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Thermal vacancy formation and D03 ordering in nanocrystalline intermetallic „Fe3Si…95Nb5
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The correlation between thermal vacancy characteristics andD03 ordering in ball-milled nanocrystalline
(Fe3Si)95Nb5 was studied by combined measurements of x-ray diffraction and positron annihilation. Structural
stabilization due to grain boundary segregation of Nb enables high-temperature positron lifetime measurements
up to 1023 K from which vacancy formation parameters identical to those in single-crystallineD03 Fe3Si are
deduced. Measurements of coincidence Doppler broadening show that prior to the onset of thermal defect
formation in the nanocrystallites, positrons are annihilated in Nb-enriched grain boundaries. TheD03 ordering
of the initially disordered Fe3Si nanocrystallites is discussed on the basis of the thermal vacancy characteristics
and self-diffusion behavior.
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I. INTRODUCTION

Many interesting properties of nanocrystalline (n-)
materials1 originate with their high number density of inte
faces or their mesoscopic crystallites.2 The high-temperature
properties of nanocrystalline materials, in particular th
thermal stability, have emerged as important issues. The
stability depends on diffusion, and therefore on concen
tions and mobilities of point defects. In multicompone
nanocrystalline systems, material properties and ther
stability are further affected by the degree of chemical or
within the nanocrystallites. Ordering phenomena in th
systems also depend on diffusion and thermal de
formation. Order-disorder phenomena and thermal de
characteristics in nanocrystalline materials affect phys
properties, but are also subjects of basic interest within
broader topic of mesoscopic systems with reduced dim
sionality.

The present paper reports results from a study of vaca
formation in high temperature thermal equilibrium and t
development ofD03 long-range order in initially disordere
(Fe3Si)95Nb5 prepared by mechanical alloying.3 These stud-
ies aim at the correlation between thermal vacancy cha
teristics and ordering behavior and at the understandin
the microscopic mechanisms underlying the developmen
0163-1829/2001/63~13!/134114~7!/$20.00 63 1341
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chemical order. This goal is achieved using a combination
positron lifetime spectroscopy~PLS! and x-ray diffraction
~XRD!. PLS is the most appropriate technique to study
cancies in solids4 owing to the specific sensitivity to free
volumes of the positron probe. With a58Co positron source
it is possible to measure the positron lifetime in situ at hi
temperature and to detect thermal vacancy formation in
bulk and at the interfaces.5,6

The Fe-Si-Nb alloy was chosen because it combin
uniquely and conveniently, a high thermal stability and a lo
vacancy formation enthalpy inD03-ordered Fe3Si crystal-
lites. Previous studies in crystallized Finemet showed tha
high diffusivity arises from a high thermal vacancy conce
tration in Fe80Si20 nanocrystallites.5 Here we show that a
particular temperature dependence of the mean positron
time, displaying a maximum around 800 K, originates from
competition between positron trapping at nanovoids, loca
in the intersections of crystallite interfaces, and at therm
vacancies in the crystallites. The analysis of this trend wit
a simple model allows the calculation of the vacancy form
tion enthalpy in ultrafine grained Fe3Si crystallites~diameter
ca. 100 nm!. We also discuss the correlation between che
cal ordering and the change in the diffusion behavior res
ing from the modification of the local atomic environmen
©2001 The American Physical Society14-1
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II. EXPERIMENTAL PROCEDURES

Nanocrystalline powders of (Fe3Si)95Nb5 were prepared
by mechanical attrition with a Spex 8000 laborato
mixer/mill.3 A mixture of elemental powders with compos
tion 71.25 at. % iron, 23.75 at. % silicon and 5 at. % niobiu
was sealed under an argon atmosphere in a vial of hard
terial based on tungsten carbide~HM-WC! with HM-WC
balls. The ball-to-powder weight ratio was 4:1 and the po
ders were milled at room temperature for 48 h. For facilit
ing the mounting of the positron source the ball-milled po
ders were compacted at room temperature under unia
pressure of 1.5 GPa into disk-shaped pellets.

