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POSITRON-ANNIHILATION MEASUREMENTS OF VACANCY FORMATION IN Ni AND Ni(Ge)"

j L. C. Sraedskjaer, M. .1. Fluss, D. G. Legninj, M. K. Chason, and R. W. Siegel

Materials Science Division
Argonno National Laboratory

Argonne, Illinois 60439, USA

Vacancy formation in Ni and in dilute Ni(Ge) alloys was studied under thermal
equilibrium conditions using positron-annihilation Doppler broadening. A monovacancy
formation enthalpy of 1.8 ± 0.1 eV was determined 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 Ni(0.3 at.X Ge) and NI(1 at.* Ce) yielded a value for the vacancy-Ge
binding enthalpy of 0.20 ± 0.04 eV.

1. INTRODUCTION

Nickel has been widely ut.ed in recent years as a

model for the study of the behavior of

a u s t e m t i c stainless steels under a variety of

non-equilibrium atomic-defect situations caused

by energetic-particle irradiation. As1 such, it

is rather important 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 [(.] experiments have yielded a

range of vacancy formation enthalpy values

beli-;r-cn 1.5 an-j 1 .7 eV.

T>i£> present positron annPi! Jaf Jon Dipplc-r-

brondrrilrig (1)H) i nvcsl jg<- t ion-: of pure f.'i i.v;'c

carried out to provide an accurate do t e r m m t ion

of I lie iikip.ovac.mcy format ion cntlvlpy; by its

comparison with the activntirn enthalpy for

sel f —d i t f us ion in t ho low-temporal ure limit, a

valia- for thr\ ii.-mov.icnncy irifr.ition ontlwiipy

could then r-.]so h.1 obtained. A more i-xlomive

report of some of these r<"t;ulis has appeared

elsewhere [?]• In addiI ion, positron

ann i hi 1 ;t t i nr r;o,-;sMiv:;ient. n in dilute Ni(Oc)

alleys i.'erf ri..i!.-? in orriev to i nvi-nt ig,."il i I hi;

effect:; nf v n r m u y - G c Hnr'iiif; on vtu-c-.ncy

for ir. i ion in thi;, i.ystei'-, since obci'i v.:i iunr, ot

ii rad .'r.t i on-f Tidvirc v1 Ca segreg.if fr.i in VJ (C< ) en

well as theoretical estimate. have indicated

strong v.: -ncy-Gi; bind ing [ 8 ) .

?.. IMENTAL ri;")CKDURL

Tlr.cc p;»;i]fs, Ni (99.995 wl"), Ni(0.3 at.'/ Go),
and Ni(l nt.r; (,c), v.-i-re rtudtf-d. Thf Si(Ce)
cat1.IJ1 !=s v;Grp pro;Uiced by moltinr. the pure I,\i aOv?
Ge in an Al^O-. rrucihlc, follovod by an anneal
for 2h h at lJ90r'C) in order to homogenize- the
alloy, in a UIIV system at p < 10"7 Torr. Thn
spatial variation of the Go content was sub-
sequently analyzed in a SIi)M l>v x-ray analysis;
averaging over areas of < 10'- '.'m-, no spatial
dependence of the Ce concentration could be
detected. The sampler, were- siihnequent.lv im-
planted with 1 0 " atoms of 58Co [9]. The

AljO-j crucible, which contained the sample
during the DB measurements in a UHV system, was
supported by a l't/Pt-10% Rh thermocouple as-
sembly housed in an Al^Oj sheath. Prior to
commencing measurements, the samples were an-
nealed in situ, the NI for 2-3 h at ~ 1420V and
the Ni(Ge) for ~ 3 h at 1400°C. A more complete
account of the experimental procedure Is given
elsewhere [7).

