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Atomic free volumes and vacancies in the ultrafine grained alloysZPd, Cu 0.1 wt % ZrQ, and Fg,Zrq
were studied by means of positron lifetime. The thermally stable microstructures serve as a novel type of
model system for studying positron trapping and annihilation as well as the thermal behavior of vacancy-sized
free volumes over a wide temperature range up to ca. 1200 K by making use of a nté&alisositron source.
In ultrafine grained Cu the thermal formation of lattice vacancies could be observed,,B1,Rdn increase of
the specific positron trapping rate of nanovoids and, in addition, detrapping of positrons from free volumes
with a mean size slightly smaller than one missing atom in the grain boundaries contributes to a reversible
increase of the positron lifetime of more than 60 ps with measuring temperatureo@rgsimilar linear
high-temperature increases of the positron lifetime are observed in the nanocrystalline and the amorphous state.
The question of thermal vacancy formation in grain boundaries is addressed taking into account the different
types of interface structures of the present alloys.

[. INTRODUCTION be taken into consideration. Besides the topic of thermal de-

fect formation in grain boundaries, thermally stable ultrafine
Atomic free volumes and diffusion in grain boundaries grained alloys may serve as novel model systems in order to
are closely linked and represent key issues for highstudy the temperature dependence of the specific trapping
temperature materials properties, such as plasticity, sinteringate of extended defects, like nanovoids, over a wide tem-
or structural stability. This is particularly true for ultrafine Perature range. Such data, which are of general interest for
grained materials which contain a high number of grainthe understanding of the positron annihilation characteristics

boundarie:> Computer simulationgsee, e.g., Ref.)3and in condensed matter, were so far primarily gained from met-

measurements of the pressure dependence of atom@ls after particle irradiation and restricted to a low-

diffusior indicate that grain-boundary self-diffusion in met- [€mperature regimésee, e.g., Refs. 13-19%inally, high-

als is mediated by thermal vacancies simiar to crystis PEEA R FEAREATENE T 00 RO e o
details, see Ref.)5However, so far, no direct evidence of 9 y y

thermal defect formation in grain boundaries, for instance € different positron trapping sites in these structural com-
: o . plex systems by means of the different temperature depen-

by means of pqsnron lifetime spectrosgopy, exists. dencies of the positron trapping rates.

Positron lifetime measurements_ at high temperatur_es have Ultrafine grained metallic systems with three different

proved a valuable tool for studying thermal formation of yyheg of microstructures and grain boundaries were studied:

lattice vacancies in met&lsand mtermetglllc cpmpound’s. (i) nanocrystalline 1i-)Fey,Zr, prepared by crystallization

The technical requirements now are achieved in order to pef;om melt-spun amorphous ribbons which exhibits a residual

form the same kind of studies for defects in grain boundariesamorphous matrix in the interfacé&?%2! (ii) ball-milled

the results on which are presented in the present paper. Theggnocrystalline PgiZr,4 stabilized by Zr segregation at the

technical requirements comprise the preparation of ultrafingrain boundarie§;(iii) microcrystalline(mc)Cu with ZrO,

grained alloys, i.e., systems with a high number of grainprecipitates prepared by severe plastic deformation.

boundaries, which show sufficient thermal stabftitand the After a brief description of the experimental procedure

concomitant development of appropriate techniques for meaSec. 1)), the results of the high-temperature positron life-

suring the positron lifetime at high temperatures in thesgime measurements are present&tc. Il) and discussed

systemgsee Sec. )l (Sec. V.