Positron lifetime spectra were measured by means
gg-coincidence and analyzed by numerical stand
techniques.7 For all measurements a58Co positron source
was used depositing58CoCl2 on one side of a specimen wit
subsequent drying and reduction under a H2 atmosphere a
483 K for 2 h. The specimen with the58Co positron source
was stacked between identical specimen platelets in a t
walled Fe container and sealed off in a quartz ampoule un
high vacuum. The time resolution of the spectrometer~full
width at half maximum! was 215 ps. The number of coinc
dence counts of most spectra, particularly those measure
high temperature, had to be limited to 0.521.03106 due to
the low count rate associated with the58Co source. These
spectra had to be numerically analyzed with fixed posit
lifetime componentt1.

A series of annealing steps with a holding time of 2 h was
carried outin situ in the spectrometer, atTa5623,713,833,
and 1023 K. Lifetime spectra at ambient temperature w
collected following each annealing. PLS measurements
elevated constant temperaturesT,Ta were performed after
the last three annealing steps.

The evolution of the volume-weighted average gra
size^D&V , the root-mean-square microstrains^e$hkl%

2 &1/2, the
long-range order parametersSD03

,SB2 and the lattice param
etera upon annealing was studied by XRD on an equival
specimen subjected to the same annealing sequence in
vacuum. XRD was performed at room temperature by me
of a Siemens D500 diffractometer using Cu-Ka radiation
and a secondary graphite monochromator. A Rietveld-
analysis of the x-ray spectra was performed, fitting ea
Bragg peak profile with two Voigt functions for theKa1 and
Ka2 lines with the same width. The intensities of these do
blets were calculated from the structure factor using the
nematic scattering theory and the appropriate inten
factors.8 The order parametersSD03

and SB2 were chosen
linearly dependent on the site occupancies so that the m
mum degrees of order areSD03

51 andSB251/2, while the

disordered state is characterized bySD03
5SB250. Effec-

tively, the dominant contribution to the long range order p
rameters originated from the ratio of the$111% and $200%
superlattice reflections to the fundamental$220% Bragg re-
flection. Only theD03 order causes the$111% reflection with
an intensity proportional toSD03

2 whereas the intensity of th

$200% reflection depends on (SD03
12SB2)2 so that one can

distinguish betweenD03 andB2 long-range order. The line
13411
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widths were fitted to the crystallite size and root mean squ
microstrainŝ e$hkl

2 %1/2 taking into account elastic anisotropy9

and adding the broadening of the superlattice reflecti
$111%, $200%, etc. by boundaries of ordered domains.10

To obtain information on the chemical environment of t
atomic free volumes where positrons are annihilated,
measured the electron momentum distribution at the posi
annihilation site on a third specimen, both as-prepared
annealed for 2 h at 823 K.These measurements were pe
formed by the coincident Doppler broadening technique
room temperature using a22Na positron source.11 Since the
thermalized positrons exhibit no momentum, the shift in t
energy of the annihilation gamma quanta exclusively ori
nates from the electron momentum distribution. High m
menta are due to core electrons. The electron momen
distribution at high momenta is therefore specific and ch
acteristic for the elemental composition at the annihilat
site. The coincidence is needed to measure those high
menta almost free of background. To compare electron m
mentum distributions measured on different specimens,
adopted the following procedure.11 All the momentum distri-
butions were normalized to unit area. After that, they we
divided by the momentum distribution measured with hi
statistics on a pure Si specimen.

III. RESULTS AND DISCUSSION

A. Ordering and microstructural stability

Figure 1 depicts the variation of the structural paramete
determined by XRD, as a function of the annealing tempe
ture. The as-milled material is characterized by a small gr
size ^D&V515 nm ~in good agreement with previous tran

FIG. 1. Long-range order parametersSD03
and SB2, lattice pa-

rametera, volume-weighted mean grain size^D&V , and root mean
square microstrain̂e$220%

2 &1/2 at ambient temperature after 2 h an-
nealing atTa . Error bars show the uncertainty due to statist
including correlations between the fitted parameters.
4-2
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mission electron microscopy observations3!, a high micros-
train ^e$220%

2 &1/251.1% and a very low degree ofD03 long-
range order. The lattice parameter of 0.5710 nm is hig
than for ordered Fe75Si25 (a50.565 nm, Ref. 12! and even
larger than for disordered ball-milled Fe75Si25 ~0.5663 nm,
Ref. 13; 0.5695 nm, Ref. 14!. The lattice parameter is als
larger than that which is estimated for a disordered so
solution with 25 at. % Si (a50.5699 nm) by means of ex
trapolation of the values ofa observed for Si content
smaller than 10 at. %.15 This shows that the enhanced latti
parameter cannot exclusively be attributed to the redu
packing density due to disordering16 but, additionally, to the
partial dissolution of Nb.

