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POSITRON=ANNIHILATTON MEASUREMENTS OF VACANCY FORMATION 1IN Ni AND Ni(Ge)*
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Vacancy formation in Ni and in dilute
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Ni(Ge) alloys was studied vnder thermal

equilibrium conditions using positron~aunihilation Doppler broadening. A monovacancy
formation enthalpy of 1.8 £ 0.1 eV was determired for pure Ni; comblning this result
with that from previous tracer self-diffusion measurements, a monovacancy migration

enthalpy of 1.1 + 0.1 eV was also deduced.

Analysis of the vacancy- formation

measurements in N1{(0.3 at.% Ge) and Ni(l at.Z Ge) yielded a value for the vacancy—Ge

binding enthalpy of 0.20 & 0.04 eV.

1. TINTRODUCTION

Nickel has been widely used in recent years as a
model for the study of the behavior of
austenitic stainless steels under a variety of
non-equilibrium atomic-defect situations caused
by encrgetic-particle irradiation. As such, it
is rather jmportant to establish the vacancy,
and other atomic-defect, properties in Ni in
order to provide a firm basis for such
modelling. Recent positron annihilation ({1-5]
and quenching [€] expcriments have yielded a
range of vacancy formation entkalpy values
between 1.5 and 1.7 cV.

The present  positren annihilation  Dnppler-
brosdening (DR) dnvestigations of pure Xi weve
carricd eut to provide an accuvrate determination
of the wmunovacancy formation entheloy; by Its
comparison with the activatica enthalpy for
sell-ditfusion in the low-temporature linit, a
valae for the aonovacancy wigration eathalpy
could then also he obtained. A more extensive
report  of gome of these resulis has appeared
elscuhere [7]. 1n additioun, positren
annibilatiar  measurements in  dilute  Ni(Ge)
alloys werve nade in ordev to jnvestigate the
effects of varancy- Ge binding  on vacancy
form . tion iu this uyster, since oleerv: tiuns of
irradiation-indurcd Ge segrepatica in Ni({Cc) as
well as theovetical estimate.  have 1undicated
strang ve -ney~Ge binding [8).

2. EXPERIMERTAL IR2CLDURE

Thice sewples, Ri(Y9.995 wiZ), Ni(0.3 at.” Ge),
and Ri(l at.s Ge), were studied, The R1{Ge)
sarples vere produced by welting the pure Wi and
Ge In an A]r03 crucible, followed by an anneanl
for 24 h at 1390°C, in order to homogenize the
alley, in a VIV system at p < 1077 Torr. The
spatial variation of the Ge conlent was sub-
sequently analyzed In a SEM 'h’v ¥-ray analysis;
averaging over arcas of < 107 '.'mz, no spatial
dependence  of the Ge concentration could be
detected. The samples were subsequently im-

planted with 10 atoms of Co (9], The

Al,03 crucible, which contained the sample
during the DB measurements in a UHV system, was
supported by a Pt/Pt-10% Rh thermocouple as-
sembly housed in an A1203 sheath. Prior to
commencing measurements, the samples were an-
nealed in situ, the Ni for 2-3 h at ~ 1420°C and
the Ni(Ge) for ~ 3 h at 1400°C. A more complete
account of the experimental procedure 1is given
elsewhere [7].

3. RESULTS AND DISCUSSION

The lineshapce F(T) obtained for pure Ni is shown
in Fig. 1. The result for the vacancy formation
enthalpy in Ri was H)_ = 1.78 + 0.12 e¥. The
present work thus confirms &4 set of earlier
measvrerents {7] on NI with diffcrent Dopplex—
broadening cquipment. A resum®  of the
"y, values obtainced for the four previous meas-
urerents (a,h,c,d) and the present one (e) is
given in Table T. The results are consistent
with a weipghted average of 1.78 t 0.07 eV; or if
sanple L dis omitied, 1.83 & 0.06 eV. Thus, the
final value for 1, may be conscrvatively taken
as 1.8 + 0.1 eV. This value wuy be compared to
others obrained with pesitron apnihilation: 1.5
eV [1], 1.54 eV |5}, 1.55 eV (3], 1.7 eV [4},
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¥ig. 1. Doppler-brosdening lineshape versus
temperature for Ni(29.995 wt.%).



Table I. Results of monovacancy formation
enthalpy measurements in Ni.