3. RESULTS AND DISCUSSION

The lineshapo F(T) obtained for pure Ni is shown
in Fig. 1. The result for the vacancy formation
enthalpy in !!j was H^v = 1.75 ± 0.12 eV. The
present- work t!ui5 confirms ;. set ol earlier
i»e.iti'rc-i.:p;i!s {7J on KI with different Dopplci-
broadniiing ecjuipment. A resume of the
HIv vj;Juus obtained for the four previous mcas-
urei'tnls (a,h,c,d) and the present one (e) is
glvi-n in Table T. The results are consistent
with a weighted average of 1.78 ± 0.07 eV; or if
sample b is omitl.-d, 1.83 ± 0.06 eV. Thus, the
final value for lljv may he conservatively taken
as 1.8 ± 0.1 eV. This value n>-:y bo comparrd to
others obtained with positron annihilation: 1.5
eV [1], 1.54 eV |5], I.b5 pV [3], 1.7 cV [4],
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Table I. Results of monovacancy formation
enthalpy measurements in Ni.

Sample t of Points

a
b*
c
d
e

82
96
78

138
147

1
1
2
1
1

.79

.58

.01

.83

.76

±
±
±
±
±

0.14
0.14
0.17
0.12
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
metallurgical states of the samples; a more com-
plete discussion is found elsewhere [7]. Quench-
ing experiments [6] yielded Hj v values of 1.5S
and 1.63 eV for wire samples of 60 and 30 |JD
diameters, respectively. However, the obser-
vation that the larger diameter wire yielded the
lower apparent formation enthalpy indicates pos-
sible vacancy loss during quenching [10].
Therefore, these values should be considered as
lower limits for H? , consistent with the

present result.

By comparing the present Hj result to the low-
temperature activation enthalpy, Q, = 2.8R eV,
for tracer self-diffusion [11], one obtains a
value for tho vacancy migration enthalpy,
ll^v = 1.1 i 0.1 cV. This value is consistent
with the rather Hmitcd information oth'-rhlte
available for Hj in Ni; for example, the effec-
tive migration enthalpies (1.27-0.90 eV) mea-
sured during post-quench annealing [6], the vac-
ancy migration enthalpy of 1.2 eV estimated froi?
direct observe t ious of dislocation loop pro'.'/t'h
[12,13], and llj j y - 1.1 eV obtained for Sl:ap,e-
III annealing in electron-irradiated Ni [14].

Preliminnry results for Nt(l at.?; Ge) have pre-
viously bfen reported [1?]. However, a re-
analysis of these data have now lead us to con-
clude that the runult.s for Ni(l at.% Ge) pre-
viously presented v:m e influenced by prevac^nry
effects [16]. In the presence of prev.icv̂ .ncy
effects, the extrapolation of the apparent bulk
lineshape fro.-.> low temperatures (< 600"C) leads
to an underestimation of the real bulk lineshape
in the knee region (~800°C) of the sigmoidal
curve. If this bias is erroneously attributed
to the presence of vacancy-solute pairs, as
opposed to an inherent prevacsney effect (e.g.,
from positron trapping at impurity-pinned dis-
locations), then one would be led to conclude
that the binding enthalpy is larger than it is
in reality. Such an occurrence apparently arose
in Ref. [15], where the Ni(l at.% Ge) data were
fitted to a model having a minimum nunber 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 entropies and enthalpies were
considered as free parameters. The prevscancy
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 became 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-Mitchel 1 model [17]. Since our experience
with prcvacancy effects for alloys is limited to
our present measurements for the Ni(Ge) system,
we have adopted an analysis with fewer free
parameters, thereby diminishing the influence of
prevacancy effects, which might still be present
in our alloy samples. One might speculate that
the prevacancy effects even in pure Ni have been
a major contributing factor to the apparent
large scatter in the results for II? .

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 I 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 Fv:[(

c.T) for each state, i, of vacancy
present. It may also be necessary to take into
account that both the magnitude and the tem-
perature dependence of Fv.(c,T) can depend on
the solute concentration c, since the overall
electronic properties; are changed by the al-
loylm;. Rather than introducing this many frer-
paia'.i!'*ters, we used a weighted-averag? lineahnjie
par.-jr.otei- [10], Fv(c,T) - I y .(c,T)Fvi(c,T) ,
where >j(c,T) is the fraction of the trapped
positrons annihilating in vacancies of type i.
The temperature dependence of F,(c,T) was then
npproxSm-itetl by Fv(c,T) = Fv(c,0) [1 + P (c)TJ ,
where t*v(c,O) and 6(c) were to be deternined
from the lens t-squares fitting with c = 0,
3 x 10 , and 1 x 10 . Similarly, the tem-
perature dependence of the bulk lineshape was
apj.roxiE.Ttnd by Ffc(c,T) = Fb(c,0) fl + n(c)TJ,
where Fb(c,0) ant! a(c) were to be determined
from the fit. It should ba emphasized that the
introduction of an average vacancy linesbapc
parameter, Fv(c,T), does not represent an
approximation; on the other hand, the assumed
linear temperature dependence of F,(c,T) docs
represent an approximation to its real tem-
perature dependence.