After annealing at 483 K for 2 h~the thermal treatmen
used as the initial state for PLS measurements! a slight de-
crease is observed in the lattice parameter and in the mic
train ^e$220%

2 &1/2, while ^D&V is unchanged. The mean pos

tron lifetime t̄522162 ps results from the combination o
two components with lifetimest15171 ps and t2
5375 ps ~Table I!. The value oft1 is similar to that for
monovacancies ina-Fe (t1V5175 ps, Ref. 17! and in
D03-Fe3Si (t1V5175 ps, Ref. 18! and therefore character
izes free volumes of the size of one missing atom, whilet2 is
characteristic of nanovoids of the size of 10–15 miss
atoms19 ~void diameter 0.5–0.8 nm!. Both lifetime compo-
nents represent a general feature ofn-metals.7,20 The value of
t1 is ascribed to positron trapping in vacancy-size free v
umes in crystallite interfaces or in nonequilibrium vacanc
in the crystallites, whilet2 is associated with nanovoids lo
cated at the intersections of the crystallite interfaces. Posi
trapping at vacancies in the crystallites probably can be ru
out, first on the basis of the present results derived fr
coincident Doppler broadening described below. Secon
previous positron lifetime studies on single-crystalli
D03-Fe3Si have shown that stoichiometric as well as no
toichiometric compositions are free of structural vacancie18

and that nonequilibrium vacancies, which for example
introduced by electron irradiation, anneal out even at am
ent temperature.21

The absence of a lifetime component smaller than the
lifetime t f ~Table I! indicates saturation trapping of pos
trons, which is reasonable because the mean positron d
sion length in metal crystals (L1'100 nm) is much larger
than the grain size and the positrons therefore arrive at
interfacial traps with high probability.

Upon annealing atTa5623 K, a low degree of long-
range order, similar to that in the as-milled state, is pres

TABLE I. Mean positron lifetimet̄ and component analysis i
n-(Fe3Si)95Nb5 obtained from measurements at ambient tempe
ture after annealing at the temperatureTa . I 1 and I 2 represent the
relative intensities of the two components with lifetimest1 andt2,
respectively.

Ta(K) t̄ ~ps! t1 ~ps! t2 ~ps! I 1 ~%! I 2 ~%!

483 22262 17161 37562 75.060.5 25.060.5
1023 22562 17461 37063 7461 2661
13411
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Nearly completeD03 ordering (SD03
'0.9) is obtained after

annealing at 713 K. In the same temperature range initi
dissolved Nb atoms segregate at grain boundaries as
cated by Mo¨ssbauer spectroscopy.3,22 The ordering and
Nb segregation are accompanied by a further decreasea
~by about 0.9%! and of ^e$220%

2 &1/2 ~see Fig. 1!.
After annealing at the highest temperature (Ta

51023 K), full chemical order is attained and we infer fro
the sharpness of the$111% superlattice reflections that all an
tiphase boundaries, in particular those with a displacem
vector of ^100&/2, are annealed out. The root-mean-squ
strain ^e$220%

2 &1/2 vanishes in this stage, while the lattice p
rametera reaches a steady-state value of 0.5658 nm. Ass
ing that all Nb is segregated to the interfaces, this va
corresponds to a composition Fe76Si24 ~Ref. 13! which is in
agreement with the energy-dispersive x-ray analysis.3 The
increased thermal stability of the present alloy to gra
growth is attributed to Nb segregation at the interfaces.3