Sample # of Points Hy, (ev)
a 82 1.79 £ 0.14
b* 96 1.58 4 0.14
c 78 2.01 £ 0.17
d 138 1.83 + 0.12
e 147 1.76 £ 0.12

*F(T) distinctly different from that for samples
(a,c,d); see Ref. [7].

1.73 eV [2]. At present, the reason for these
discrepancies is not clear, however, our experi-
ence suggests that they resulted from differing
metallurglical states of the samples; a more com-
plete discussion is found elsewhere [7]. Quench-~
ing experiments [6] yilelded H;v values of 1.58
and 1.63 eV for wire samples of 60 and 30 unm
diameters, respectively. lNowever, the obser-
vation that the larger diameter wire yielded the
lower apparent formation enthalpy indicates pos-
sible vacancy loss during gquenching [10].
Therefore, these values should be considered as
lower limits for Hiy» consistent with the
present result.

By comparing the present H?v result to the low-
temperature activation enthalpy, Q, = 2.88 eV,
for tracer seclf~diffusion [11], one obtains a
value for the vacancy mipration enthalpy,
W= 1.1 4 0.1 V. This velue is consistent
with the rather limited inforpation othervicse
availeble for Hy  in Ni; for cxample, the effcc—
tive migration enthalpies (1.27-0.90 eV) mea—
sured during post—quench annealing {6}, the vac—
ancy migration cnthalpy of 1.2 eV estimated from
direct ohservatious of dislocation leoop growth
[12,13], and Uiy 1.1 eV obtained for Stage—
IIT anncaling in electron~irradiated Ni [14]).

Preliminary results for Ni(l at.¥ Ge) have prec-
viously Dbeen reported [15). However, a re-
analysis of these data have nev lead us to con-
clude that the results for Ni(l at.X Ge) pre-
viously presented wele influenced by prevacancy
effects [16]. In the prescnce of prevacancy
effectrs, the extrapolation of the apparent bulk
lineshape from low temperaturcs (< 600°C) lcads
to an uvnderestimaticn of the real bulk lineshape
in the knee region (~800°C) of the sigmoidal
curve. If this bias is erroncously attrituted
to the presence of vacancy-solute pairs, as
oppesed to an inherent prevacaney effect (c.g.,
from pogitron trapping at impurity-pinned dls—
locations), then onc would be led to coaclude
that the binding enthalpy is larger than it is
in reality. Such an occurrewce apparently arose
in Ref. [15], wherc the N{(1l at.Z Ge) data were
fitted to a model having a minimum nunmber of a
priori assumptions; there, the total vacancy
concentration in the alloy was described as

simply a superposition of two thermally-
activated concentrations. In particular, both
the formation entroples and enthalpies were
considered as free parameters. The prevacancy
effects, now known to be present in the 1% Ge
alloy sample, interferred with the correct
determination of the free parameters for this
model. This becawe clear when the 0.3% Ge alloy
data were analyzed in the same fashion as in
Ref{. [15] in combination with the previous data
sets, now leading to results consistent with the
Dorn-Mitchell wmodel [17]. Since our experience
with prevacancy effects for alloys 1is limited to
our present measurements for the Ni(Ge) system,
we have adopted an analysis with fewer free
parameters, thercby dimirishing the Inrlucnce of
prevacancy effects, which might still be present
in our alloy samples. One might speculate that
the prevacancy effects even in pure Ni have bheen
a major contributing factor to _the apparent
large scatter in the results for Hyy-

The Ni(l at.% Ge) data were analyzed simultane—
ously along with the present Ni(0.3 at.% Ge)
data and the pure Ni data from sample e of
Table T according to the model of Dorn and
Mitchell [17]. Since the alloy samples are
expected to contain both free and solute-bound
vacancies, one needs to introduce a vacancy
lineshape Fvi(c'T) for each state, 1, of vacancy
present. It may also be necessary to take into
account that both the magnitude and the tem—
peratura dependence of Fvi(c,T) can depend on
the solute concentration ¢, since the overall
electronic propevties are changed by the al-
loying. Rather than introducing this many frez
paramrters, we used a weighted-average lineshape
paramcter {roj, F,(c,T) =L Wi(c,T)Fvi(c,T),
where v,(c,T) is the fraction of the trapped
positrons annihilating in vacancies of type 1.
The temperature depeondence of Fv(c,T) was then
approximitesd by FV(C,T) = Fv(c,O) 14 f(c)T},
wvhere Fv(c,O) and B(c) were to be determined
from Ege lesst-squarsq fitting with ¢ = 0,
3x 107, and 1 x 10 “. Similarly, the tem—
petature depcndence of the bulk lineshape was
approximated by Fy(c,T) = Fp(c,0) [1 + a(e)T),
vhere Fy(e,0) and a(c¢) were to be determined
frem the fit. 1t should ba emphasized that the
introduction of an average vacancy lineshape
paremeter, Fv(c,T), does net  represent an
approximation; on the other hand, the assumed
linear temperature dcpendence of F,(c,T) docs
represent an  approximation to its real ten—
perature dcpendence.

