wirschum and H.-E. Schaefer, Phys. Status Solidio8 101  C.L. Fu, Y.-Y. Ye, M.H. Yoo, and K.M. Ho, Phys. Rev. 88,

(1987. 6712(1993.
M. J. Puska(private communication 380. Dimitrov and C. Dimitrov, Intermetallicg, 249 (1994.
18T -M. Wang, M. Shimotomai, and M. Doyama, J. Physl4 37 39G.M. Hood, M. Eldrup, and N.J. Pedersen,Aositron Annihila-
(1984. . tion, edited by R.R. Hasiguti and K. Fujiwafaapan. Institute of
9y, Jiraskova O. Schneeweiss, and MoB, Mater. Sci. Forum Metals, Sendai, 1979p. 751.
" 175-178 399 (1995. _ 40K.0. Jensen, J. Phys. Condens. Matte0 595(1989.
E.A. Kummerle, K. Badura, B. Sepiol, H. Mehrer, and H.-E. 415 \1 Nieminen and M.J. Manninen, Rositrons in Solidsedited
Schaefer, Phys. Rev. B2, 6947(1995. by P. Hautojavi (Springer, Berlin, 1979 p. 145.

*!R. Wirschum, P. Donner, E. Homnbogen, and H.-E. Schaefers2y; “Sop H.-E. Schaefer, and R. Wachum, Mat. Fiz. Astron. LIX
Mater. Sci. Foruml05-110Q 1333(1991). 1342 ’161(199]) ' '

22 . . . .
Régzrisgxgir:é V;/'nfﬁ'?;r‘sﬁhé‘e;gl'?érMMZZﬁngé’rszlfg’l O a5 Miller, H. Wonn, W. Blau, P. Ziesche, and V.P. Krivitskii,
' T ' ’ ’ Phys. Status Solidi B5, 215 (1979.

(1992. 4
23M1.J. Puska, J. Phys. Condens. MatBe455(1991). W. Hoppe, U. Marx, G. Dlubek, and O. Bmmer, Cryst. Res.
Technol.23, 393(1988.

24H.-E. Schaefer and R. Wschum, Phys. Lett. A19, 370(1987. 45 ) i )

25 Vehanen, P. Hautdjai, J. Johansson, J. Yli-Kauppila, and P. S. Ishida, J. Ishida, S. Asano, and J. Yamashita, J. Phys. Soc. Jpn.
Moser, Phys. Rev. BR5, 762 (1982. a6 41, 1570(1976.

26y, Shirai, H.-E. Schaefer, and A. Seeger,Rositron Annihila- C.L. Fu and M.H. Yoo, Acta Metall. Mate#0, 703 (1992.

tion, edited by L. Dorikens-Vanpraet, M. Dorikens, and D. Seg- " A- Seeger and F. Banhart, Phys. Status Solidio®, 171(1987.

ers(Woﬂd Scientific, Singapore’ 198% 4109. 48H.E. Hansen, R.M. Nieminen, and M.J. Puska, J. Phyg.4,|:
27M.J. Puska and R.M. Nieminen, J. Phys18 333(1983. 1299(1984.
28\, Franz, J.-E. Kluin, D. Schmid, and Th. Hehenkamp, Verh.*?J. Mayer, C. Elssser, and M. Hanle, Phys. Status Solidi B91,
Dtsch. Phys. Ges. V26, 1284(1991). 283(1995.
2H.-E. Schaefer, R. Gugelmeier, M. Schmolz, and A. Seeger’°C.R. Kao and Y.A. Chang, Intermetallids 237 (1993.
Mater. Sci. Foruml5-18 111 (1987. 51y, Shirai (private communication
30K. Badura and H.-E. Schaefer, Z. Metallkg¥, 405 (1993. 52y, Shirai and M. Yamaguchi, Mater. Sci. Eng. 852, 1731
31A. J. Bradley and A. Taylor, Proc. R. Soc. London1&9, 62 (1992.
(1937. 53K. Nakata, K. Fukai, A. Hishinuma, K. Aneyama, and M. Tok-
32).P. Riviee and J. GrilhgScr. Metall.9, 967 (1975. ziane, J. Nucl. Mater202, 39 (1993.
33].P. Riviee and J. GrilhePhys. Status Solidi &5, 429 (1974. 54A. Hishinuma, K. Nakata, K. Fukai, K. Aneyama, and M. Tok-
343.P. Riviee, J.F. Dinhut, and J. Dural, Radiat. B8, 47 (1983. ziane, J. Nucl. Mater199 167 (1993.
35F, Zobel, Ph.D. thesis, Technische UniveitsBarlin, 1994. 553, Kroll, N. A. Stolwijk, R. Rosenkranz, C. Herzig, and H.
36G.F. Hancock and B.R. McDonnell, Phys. Status Solic},A43 Mehrer, Z. Metallkd.83, 591 (1992.

(1971). 56]. Rising and C. Herzig, Scr. Metall. Mate33, 561 (1995.