It

1'lv

a

W S B further
(s'lv/k) = u v s cxp
h i

assumed that
where u l v c-r-

1

i
l v v s ^ s l v

v s are the specific positron trapping rates at
free
S

and bound vacancy, respectively,
while S j y and S^s are the corresponding
formation entropies. This approximation is
expected to be valid for small vacancy-solute
binding enthalpies. The analysis was carried
through to first order in the solute concen-
tration, and yielded values for the monovacancy
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Fig. 2. Difference between Dopplcr-broadening
curves for Ni(l at.% Ge) and Nil.99.995 wt.%)
versus temperature.

formation enthalpy, H^v = 1.73 ± 0.08 eV, and
the vacancy-Ge binding enthalpy,H = °"20 I s n o t e d t h s t t h l s
vs

val.ie for H^ , obtained from the combined
analysis of the ihrec samples [N'i (Sample e of
Table 1), Ni(0.3 at.% Ge), Ni(l at.% Ge)],
differs slig'-tly from the result reported for
Sample e of Table 1, a result of the global flL
of those three- samples.

The difference between the Ni(l at.% Go) data
and the fit to the i, i ('.") .993 wt.'Q <!.-,(:-. in shew
in H;\. ?. Tlu' ;>lloy d.-tn verc shifted to coin-
cide vitli those for jnu e N'i ,~t 293 K. The d i f—
ferencc between thr present Kip.. 2 and that
fom'.d in Rcf, [15] is a consequence of the more
restricted Dorn-Mitchel L model [17] used in the
present work. The po-itron d.ntr. ere most sensi-
tive to the prer.orre of solute-bound vscnnri'.s
in an i nt cr-iedi.;.le temperature region (—135f> K
for 1 at•% Ge). At this temperature, the

.-; vacancies account for "-40%
in the Ki(l it." Ge) sample,
ccl lli.it ROitie iiiaiii f er tat ion oi

IIC y-solure r3iu:ttrp should IK-

a. I'vn !ti;:t i o:i of the "ccoiul-

order Icri" in the Poj u-Mi tehol 1 expression | 1 7 ] ,

houcvev, Jniiiral ft that for l!ic Ki(l al .':, Gc)

GOmple at 13r)r) )'., v.-u ancies hound to two solute

atoins ( O P diners) u m l d pccounl for only 0.A%,

2.2°/ oi 11% of the vacancies in the system, for

vac.incy-G? dir.icr bidding enrlialpies of 0, 0.2,

or 0.<i eV, respectively. Thus, unless the

binding, enthalpy for such P cluster uere 3P)'{',<.'

(> 0.'; e V ) , it K O U I I 1 be unlikely that, higher-

order clii.stcis could be delecl.til in the present

experiment." 1 data. An analysis of the present
data including a second-order term in the solute
concentration confirmed that no clusters could
be detected, indtca*ing binding enthalpies of
vacancy-Go dimer clusters <J O.'i eV. Further
support for this uns est abl i;;he:] by analyzing
the Ki and Ki(0.3 at.% Ge) data alone, omittlnp

of all vacancies
One might thus (xp
lil^ht'i-order, W . C .

pi"c:!<-nt: in the I'-i

II" = 0.25 ± 0.09 eV, in reasonable agreement
with the result obtained from the combined
analysis, 0.20 ± 0.04 eV.

In conclusion, the present work has shown that
the monovacancy formation enthalpy in NI is 1.8
± 0 . 1 eV and that, when this is compared to the
low-temperature activation enthalpy for self-
diffusion, a monovacancy migration enthalpy of
1.1 ± 0.1 eV is obtained. An analysis of the
Ni(Ce) alloy data has yielded 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 supported by the U.S. Department
of Energy.
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