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Thermal Vacancy Formation and Self-Diffusion in Intermetallic Fe3Si
Nanocrystallites of Nanocomposite Alloys
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Combined high-temperature studies of positron lifetime a&hEe tracer diffusion show ther-
mal vacancy formation and rapid self-diffusion in the nanocrystallites of intermetallic-amorphous
Fes;5Si;3sBoNbsCu; nanocomposites. In combination with an intergranular amorphous phase and
densely packed interfaces between these interlayers and the nanocrystallites the unique behavior arises
where self-diffusion in interfacial regions is slower than in crystallites. Slow atomic ordering pro-
cesses during crystallization are ascribed to low diffusivities on the Si sublattice of the nanocrystallites.
[S0031-9007(97)04755-8]

PACS numbers: 78.70.Bj, 61.43.Dq, 61.72.Ji, 66.30.Fq

The current interest in the field of nanocrystalline In the °Fe diffusion studies the radiotracer atoms
(n-) solids arises from attractive potential applicationswere evaporated on polished surfaces of melt-spun
which are related to crystallite sizes in the nm regimeFe;; 5Sij35sB9oNb;Cu; specimens which were crystallized
[1]. A central issue in this respect is concerned withat temperatured.,, between 793 and 818 K. After
the structural stability of nanocrystalline solids at highdiffusion annealing in vacuum the activity profiles were
temperatures. The high-temperature behavior is widelgetermined by ion-beam sectioning [14]. In the positron
determined by atomic diffusion and thermal vacancylifetime studies (see [15]) up to 933 K a metalfi¥Co
formation, on which, in the case of n-solids, data are stillpositron source in a sandwich arrangement with melt-spun
rudimentary and even missing, respectively. This is ofribbons was used.
fundamental importance because the formation of thermal The °Fe diffusion profiles in nanocrystalline
vacancies in nanocrystalline materials is closely linkedre;;5Sij35B9gNb;Cu; exhibit Gaussian shapes (Fig. 1).
to general problems of solid state physics, namely, siz&his is due to the structural stability during the Fe
effects in fine-dispersed systems and clusters [2,3] andiffusion process, whereas in nanocrystalline pure met-
characteristics of thermal defects in disordered systems|s strongly curved penetration profiles occur due to
such as interfaces and grain boundaries [4]. concomitant crystallite growth and interface migration

As an initial step towards an assessment of thermdll6]. Unlike a decrease of the diffusivity which usually
defect formation in nanocrystalline solids, the presenbccurs upon crystallization [17], &°Fe diffusivity,
work aims at a combined study [5] of thermal vacancyDy.n,, higher thanDgmerpn in the amorphous state is
formation and Fe self-diffusion in the prototype nanocrys-observed in nanocrystalline 36 Si;3 sBoNb;Cu,; (Figs. 1
talline alloy Fe;sSi;3sBoNbsCu; prepared by crystal- and 2). With increasing crystallization temperature
lization from melt-spun amorphous precursors [6]. In
this relatively stable nanocomposite structure with Fe-Si

nanocrystallites embedded in an amorphous intergranular . - ' ' '
matrix (see, e.g., Refs. [7—10]) the thermal-equilibrium 107 5...- 1
formation of vacancies in nanometer-sized crystallites has l._ allized
been detected by positron lifetime spectroscopy for the e
first time. Based on these results the unique behavior of = b reeek "a, .
the FINEMET nanocomposite, i.e., the fact that the Fe dif- % 108 o~ .
fusion in the crystallites is faster than in the interfaces, Oy
can be understood. . Lmorphous

In addition to the fast vacancy-mediated diffusion T=653K @ DD
in FINEMET, the present tracer-diffusion and positron- 10°F . l L
annihilation studies shed light on the ordering processes 00 09 02 03
in the D0s;-type nanocrystallites which are substantially X%ty [nmés]

determined by the slow atomic motion on the Si sublattice O e L
of the nanocrystallites. This provides a guideline for theF!C- 1. “"Fe diffusion profiles in relaxed amorphous))(and

understanding of the complicated crystallization kinetics?a?;iqzogéy;ﬁ“ne: él?)) KF%?[S"*‘:‘S?E tzilc':tgpgzi?iEMrgrd)ioggtsi\-/-
crys a .