Further direct evidence for Nb segregation during ba
milling or subsequent annealing is deduced from the pres
measurements of the electron momentum distribution
means of coincident Doppler broadening~Fig. 2!. These
measurements yield information about the chemical envir
ment of free volumes and, for instance, were applied rece
for the identification of the different types of vacancies
intermetallic compounds11 or SiC.23 The measurements o
n-(Fe3Si)95Nb5 show that the average environment of po
tron annihilation sites is rich in Nb. Indeed, both the sha
and the intensity of the electron momentum distribution
high energies (E.518 keV), which arises from core elec
trons, nearly coincide with that of Nb and is different fro
the ones of Fe and Fe3Si ~Fig. 2!. The difference in spectra a
lower energies comes from changes in the momentum di
bution of valence electrons. We emphasize that only the m
mentum distribution of core electrons is meaningful in re

-

FIG. 2. Coincident Doppler broadening spectra for we
annealed coarse-grained Fe, Fe3Si, Nb and forn-(Fe3Si)95Nb5 as-
prepared and after annealing at 823 K for 2 h. The spectra
normalized to the spectrum (nSi) of pure defect-free Si. The numbe
n gives the probability ofg quanta with energyE. The spectra were
recorded at ambient temperature.
4-3
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tion to the chemical environment of the annihilation si
Based on the results of PLS according to which posit
annihilation occurs in the interfaces, this indicates that Nb
segregated to the interfaces. The slight variation upon
nealing at 823 K~Fig. 2! indicates the additional Nb segre
gation which occurs in this temperature regime. These
measurements of a nanocrystalline structure demonstrate
the technique of coincident Doppler broadening is a pow
ful tool for the study of structural defects in multicompone
disordered media. Indeed, the present result of the segr
tion of Nb in grain boundaries ofn-Fe3Si is also confirmed
by means of a direct analytical imaging technique, i.e., ato
probe field ion microscopy, which was applied for the stu
of the structurally similarn-alloy Fe73.5Si13.5B9Nb3Cu1.24

FIG. 3. Mean positron lifetimet̄ in n-(Fe3Si)95Nb5 measured in
isothermal conditions after~empty symbols! and during annealing
~full symbols! at 713, 833, and 1023 K.

FIG. 4. Mean positron lifetime inn-(Fe3Si)95Nb5 measured in
isothermal conditions with the following sequence:~i! 2 h annealing
at Ta51023 K have been performed~triangle!; ~ii ! the specimen
has been cooled down to 293 K and a series of data at increa
temperature up to 1003 K have been measured~circles!; ~iii ! further
data have been taken at decreasing temperature~squares!. This se-
quence proves the full reversibility of the observed tempera
dependence. The solid line is a fit to the whole set of data accor
to Eq.~1!. The inset shows the same data together with an exten
of the fitting curve to higher temperatures.
13411
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B. Thermal vacancy formation

High-temperature positron lifetime measurements
n-(Fe3Si)95Nb5 were performed after various annealing ste
in order to gain insight into thermal defect formatio
~Fig. 3!.

Linear reversible increases of the mean positron lifeti
occur after annealing at 713 and 813 K. These change
lifetime are caused by an increase of the specific posit
trapping rate,svoid , of nanovoids, as was found recently6 for
n-Pd84Zr16 ~see below!. Upon further annealing at 1023 K,

decrease oft̄ occurs above about 820 K. This change int̄ is
fully reversible as shown by the sequence of data points

Fig. 4. Thet̄-decrease indicates thermal vacancy formati
This unusual signature of positron trapping at thermal vac
cies arises from competing positron trapping at nanovo
and vacancy-size free volumes. With increasing temperat
crystal vacancies formed in thermodynamic equilibrium tr
positrons with increasing probability. Since the positron lif
time in equilibrium thermal vacancies (tV) is similar to that
in vacancy-size free volumes at the interfaces (t1), the net
result of the competitive trapping is the increase in the int
sity of the shorter lifetime componentt1 at the expenses o
the nanovoid component (t2). This is confirmed by the two-
component analysis displayed in Fig. 5. We note that, ow
to Nb enrichment at the grain boundaries, a distinction
tween the vacancy-type interfacial free volumes and the th

ing

e
g

on

FIG. 5. Two-components analysis:I 1 , I 2 , t2 as a function of
temperature inn-(Fe3Si)95Nb5 annealed at 1023 K. The compone
t1 was fixed to the value of 174 ps derived from the spectr
measured at ambient temperature~see Table I!.
4-4
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mal lattice vacancies might be possible by high-tempera
measurements of the coincident Doppler broadening.