The present first systematic studies of this kind aim at the

guestion of whether the formation of atomic defects in grain Il. EXPERIMENTAL PROCEDURE

boundaries under thermal equilibrium conditions at high

temperatures can be detected, e.g., by the specific technique Nanocrystalline FgZry was prepared by crystallization

of positron lifetime spectroscopy. A detection of these ther-of melt-spun amorphous ribbons at 873 K for 48 h under

mal defects might be hampered from a principal point ofhigh vacuum conditions. This thermal treatment results in a

view by a strong relaxation of the thermal vacancies in graintwo-phase microstructure ef-Fe and FgZr nanocrystallites

boundaries as indicated by computer simulatifid.in ad-  with a mean grain size of ca. 30 nnt%%2

dition, as outlined below, a competitive trapping of positrons  Nanocrystalline PgZrs was prepared by mechanically

at structurally free volumes in the interfatesnay have to  alloying powder mixtures of Z¢(99.7% and Pd(99.9% in a
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SPEX 8000 shaker mill under Ar atmosphere for 24 The ' ' '
contents of the light impurities H, N, and O was 2.4, 0.2, and 175
2.4 at.%, respectively, as determined by hot-extraction
analysis. The concentration of Fe was below 1 at. %. For the
subsequent handling with the positron sources the ball-millec
powder was compacted in high vacuum under uniaxial pres-
sure of ca. 1.8 GPa into disk-shaped pellets. 165
For the preparation of microcrystalline Cu with Zr@re-
cipitates(Cu 0.1 wt% ZrQ) a Cu-Zr single crystal was in-
ternally oxidized and subsequently deformed severely by the ¥
technique of equichannel angular pressing as described il
more details elsewhersee Ref. 9 140 T
The positron lifetime measurements were performed by
means of ayy-coincidence spectromefewith a >Co posi-
tron sourc&” The metallic 8Co positron source was pre-
pared from a®®CoCl, starting material which was initially 125 - <
deposited on a ribbon of the specimen material, reduced in ¢ . . ,
H, atmosphere at 540 K fdl h and subsequently annealed
under high vacuum (%10 ® mbarg at the reduction tem- 500 750 1000
perature 0-Fey,Zry) or at higher temperature®i{Pcs,Zr14: T [K]
770 K; mc-Cu/ZrQ: 640 K). For each material system the .
specimen piece with thé®Co positron source was stacked  FIG. 1. Positron lifetimer measured at the temperatufein
between identical specimen platelets in a metal container arfc:Zrs in the amorphous stateA(), in the nanocrystalline state
sealed off in a quartz ampoule under high vacuum. By meanafter annealing af,=973 K (O), and in the microcrystalline state
of this specimen-source arrangement measuring temperaturaiéer annealing al;=1173 K ().
of up to 1173 K were realized in the present experiments
without evaporation or loss of activity. guence of data poinksThe positron lifetime spectroscopy
The positron lifetime spectra with a time resolution shows that the increase ofis due to the increase of the ratio
(FWHM, full width at half maximum of 250-285 ps and
0.6— 2% 10° coincidence counts were analyzed by numerical
standard techniquesee Ref. B The measurements of the
temperature dependence of the positron lifetime were per
formed after preannealing at the maximum measuring tem4
perature in order to avoid structural changes during the mea
suring runs.

170

—
[72]
o

—

Ill. EXPERIMENTAL RESULTS

In FeyZrg single-component positron lifetime spectra |
with similar linear temperature variations of the mean posi-
tron lifetime 7 occur in the amorphous and in the nanocrys-
talline state after preannealing a=973 K (Fig. 1). The
single positron lifetimer=163 ps (ambient temperatuye
characterizes free volumes slightly smaller than a lattice va-
cancy taking into account the positron lifetimg= 175 ps of
lattice vacancies im-Fe (see Refs. 12 and 20Grain coars-
ening up to approx. Jum upon annealing at ,=1173 K
(Ref. 24 gives rise to a decrease of the positron lifetime to
124 ps.

In the case of PglZr,q the high thermal stability due to
the Zr segregation enables positron lifetime measurements ¢
a submicrocrystalline structure up to temperatures as high a
1173 K. An average crystallite size of 120nm is observed
after the high-temperature positron lifetime measurements
(Fig. 2). A substantial linear increase of the mean positron

lifetime 7 by more than 60 ps occurs between ambient tem-
perature and the maximum temperatfég. 3). This in- FIG. 2. Transmission electron microgragtark field of the