[11] (see also [12] and references therein) and for they) 7, and s denote the diffusion temperature and time,
tailoring of the soft-magnetic properties eNEMET [13]. respectively.
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900 800 700 goo T Kl between the experimentally determined diffusion coeffi-
. ‘ T cientD,.,, and the diffusion coefficients in the crystallites
L C-Feg S “\¢-Fe,Siy, ™. g-Fe i (Dv) and the interfacedXir). In the present case of rapid
diffusion in the crystallitesDy > Dyano, EQ. (1) reads

\'qf Dir 6 +d
with the interface thicknes$ = 1.6 nm as estimated from
the volume fraction (40%) of the amorphous intergranu-
4 lar phase obtained from x-ray diffraction (present work)
c-Fe and Mossbauer spectroscopy [7]. Together with Eq. (2)
1022 S the experimental resulD,,,o = 10 — 14 X Dyporpn af-

1.2 15 1.8 ter crystallization atl..,, = 818 K (Fig. 2) leads to the
1/T [103/K] conclusion that the diffusivitydr in the amorphous inter-
faces is similar to that measured in the relaxed amorphous

FIG. 2. éAr”r.henqu; SP|0t§ NgffFe(—tracer )difoStiVlilt,ieSd irt] state prior to crystallization (Fig. 2) which is characteristic
nanocrystalline FgsSij;sBoNb;Cu; (FINEMET) crystallized a R._Ci

Tos = 793 K (0), 810 K (A), 813K (), 818 K (o), and in Fﬁ B-Si afm‘?rﬁ’h(;).]?fs alloys [22]'b — A
the relaxed amorphous stata,(preannealed at 723 K) prior ' he interfacial diffusivity is substantially lower than
to crystallization. Literature data are shown for comparisonin grain boundaries of coarse-grained or nanocrystalline
(extrapolations are dotted): Fe diffusion in cluster-compactegure metals (see Fig. 2 and [16]) and reflects a dense

nanocrystalline PdL(, [16]), in the ferromagnetic phase of jntergranular phase. This conclusion is supported by the

crystalline a-Fe (c-Fe, [34]), in grain boundaries of Fe-fe, ot SD _ 59 G
[23]) as well as in the intermetallic compound®)EFe;sSi actlva'tlon energyo 1.9 eV for the “Fe diffusion
and D0;-FeySiis [18]. following from the temperature dependence Bfno,

which is higher than the activation ener@y;g = 1.7 eV
e - . . of the grain-boundary self-diffusion in Fe [23] and still
the diffusion coefficient increases to a maximum valuenigher than the valueDgs which might be expected

Dhano = 14 X Damorpn (Fig. 2). for grain boundaries in 0;-FeySh; on the basis of
The enhanced diffusivity in n-FgsSissBoNDCuy is 4,0 gctivation energyQv 32 O?ge\flof the Fe volume
ascribed to the rapid Fe diffusion in the Fe-Si nanocrystalaiﬂ:usion [18] '

lites which are formed upon crystallization. According to
x-ray diffraction (present study and [7,10]) and Mdssbaue
spectroscopy [7—9] the Fe-Si nanocrystallites exhibit
D05 structure with a Si content of 18—21 at. %. Single
crystalline D;-type Fe-Si compounds within this compo-