According to the above interpretation, the temperature
pendence oft̄ can be described by the combination of t
temperature behavior of three different traps.

~1! Vacancy-size free volumes at the interfaces with
positron trapping rate independent of temperature, descr
by25 s1C156a/^D&V, wherea is the trapping coefficient o
grain boundaries. Witha54.23102 m s21 as determined
in Ref. 26 and̂ D&V5110 nm from XRD analysis, a trap
ping rates1C152.331010 s21 is obtained.

~2! Nanovoids, which have a trapping ratesvoidCvoid
5@11b(T2293)#(svoidCvoid)T5293 K that increases linearly
with temperature.6 The value of (svoidCvoid)T5293 K can be
determined from the intensity ratioI 2 /I 15svoidCvoid /s1C1
~see Ref. 6! measured atT5293 K and the value ofs1C1
calculated above, giving (svoidCvoid)T5293 K50.8
31010 s21.

~3! Vacancies in thermodynamic equilibrium, with a sp
cific trapping rate sV and a concentration CV

5exp(SV
F/kB)exp(2HV

F/kBT) whereHV
F and SV

F are the effec-
tive vacancy formation enthalpy and entropy, respective
andkB is Boltzmann’s constant.

In the limit of saturation trapping of positrons, the diffe
ent types of traps give rise to the trapping-rate avera
mean value of the positron lifetime6

t̄5
tVsVCV1t1s1C11tvoidsvoidCvoid

sVCV1s1C11svoidCvoid
. ~1!

Equation ~1! with the above values ofs1C1 and
(svoidCvoid)T5293 K is used to fit the temperature dependen
of the mean positron lifetime after annealing at 1023 K.tV
5t15174 ps andtvoid5t25370 ps, determined by th
two-component analysis at ambient temperature~see Table
I!, are kept constant. The free parameters of the fit are
temperature coefficientb, the preexponential facto
sVexp(SV

F/kB) and the vacancy formation enthalpyHV
F . The

best calculated fit is shown as the continuous line in Fig
For this curve the temperature coefficient ofsvoid , associ-
ated with the initial linear increase oft̄, is b5(1.060.1)
31023. A value ofb'831023 was determined for neutro
irradiated Mo with voids of the size of 2.6 nm~Refs. 6 and
27!. In the present case the void diameter is smaller~0.5–0.8
nm!. Since the coefficientb is expected to scale linearly wit
the square of the void diameter,28 the two results are in fair
agreement and confirm that the temperature dependenc
svoid is the principal reason for the observed linear incre
of t̄ above room temperature.

Table II compares these vacancy formation parame
with those of coarse-grainedD03-ordered Fe79Si21 and
Fe75Si25 ~from Ref. 18! and Fe76Si24 ~from Refs. 29,30!. The
present value of the vacancy formation enthalpy
n-(Fe3Si)95Nb5 , HV

F51.1 eV, is identical with that of othe

Fe-Si materials. We conclude that the variation oft̄ at high
temperatures can be quantitatively understood on the bas
thermal formation of lattice vacancies. As for Pd84Zr16,6 no
indication of additional thermal defect formation in the gra
13411
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boundaries is found. In both alloys a strong segregation o
or Nb at grain boundaries occurs, stabilizing the nanostr
ture. Since a strong segregation leads to a decrease o
grain-boundary diffusivity,31 and diffusion is closely linked
with thermal defect formation, Zr or Nb segregation m
explain the absence of thermal defect formation in gr
boundaries in these systems.

The model of competitive positron trapping@Eq. ~1!#, pre-
dicts that the mean positron lifetime decreases further w
increasing temperature towards the limiting valuetV when
trapping at thermal vacancies becomes the dominant proc
The inset of Fig. 4 shows the fitting function extrapolated
higher temperatures, where the limiting valuet̄5tV occurs
for T>1400 K ~near the melting point,TM51500 K). In
this temperature regime, however, rapid grain growth mi
hamper an experimental verification.