crease is fully reve.rSIbIe S'r?ce ".ifter thi varlous_ hlgh'nanocrystalline PglZr,¢ specimen after high-temperature measure-
temperature measuring runs identical valuesit ambient ments of the positron lifetimécf. Fig. 3. Maximum measuring
temperatures are observézke caption of Fig. 3 for the se- temperaturer=1173 K.-
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FIG. 3. Mean positron lifetimer and positron lifetime compo-
nentst,, 7, with relative intensities,, |, measured om-Pd;,Zr¢
at the temperatur€ during (M) and after annealing at 1075 1)

and during annealing at 1129 K¥(), and 1173 K &). Identical
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FIG. 5. Mean lifetimer in ultrafine grained Cu 0.1 wt% ZrO
after annealing at 1060 K&). The curves denote fits taken into
account reaction controlled at interfaces and nanovoids, thermal
vacancy formation in crystallitegurve 1 and, in addition, thermal
vacancy formation in the grain boundariemirve 2; see text for
details. The solid line denotes the temperature dependeneenof
coarse-grained pure Cu arising from positron trapping and annihi-
lation in thermal lattice vacancidfef. 6).

values are observed at ambient temperature after annealing at 1075

K and 1173 K. TheOd denote the values prior to the high-
temperature measurements.

0.1

800 1200
TIK]

FIG. 4. Rati0|2/|1=((rvoid Cvoid)/((rl Cl) [Eq (1), A] of the
relative intensities of the positron lifetime components in
n-Pds,Zr¢ (cf. Fig. 3 in comparison to literature data of the posi-
tron trapping ratec of voids in neutron-irradiated Mo@, Ref. 14.

K= 0,0id Cypoig IN the transition-limited regime for <200 K (see
text). Measuring temperaturé.

I,/14 of the relative intensities of the positron lifetime com-
ponentsr; and 7, (Figs. 3 and 4

In Cu 0.1 wt% ZrQ the mean positron lifetime at first
increases reversibly similar as in §Zdr,g whereas for tem-

peratures above 9K a reversible decrease efoccurs(Fig.

5). Due to the reduced statistical accuracy, only the mean
value of the positron lifetime is given. A transmission elec-
tron micrograph after annealing at 813 K shows a microcrys-
talline grain structure with a broad grain size distribution
ranging from some 100 nm to aboveuin.

IV. DISCUSSION

An overview of the high-temperature variation of the pos-
itron lifetime in the various ultrafine grained alloys in-
cluding data from recent studies of nanocrystalline
Fes5 5Sii3 BoNbsCu; (Ref. 25 is given in Fig. 6. As dis-
cussed in more detail below, the rather different behavior of
the various alloys arise from the different types of trapping
sites each of which is characterized by a positron trapping
rate with a different temperature dependence. The following
temperature dependencies have to be taken into account:

A strong increase of the specific trapping rate of nano-

voids with increasing temperaturésee Sec. IVR
These structural elements are present in the mechani-
cally prepared alloys (R@Zr,5, Cu 0.1 wt. % ZrQ) but

not in the nanocrystalline alloys crystallized from amor-
phous precursors and containing an amorphous inter-
granular phasésee Sec. IV A
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FIG. 6. Overview of high-temperature positron lifetime mea-
surements on ultrafine grained alloys. Mean positron lifetime
measured on RgZr¢ (¥, cf. Fig. 3 after annealing at 1173 K, on
Cu 0.1 wt% ZrQ (A, cf. Fig. 5 after annealing to 1060 K, on
FeyZrg (O, cf. Fig. 1 after annealing at 973 K, and on
Fey35Sii3 BgNbsCu, (@, Ref. 25 after annealing at 873 K.

* A competitive positron trapping and annihilation at ther-

mally formed vacanciegpositron lifetime r) in the

crystallites which gives rise to a higEtemperature de-

crease or increase af in alloys with 7>7, (Cu 0.1

Wt. % ZrQ,) or 7<7y (FesSijsBoNbCUy), respec-
tively (see Sec. IV D).

« A thermally activated detrapping of positrons from shal-

low traps at densely packed interfaces ip£d;c and in
FeyZrg (see Sec. IVE

The question of thermal grain boundary vacancies is consi
ered in Sec. IVD.