z
% |\ FINEMET X Dhano = 0.12 X Dyano,  (2)
Q

According to the preceding considerations, the unusual
biffusion behavior ofFINEMET appears to arise from the
%ombination of a high thermal-vacancy concentration in
“the nanocrystallitesaind a dense interface structure due
2 : cee to an intergranular amorphous phase. Both properties are
S|t|9nal range show extre_mely highFe d!foS'V't'eS [18], confirmed by positron lifetime studies, as discussed in the
which originate from a high concentration of thermal Va'following
cancies [19]. Since the dlffu5|on_|n the nanocrystallme In nanocrystalline Fa sSi;;sBsNbsCuy the existence
state appears to be slower than in th_e smgle-crystallmgf the same type of free volumes as in the amorphous
state (Fig. 2), we co'ncl'ude that the Q|ffu5|on Process I1%tate, but of smaller size than a lattice vacancy, is indi-
limited by the crystallite interfaces. This is an excepnonalCated by the single positron lifetimey: = 144 ps ob-

case which is not considered in the Harrison classificatio . . .
scheme of interface diffusion [20]. Self-diffusion faster in Served at ambient temperature (Fig. 3 and [24]). Since

; o . . positrons in nanocrystalline materials are trapped and
crystallites than in interfaces has been taken into consmEl

tion for Zr0-based ioni duct 211, In thi annihilated in interfacial regions [25,26], this demon-

eration 1or ¢ rQ- ased ionic conduc orls[ ] N WIS CaS€ gtrates that both the amorphous intergranular layers, which
the.d|ﬁu3|V|ty In the crystalline state Is very high due 10 are deduced from x-ray diffraction or Mossbauer spec-
a high concentration of dopant-induced oxygen Vacanc'eﬁ‘oscopy [7], and the interfaces between these interlayers

L21I]1 In t?el zfgse.’“.tca.se of a n:jetal!:c na#o;:]omposn? thgnd the Fg Siyy nanocrystallites exhibit a densely packed
t'lg ﬁcrysa I uswlhy Ihs agalﬂ ue 0? '9 dcpn;:r?n " structure.  This direct evidence for a densely packed
lon of vacancies which are, however, formed In therMalgy,ctyre of the crystallite-amorphous interfaces is in

equilibrium (see below). accordance with the low specific energy of this type of

A simple diffusion model in which the crystallites .
] ) . interfaces [27] and supports structural models of crystal-
(diameterd 12 nm) and the interfaces with the amorphousmelt interfaces [28].

:ntergranular %hasle (:h'frl](nzf% a;e tre?;[ff? as suc'c?j,&t\;]e The reversible high-temperature increase of the mean
ayers perpendicuiar to the direction of diffusion yields epositron lifetime 7 (Fig. 3) is due to the trapping of

relationship positrons at thermally formed vacancies in the crystal-
6+d _ 6 d lites. Since, because of the small crystallite size, positron

+ 1)
Dhano D Dy trapping at the interfaces is entirely reaction controlled
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in the free state of the crystallites when the crystallite
size exceeds the diffusion length of positrons [26]. The
high-temperature increase ®fis due to thermal vacancy
formation in the microcrystalline multiphase structure.
Remarkable features of the present studies are the
substantial variations of the diffusion behavior and the
thermal vacancy formation with the temperature or time
of crystallization (Figs. 2 and 3). As a consequence,
both tracer diffusion and positron annihilation may serve
as specific indicators of the atomistics of crystallization.
130 Le——" i This will be exploited in the following.
| | | The increase of the Fe diffusivity by a factor of 4
300 600 900 upon increasing the crystallization temperature from 793
T K] to 818 K (Fig. 2) is~18X higher than the value which
is expected from the concomitant minor increase of the
FIG. 3. Thermal vacancy formation in 8Sii3sBoNbsCu;  degree of crystallization from 55% to 60% according