C. Correlation between ordering and thermal vacancy
characteristics

The thermal vacancy characteristics derived from the p
itron lifetime studies onn-(Fe3Si)95Nb5 ~Sec. III B! allow a
better understanding of the ordering processes which w
detected in the present studies by XRD~Sec. III A!. Ordering
requires the exchange of a substantial fraction of the Si
oms with Fe atoms in a crystallite. We expect these sh
range atom movements are mediated by vacancies, as
long-range diffusional movements of atoms. We adop
simple picture where ordering in the nanocrystallites is co
pleted when all atoms make a few jumps over a distance
an ordering length that corresponds to a short diffusio
length of typically 1 nm. Since ordering requires diffusion o
both sublattices, it is controlled by the species that diffu
more slowly.

The thermal vacancy characteristics are the same in b
the D03-ordered ultrafine grained crystallites~ca. 100 nm
diameter! and in coarse-grained material~Table II!. Since
self-diffusion in Fe3Si is mediated by vacancies,21 we may
therefore assume that the tracer diffusion characteristics
monocrystalline Fe3Si also pertain to Fe3Si nanocrystalllites
of (Fe3Si)95Nb5. The diffusion lengths of either Fe or Si an
Ge at 650 K~the mean temperature of the ordering proce!
were estimated from tracer diffusion data~see Ref. 32! for
the disordered (A2) and ordered (D03) materials, and are
given in Table III. The diffusion length of Fe in the diso

TABLE II. Vacancy formation enthalpyHV
F and preexponentia

factor sVexp(SV
F/kB) in n-(Fe3Si)95Nb5 ~this work! and in coarse-

grained or monocrystalline Fe75Si25,Fe76Si24 and Fe79Si21.

Material HV
F ~eV! sVexp(SV

F/kB)(1016 s21)

n-(Fe3Si)95Nb5 1.160.2 0.5
Fe76Si24 ~Refs. 29 and 30! 1.0660.04 2.2a

Fe75Si25 ~Ref. 18! 0.7760.08 0.5
Fe79Si21 ~Ref. 18! 1.1160.06 4.4

asV56.631014 s21 and SV
F53.5kB taken from Refs. 29 and 30

respectively.
4-5
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TABLE III. Diffusion activation enthalpiesQ, frequency factorsD0, and diffusion lengthA4Dta calcu-
lated for an annealing timeta52 h in different Fe-Si materials.

Q ~eV! D0 ~m2/s! A4Dta at 650 K ~nm!

59Fe in D03-Fe76Si24 ~Ref. 32! 1.6460.04 1.320.4
10.531024 850

71Ge in D03-Fe76Si24 ~Ref. 32! 3.2360.04 1.920.6
10.931021 0.02d

59Fe in A2-Fe76Si24 2.2a 831024, a 14
Si in A2-Fe76Si24 2.2b 331023, c 28

aTaken from Fig. 14 in Ref. 32~using the melting temperature of 1500 K of Fe76Si24).
bTaken from interdiffusion data~Ref. 33! obtained for lower Si concentrations of Fe-Si alloys~8–11 at. %
Si!. The same value is assumed for the present higher Si concentration since the Si diffusivity
depends on the Si concentration~Ref. 33; Fig. 15 in Ref. 32!.

cDeduced from Fig. 15 of Ref. 32 taking into account the above quoted values ofQ ~Fe, Si! andD0 ~Fe!.
dAdditional evidence that the Si diffusivity decreases upon ordering is deduced from the decrease
interdiffusion coefficient at theA2-B2 ordering transition~Ref. 34! taking into account that Fe diffusivity
increases upon ordering~Ref. 32!.
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dered state exceeds the ordering length of 1 nm and fur
increases upon the disorder-order transition. This indica
that the ordering is controlled by the diffusion of Si rath
than by the diffusion of Fe. In fact, the Si diffusion slow
after the disorder-order transition, with the diffusion leng
of Si ~or Ge! in the completely disordered or ordered sta
being higher or lower than the ordering length, respectiv
~Table III!. An ordering length intermediate between the
limiting diffusion lengths is expected because the diffusiv
changes upon ordering. In addition to this dependence
ordering, the diffusion that gives rise to ordering might a
be affected by residual dissolved Nb.