A. Variation of the positron lifetime with the microstructure

The variation of the positron lifetime in ultrafine grained
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In the latter type ofn alloys positrons are quantitatively
trapped and annihilated in interfacial free volumes slightly
smaller than a lattice vacancy. These free volumes may be
ascribed to a residual amorphous matrix between the crystal-
lites since free volumes of identical size are found in the
initial melt-spun amorphous stateé?:%

In ball-milled n-Pd&;,Zrg, in addition to the component
7,=360 ps characteristic for nanovoids, a component
=175 ps occurgFig. 3). This value is similar to the positron
lifetime in Zr-rich amorphous alloys{mq= 182 ps, Ref.

26) but lower than the positron lifetime in lattice vacancies
in crystalline Zr (r,=219 ps, see Ref. 26 Therefore the
componentr; is ascribed to free volumes with a mean size
slightly smaller than one missing atom in the Zr-enriched
grain boundaries. The attribution ef to interfacial free vol-
umes rather than to vacancies in the crystallites is supported
by the thermal stability of this component above tempera-
tures where crystal vacancies anneal @titj. 3) and by the
correlation between the intensity of this component and the
crystallite size as reported earlier on a ball-milled Pd-zr
sample with similar compositioff.

In mc-Cu a high value of the mean positron lifetimre
similar as inn-Pd&;,Zr,g occurs indicating positron trapping
as well. Positron lifetime spectroscopy in undoped Cu pre-
pared by severe plastic deformation reveals two positron life-
time components characteristic for vacancy-type free vol-
umes and nanovoidS.

B. Temperature dependence of the specific positron
trapping rate of nanovoids

The substantial increase of the mean positron lifetime in

n-Pd,Zrg and the initial linearr increase in mc-Cu with
increasing temperaturef. Fig. 6 primarily arise from the
increase of the specific trapping rate of nanovoids as outlined
in the following. In the case of saturation trapping of posi-
trons in nanocrystalline materials, the intensity ratio

I, _ Ovoid Cuoid

I 0,.Cy

@

of the components, andr, (see Fig. 4is given by the ratio

of the positron trapping ratesr; C; of nanovoids and
vacancy-type free volumes, respectively, whetedenotes
the specific positron trapping rate a@¢the concentration of
the particular defect typie A reversible increase of the nano-
void concentrationC,;y) with temperature can be ruled out.
Therefore we adopt at first the picture that the increase of
,11, exclusively is due to an increase of the specific trap-
ping rate o,y Of nanovoids. This is also supported by the
fact that in crystallizech alloys without nanovoids the in-

crease ofr with temperature is reducddf. Fig. 6). An ad-
ditional contribution to the, /I, increase arising from a de-

metals and alloys with the technique used for synthesis hagrease ofo; C; will be discussed in the next sectigBec.

been a subject of comprehensive studies previo(fsiyre-
views see Refs. 12 and RIThe most prominent feature per-

IVC).
A linear increase of the specific trapping ratg,q with

tains to nanovoids as characterized by a long positron lifetemperature is known already from studies of irradiation-
time componentr, exceeding 300 ps (Rgr;, see Fig. 3  induced nanovoids in metafs®® (e.g., see Fig. 4@, for T
which occur in all types of nanocrystalline materials except<200 K) and is considered to arise from the temperature
in n alloys prepared by crystallization from the amorphousdependence of the elastic scattering of positrons at Vids.
state such an-Fey;Zry andn-Fey; sSiis BgNbsCuy (Fig. 6). However, the present results on nanocrystalling,8dg dif-
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fer substantially from the former data since the linear in-observed for a vacancy-trapped state as, for example, for
crease Ofayiq Cyoig (S€€ Fig. 4,A, with o1 C;=const) is  structural vacancies in NiAl where a value o¥
extended to substantially higher temperatures. This indicates 10 °> K~ is found (see Fig. 3 of Ref. I Both effects,