(FINEMET). Mean positron lifetime7 in the nanocrystalline ; ;
state after annealing at 813 K for 1 k)(or 21 h (¢) and to EQ.(2). The assumptioDy > Dnao leading to

in the microcrystalline state after annealing at 993 K for 31 hEQ- (2) is therefore not applicable to the nanocomposite
(). The solid curve is a numerical fit according to Eq. (3). Structure produced by crystallization &t = 793 K.
The dotted straight lines sho® in the absence of thermal The diffusivity in the crystallites of this structure is
vacancy formation, assuming a linear temperature variatiogeduced in comparison to that after higher crystallization
Toano = Tnano203 k X [1 +107(T" — 293K)] like in the free  tomneratures; it is of the same order of magnitude
state of pure metals [15]. ' . . L
as in the intergranular phase. This variation of the
diffusivity with T, is confirmed by the variation of
the positron lifetime with the crystallization time where
_ (6a/d)rip + oCy1y thermal vacancies could only be detected after long times
T= 6 (3)  of crystallization at 813K ¢ and e in Fig. 3). The
a/d + oCy ; L
behavior at reduced crystallization temperaturEs,{ =
is the trapping-rate averaged value of the positron life793 K) or correspondingly small crystallization times is
times in the interfacesr(s) and the thermal lattice vacan- attributed to a reduced Si content or a lower degree
cies (ry) which compete as positron traps. A numericalof order of the nanocrystallites. In fact, in the coarse-
fit of Eq. (3) yields for the vacancy formation enthalpy grained intermetallic compound & the Fe diffusivity
HY = 1.1 eV, assumingry = 175 ps and a preexponen- is observed to decrease with decreasing Si content or
tial factor of the trapping rateCy as in single-crystalline degree of order [18] due to a decrease of the thermal
D0s3-FeSih; [19] as well asa = 200 m/s as estimated vacancy concentratiofiy [19]. The decrease af'y may
for grain boundaries in Zn alloys [29]. The low value arise from a concomitant decrease of the fraction of the
of the vacancy formation enthalpy is identical with thatFe sites with 4 Si atoms on nearest-neighbor (nn) sites
in DO53-FeySh; [19] indicating a negligible particle-size where thermal vacancy formation is favored due to a low
effect on the thermal vacancy formation in these crystalnn-bond energy.
lites. This is in agreement with calculations of the co- Structural ordering or change of composition of the
hesion energy of metal clusters which reaches the bulke;Si nanocrystallites requires diffusion on both sublat-
value when the cluster size exceedB)00 atoms [3]. Fur- tices. The processes which lead to increases of the Fe
thermore, this supports the aforementioned conclusion adiiffusivity (Fig. 2) and the thermal vacancy concentration
cording to which the increase of tHéFe tracer diffusiv- (Fig. 3) with increasing temperature or time of crystalliza-
ity in Fe;35Si135BgNb;Cu; upon crystallization is due to tion are therefore controlled by the Si diffusivity, which
a rapid diffusion in the nanocrystallites similar to that inis much slower than the Fe diffusivity [18]. This is sub-
single-crystalline D;-Fe;oShr; [18]. Other causes of the stantiated by considering the processes which are relevant
enhanced value inFINEMET thus appear rather unlikely. for structural changes. Provided these changes occur due
For example, an enhanced diffusivity in the intergranulato atomic transport over half the crystallite size (6 nm)
amorphous layer due to a chemical composition which difon the time scale of crystallization (1 h), a diffusivity
fers from that of the initial amorphous state may be safelyof D = 5 X 1072 m?s~! must be involved. This com-
excluded [5]. pares well with the Ge diffusivityDg.(818 K) = 2.5 X
It should be mentioned briefly that after further anneal-10~2' m? s~! in D03-Fex, Sijs which is expected to be sim-
ing at T, = 933 K where crystallite growth occurs and ilar to the diffusivity of Si [18]. Furthermore, the anneal-
Fe-B phases are formed additionally, the positron lifeing of the stress-induced magnetic anisotropy¥IMEMET
times change (Fig. 3). The decrease of the positron lifef13] on the time scale of 1 h at 813 K or 20 h at 753 K
time at ambient temperature indicates partial annihilatiorcan be quantitatively understood if it is controlled by such
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