The correlation of the ordering with the Si diffusion
further supported by Mo¨ssbauer studies performed on t
same (Fe3Si)95Nb5 material.22 These Mo¨ssbauer spectrom
etry studies showed the same temperature range~600–700
K! of ordering as measured in the present XRD studies,
the spectra from samples annealed at high temperatures
consistent with aD03 long-range order parameter of 0.9
From these previous Mo¨ssbauer spectrometry studies, an a
tivation enthalpy of 2.7 eV forD03 short-range ordering wa
deduced. Again this value lies between the activation ent
pies of diffusion of Si~or Ge respectively! in the ordered and
disordered state~Table III!. The activation enthalpy of 2.7
eV along with the preexponential factor ofD050.19 m2/s
of the Si diffusion inD03-Fe3Si ~Table III!, yields a diffu-
sion length of 2.5 nm at 650 K, which is very close to t
length required for ordering.

We also note that evidence for ordering processes c
trolled by the diffusion of Si was found for the Fe3Si-based
i
la
d

13411
r
s

n

d
re

l-

-

nanocrystalline alloy Fe73.5Si13.5B9Nb3Cu1 prepared by
crystallization.5

IV. SUMMARY

The combined use of XRD and PLS was applied to stu
the ordering and vacancy formation inn-(Fe3Si)95Nb5 from
the disordered as-milled condition to the fullyD03-ordered
state with a crystallite size of about 100 nm.D03 chemical
ordering, which occurs upon annealing at 713 K with
activation enthalpy of 2.7 eV, is accompanied by segrega
of Nb at the grain boundaries and by a release of inter
strains. The kinetics of the ordering is determined by the
self-diffusivity in the Fe3Si nanocrystallites which change
with the degree of chemical order. The presence of Nb at
grain boundaries, detected by means of coincidence Dop
broadening, improves the thermal stability sufficiently to
low high-temperature positron lifetime measurements o
stable nanostructure. From these measurements vacanc
mation parameters are deduced which are identical to th
in single-crystallineD03-Fe3Si.
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6R. Würschum, E. Shapiro, R. Dittmar, and H.-E. Schaefer, Ph
Rev. B62, 12 021~2000!.

7H.-E. Schaefer, R. Wu¨rschum, R. Birringer, and H. Gleiter, Phy
Rev. B38, 9545~1988!.

8E. N. Maslen, A. G. Fox, and M. A. O’Keefe, inInternational
Tables for Crystallography, edited by A. J. C. Wilson~published
for the International Union of Crystallography by Kluwer Aca
demic Publishers, Dordrecht, 1992!, Vol. C, Chap. 6.1-2, pp.
476–519.

9K. Reimann and R. Wu¨rschum, J. Appl. Phys.81, 7186~1997!.
10B. E. Warren,X-ray Diffraction ~Addison-Wesley, Reading, MA

1969!.
11M.A. Müller, dissertation, University of Stuttgart, 2000.
12Pearsons Handbook of Crystallographic Data for Intermetal

Phases, Vol. 3, 2nd ed., edited by P. Villars and L. D. Calva
~ASM International Materials Park, OH, 1991!.

13Y. P. Yelsukov, V. A. Barinov, and G. N. Konygin, Fiz. Me
Metalloved. 62, 719 ~1986! @Phys. Met. Metallogr.62, 85
~1986!#.

14M. Abdellaoui, C. Djega-Mariadassou, and E. Gaffet, J. Ap
Crystallogr.259, 241 ~1997!.

15M. Polcarova´, K. Godwod, J. Bak-Misiuk, S. Kadecova´, and J.
Brádler, Phys. Status Solidi A106, 17 ~1988!.

16R. W. Cahn, Nature~London! 397, 656 ~1999!.
17A. Vehanen, P. Hautoja¨rvi, P. Johannson, J. Yli-Kauppila, and P

Moser, Phys. Rev. B25, 762 ~1982!.
18E.A. Kümmerle, K. Badura, B. Sepiol, H. Mehrer, and H.-

Schaefer, Phys. Rev. B52, R6947~1995!.
13411
.

.

19M.J. Puska and R.M. Nieminen, J. Phys. F: Met. Phys.13, 333
~1983!.
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