that the trapping process at nanovoids in the nanocrystallineamely the decrease of; C; and the enhanced temperature
alloy is transition limited within the whole temperature rangecoefficienty, most likely are caused by a thermal detrapping
whereas for irradiated metals the trapping process becomes positrons from shallow traps similar to that in amorphous
diffusion limited at elevated temperatures. The transition taalloys°

the diffusion-limited regime in the irradiated samples arises This becomes clear by recalling that the free volume size
from the lower nanovoid concentratidd,,qy and the larger in the grain boundaries, as characterized by the component
specific positron trapping rates,,q due to the larger void 7, in n-Pdy,Zr;4 or by the single componentin n-Fey,Zr,
sizes™ This is confirmed by the following estimation of the has to be regarded as a mean valsee Ref. 12 Positrons
values 0ofC,,q and oy,q Of the two types of experiments. \eakly bound to smaller free volumes, i.e., shallow traps,
E.g., in the given case of neutron-irradiated Mo with voids Ofmay escape by thermal activation at elevated temperature
the size of 2.6 nm and a low concentration of 80~°, high  and be retrapped at larger free volumes which are capable of
values o,,iq>10" s™! are estimated from the measured tightly binding positrons. By such a process the mean size of
trapping ratesryoig Cyoig (Fig. 4, @, Ref. 14. In n-Pd,Zris interfacial traps probed by positrons is shifted towards higher
the smaller nanovoid size of 1015 missing atdnenovoid  values which can explain the observed increase of the single
diameter=0.5-0.8 nm is considered to be associated with component?in n-Fey,Zrs. In N-PdsZrye, positrons can be

~ 5 «—113,15 A . . - . . .
lower valuesoyq=10" s™*.**™ On the other hand, the retrapped in adjacent nanovoids in the grain boundaries giv-
nanovoid concentratio@,;q in N-Pds,Zr4¢ is higher than the ing rise to a decrease of,C; and an increase af, g Cyoig -

concentration of irradiation-induced voids. In the case ofj,the framework of this interpretation, the decrease gt
transition-limited positron trappingCyeiq can be deduced ith temperature is due to the increasing fraction of free
from the ratiol ,/1, by means of an estimate of the rapping y,olymes from which detrapping of positrons may occur.

rate in gran boundaries according to the relationC, In n-Pds,Zr,¢, 74 iS constant within the present uncertain-
=6ad " With the specific trapping ratea=4.2  {jag (Ar,=+10 p3 up to ca. 800 K(Fig. 3 although the
X107 ms™* of grain boundaries deduced from the correla-gffective mean size of free volumes increases due to detrap-
tion of I, andd upon crystallite growtti] the crystallite size ping of positrons from small free volumes as outlined above.
d=120 nm as given above, antlq=10'> s™*, a concen-  on the one hand, this may be due to partial positron annihi-
tration C,iq=2x 10" ° is derived from the ratio, /I, atam-  [ation in the free state of the crystallites upon detrapping
b@ent temperature \{vhich i.s inQeed more than order of Magyhich, in contrast tn-Fey,Zre, has to be to be taken into
nitude higher than in the iradiated sample. ~account forn-Pds,Zr;¢ due to the larger crystallite size. In

_ From the linear increase db/l1,, a temperature coeffi- 4qgition, a detrapping and subsequent retrapping in the traps
cient 8=6.5x 10°° K_il of gyoig*1+BAT can be deter- . may increase the rate of removal of positrons from the
m'”efjs (F@l- 4, straight ling. A similar value =6  ans .. Both effects would tend to decrease the average
X 10" K~ " is derived for mc-Cu from the initial increase yjajye r, and therefore counterbalance a possitléncrease

of due to the increase of the effective free volume size. The
decrease of, observed above 800 Kig. 3) implies for this
P C1+ 72 Tvoid Cvoid () model that the former processes become dominant at high
01C1+ 0v0idCuoid temperatures.

below 600 K(Figs. 5 and § assuming reaction-controlled
saturation trapping of positron at the two types of traps with b thermal formation of lattice vacancies and question of
the time constants, =180 ps andr, =300 ps as in undoped thermal vacancy formation in grain boundaries