1t wes further assurced that
My €xp (S;v/k) = Y, C¥p (SES k), where g and

Bye Are the specific positron trapping rates at
a free, and bound vacancy, respectively,
while §;, and SVS are the corresponding
formation entropies. This approximation is

expected to be wvalid fer small wvacancy-solute
binding enthalpies. The analysis was carried
through to first order in the solute concen—
tration, and ylelded values for the monovacancy
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Fig. 2. Difference between Doppler-broadening
curves for Ni(l at.%Z Ge) and Ni(99.995 wt.Z)
versus temperature.

formation ecnthalpy, ”?v = 1.73 + 0.08 eV, and
tnc vacancy-Ge binding enthalpy,
H,. = 0.20 + 0.04 eV. It is noted that this
value for H]v' obtained from the combined
analysls of the threc samples [Ni (Sample ¢ of
Table 1), Ni(0.3 at.Z Ge), Ni(l at.Z Ge)],
differs slightly from the result reported for
Sample e of Table I, a result of the global {1t
of these three sawples.

The difference between the Ni(l at.% Ge) data
and the [it to the Ni{99.995 wt.Y) data is showa
in Fige 20 The alloy deta wvere shifiod to coin-
cide vitlh those for pwme Ni at 293 XK. The dif-
ference Dbetween the preseat Fig. 2 and that
fouid in Ref. [15] is a concequonce of the more
restricted Dorn-Mitchell model {17] used in the
present work. The positron dats ave west sensi-
tive to the presence of sclute-bound vacancics
o an dntermediate temperature rezicn (1355 K
for 1 at.% Ge). At this tcemperature, the
single~soluice-bound vacancies account for ~4&40%
of all wvacancics in the Ni(l &t.% Ge) sampic.
Oue might thus cxpeot that some wenifectation of
higher-order, vocancy-solure clusters should he
present Snothe date.  Evaluation of the sccond-
order term in the Doru~Mitchell erpressicn [17],
hovover, Indicates that for the Ni(l at.% Go)
sanple at 1250 K, vecancies bound to twe solute
atoms (Ge dimers) would account for only 0.47%,
2.27 oy 11% of the vacancies in the systen, for
vacancy-Ge dimcr binding euthalpies of 0, 0.2,
or 0.4 ¢V, respectively. Thus, unless the
binding cothalpy for such » cluster were lorge
(> 0.4 eV), it would de unlikely that higher-
order clusters could be detected in the prescat
experimental data. An analysis of the present
data Including a second-order term in the solute
concentration conlirmed that no clusters could
be detected, indlca*ing binding enthalpies of
vacancy—-Ge dimer clusters ¢ 0.4 eV. Further
suppnrt for this wvas established by analyzing
the Wi and RKi(0.3 at.% Ge) data alone, omitting

the Ni(l at.% Ge) data; the result was
HES = 0.25 & 0.09 eV, in reasonable agreement
w}th the result obtained from the combined
analysls, 0.20 + 0.04 eV.

In conclusion, the present work has shown that
the monovacancy formation enthalpy in NI is 1.8
4 0.1 eV and that, when this 1s cowpared to the
low-temperature activation enthalpy for self-
diffusion, a monovacancy migration enthalpy of
1.1 + 0.1 eV 1s obtained. An analysis of the
Ni(Ge) alloy data has ylelded a value for the
vacancy-Ge binding enthalpy of 0.20 + 0.04 eV,
which is considerably smaller than a previous
theoretical estimate [8]) would have suggested.

*
This work was supporied by the U.S. Department
of LEnergy.
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