Cu after severe plastic deformati6hThese values oB are , . o
similar to those usually found for larger voids induced by Experimental evidence of thermal vacancy formation in a

irradiatiort>~1° although 3 is expected to decrease with the nanocrystalline material was recently obtained byrg¢hum
void diameter® This indicates that, in addition to the intrin- €t @l for n-FesSiis BgNbCuy  prepared by crystal-

sic temperature dependence @f,;y, a decrease of, C; lization® In 'this nanocomposite'structure, POpe F@OSizo
with increasing temperature contributes to the strong in_nano_crystallltes are embedded in an amorphous intergranular
crease of /1, with T (see Sec. IV E matrix. From the high-temperature increase of the mean pos-

itron lifetime 7 (see Fig.  a vacancy-formation enthalpy

H\F,=1.1 eV as in single-crystalline R&e,gSiy; could be

_ derived® indicating that in this case thermal vacancy forma-
As discussed in the previous section, the increaseaf  tion is detected in the nanocrystallites rather than in the in-

[,/11 in n-PdZrig (and mc-Cui with temperature cannot tergranular amorphous matrix or in the interfaces between

exclusively be attributed to an increaseamf,q but, in addi-  the crystallites and the amorphous phase.

tion, is due to a decrease of the trapping r@ieC, at grain As discussed in the following, thermal formation of lattice

boundaries at elevated temperatures. Likewise-fey,Zrg  vacancies is also found in the present studies of ultrafine

(Fig. 1) the linear temperature coefficient=10"* K™* of  grained Cu(see Fig. 5. However, the variation of due to

the positron lifetimer= 7,93J 1+ y(T—293 K)] in the in-  thermal vacancy formation differs from the well-known be-

terfacial free volumes is higher than that which is usuallyhavior of coarse-grained metals. In fact, thermal lattice va-

C. Thermal detrapping from interfacial free volumes
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cancies in ultrafine grained Cu act as additional trapping cencreases with temperature. Although it may not be excluded
ters at high temperatures which reduces the effectivéhat a detection of thermal vacancies in grain boundaries
trapping rate in nanovoids and therefore gives rise to thenight be hampered by, e.g., a strong relaxation of the
reversible high-temperature decrease?dsee F|g 5 Ac- Vacancyl;o'llit appears most ||k6|y that the formation of ther-
cording to earlier positron lifetime measurements on coarsehal vacancies in the grain boundaries of nanocrystalline
grained pure CURef. 6 positron trapping and annihilation PtheZr14 alloys is suppressed by the segregation-induced
in thermal lattice vacancies starts to occur at about 900 Ksubstantial decrease of the specific grain-boundary erfergy.
(see solid line in F|g B Thermal vacancy formation in As known from grain-boundary diffusion studies, a low in-
mc-Cu can be taken into account by means of an extensiotgrfacial excess energy due to doping is associated with a
of Eq. (2). In the framework of this simple model the mean Strong reduction of the grain boundary diffusivityee, e.g.,

positron lifetime Sn-doped Fe, Ref. 32A reduced diffusivity represents a
strong evidence for a reduced thermal vacancy formation in
— 71061C1+ 750 6id Cuoig+ TvovCy grain boundaries upon doping.
T T 6.Cy+ 0yoig Cuog+ ovCy (3 This consideration may similarly pertain to the nanocrys-

talline alloys Fe; Sij3 ByNb;Cuy; and FgqZrg crystallized
is the trapping-rate averaged value of the positron lifetimesrom the amorphous state where the interfacial diffusivity is
in interfaces ¢;), nanovoids {,), and thermal lattice vacan- also rather slow compared to undoped grain boundaries due
cies (ry) which compete as positron traps. The high-to the amorphous intergranular ph&sé>As outlined in Sec.
temperature decrease ofdepicted by curve 1 in Fig. 5 is IV C the enhanced temperature coefficignof the positron
calculated assuming, =180 ps and making use of the ther- lifetime in n-Fey,Zrg is considered to reflect thermal detrap-
mal vacancy characteristics derived for coarse-grained Cping of positrons as in amorphous alloys. Due to the follow-
(Ref. 6, i.e., a vacancy-formation enthalpy\F,=1.42 eV i_ng reasons it appears unlikely that this enhanced increase of
with a pre-exponential factor oy exp@S/kg)=3.8 7 with temperature arises from thermal defect formation in
X 10" s where S, denotes the vacancy-formation en- the interfaces. On the one hand, the enhanced increése
tropy. The trapping rate of the interfacial free volumes islinear over a wide temperature rangf€g. 1) in contrast to
calculated by means of the relationC,=6ad ' (see Sec. the s characteristics expected for positron trapping at ther-
IVB) using a mean crystallite sizel=250 nm. The mally formed defects. On the other hand, the kind of tem-
temperature-dependent trapping rate of nanovoids is takgferature dependence found inFeyZry was observed in
from the initial 7 increase as outlined in Sec. IV[Bee Eq. amorphous alloys also below ambient temper&ftiawhere

2)]. thermal defect formation can be ruled out.
A comparison with the experimental data shows that the
high-temperature decrease obccurs at lower temperatures V. SUMMARY AND CONCLUSIONS

than predicted by the vacancy formation parameters of crys-
talline Cu (curve 1, Fig. 53! An unambiguous assessment  Structurally stable nano- and microcrystalline materials
whether this shift is due to thermal grain boundary vacancieserve as a novel type of model system for studying positron
is, however, hampered by the numerous assumptions undéfapping and annihilation over a wide temperature range. By
lying the present simple model. Nevertheless, it is worth-means of the metalli€®Co positron source positron lifetime
while to point out that a better fit can be achieved by intro-measurements up to ca. 1200 K could be performed on vari-
ducing in Eq.(3) a second thermal vacancy-type tragy f) ous metallic systems with different types of microstructures
with a formation enthalpyhl\F,]z which is lower than that of and interfac_es. These _kind_ of studie_s enable the_ detection of
crystal vacancies as should be the case for thermal graiermal lattice vacancies in crystallites of ultrafine grained
boundary vacanciesThis is shown by curve 2 in Fig. 5 Materials as found previously im-Fe;sSii3dBoNbsCly
which is obtained withry,=170 ps,H5,=0.5xH5=0.7  (Ref. 25 and in the present studies on ultrafine grained Cu.
eV, and a pre-exponential factor&v exp(SE/kB)=3 Due the presence of nanovoids, the variationrah mc-Cu
X108 g1, upon thermal vacancy formation differs from the well-known
In contrast to mec-Cu, thermal vacancy formation in grainbehavior of coarse-grained metals. The same typealria-
boundaries oh-Pds,Zr,6 presumably can be ruled out due to tion has been found in ball-milled-Fe;Si quite recently’
the following considerations. In undoped grain boundaries okupporting the present interpretation in the case of mc-Cu.
Pd, thermal grain boundary vacancies are to be expected in In Pd,Zrig and Cu an increase of the specific positron
the temperature range studied here, taking into account theapping rate of nanovoids with increasing temperature is
onset temperature of 1150 K (Ref. 6 of positron trapping observed in measurements which are extended to substan-
in lattice vacancies and the argument used above that thally higher temperatures than in earlier studies of
formation enthalpyH!, of vacancies in grain boundaries irradiation-induced voids. In addition, a thermally activated
should be well below that of lattice vacandgg-Pd: HY,  detrapping of positrons from shallow traps in grain bound-
=1.85 eV, Ref. 6. The present measurements show an in2ries contributes to the strong increase of the mean positron
crease of the ratiod,sig Cyoiq)/(01C1) of the positron trap- lifetime 7 with temperature. A distinction of the various trap-
ping rates and therefore no evidence for thermal vacancping processes, e.g., of nanovoids and thermal vacancies, is
formation in the grain boundaries which should be mani-enabled by their different temperature dependencies. The
fested in the detection of an increaseéXf. More accurately, question of thermal vacancy formation in grain boundaries
as outlined in Sec. IV C there are indication tlaiC, de-  for which preliminary hints were found in the case of Cu
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demands for further clarification. According to the present ACKNOWLEDGMENTS
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