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Mossbauer study of ball-milled Fe-Ge alloys
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In this work the mechanical alloying of g ,Ge, was studied as a function of alloying composition (9
<x=40) processing time and annealing treatment. The alloys were prepared using a high-energy vibratory ball
mill. For 9=<x=<27.5 a single phasA2 solid solution was formed while for=30 besides the solid solution
an increasing amount of disorderB®; (NiAs type) Fe;Ge, was found. Thermally induced2— D0 tran-
sition was investigated for 9x<27.5. The detailed annealing temperature dependence of short- and long-
range ordering into thé® 05 structure was studied for the case of, &85 by means of Mesbauer-effect
spectroscopy and x-ray diffraction. The solid solution orders gradually and homogenously im0 4ls¢ruc-
ture. To follow and quantify the evolution of short-range order a special fitting routine fesbémer spectra
was used that takes into account local and nonlocal contributions to the hyperfine interactions experienced by
a>’Fe probe, and that assumes nonlinearity dependences on the number of neighbors of a given class. By this
means the short-rand20; order paramete® was determined for as milled steady states as well as annealed
states for 8<x=<27.5. In the case of Fg5Gey5 the evolution of mechanical alloying with time was investigated.

It was found that alloying proceeds in two stages. In the first one, iron(with A2 structure and disordered

Ge-rich regions coexist along with an almost equiatoARcFe-Ge solid solution, which was interpreted as an
interphase physically located between the former two. The three phases collapse into just one bcc solid solution
with S~0.3 for a critical timet,, which was identified as the chemical mixing time reported by other authors.

The second stage of mechanical alloying produces the complete homogenization of the solid solution. Plausible
basic mechanisms of mechanical alloying of Fe-Ge mixtures are discussed on the basis of the results presented
here.
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I. INTRODUCTION charge distribution and magnetic moment. Local properties
are also affected by the system global changes such as varia-
The synthesis and development of materials by mechantions of mean composition, average interatomic distances,
cal alloying has been extensively studied during the last deetc., which have a direct influence on the electronic bands of
cade. The reasons for this intense activity, reflected in théhe system. Therefore, Mebauer-effectME) spectroscopy,
nondecaying interest the subject maintains in frequently heltbeing sensitive to the magnetic fieltlyperfine field and
scientific and technological meetings, are multiple. Mechanicharge densityisomer shifi at the probe nuclei, becomes a
cal alloying represents a nonexpensive versatile route able fgowerful tool. It samples the material local and nonlocal
produce equilibrium as well as nonequilibrium materials in-changes induced by mechanical alloying and by thermally or
cluding amorphous, nanostructured, composites, and exnechanically activated ordering/disordering mechanisms.
tended solid solution systems. In many cases high-energlowever, the problem is to find out an adequate spectral
mills are used, where starting materials are repeatedly sulanalysis procedure, which allows the retrieval of the relevant
mitted to severe deformation, fracturing, and welding. A fea-local and nonlocal information from complex patterns. The
ture common to a large number of systems is that these pranodel applied in the past to iron-base-diluted magnetic
cesses induce the refinement of the microstructure up to thalloys3* must be improved to take into account the hyperfine
nanoscopic scale while giving rise to interdiffusion and mix-field and isomer shift nonlinear dependence with the number
ing of the reacting elements. The way mixing occurs was thef atoms of a given class located at a given neighbor shell.
subject of recent investigations in which the concepts ofFurthermore, some systems have the tendency to achieve a
“dislocation pumping solute® and “chemical mixing time?  significant degree of order, even when they are produced by
have been coined and discussed. These concepts seem tormmequilibrium routes that promote random atomic distribu-
of great importance when homogeneity at a mesoscopic scat®n, like mechanical alloying doe€sFor these systems, the
is achieved. At this critical stage the mixing reaction accel-analysis model must also consider the departure of atomic
erates and completes within a relatively short period of timeconfiguration probabilities from the ideal random ones.
In order to clarify and develop further these ideas it is nec- In this work, we study mechanical alloying and ordering
essary to obtain experimental information, as detailed as posarechanisms of Rgy ,Ge, systems (Sx=<40). Work ob-
sible, on the way mixing proceeds. jectives are the investigation @f) the composition depen-
Mechanothermal treatments of an alloy also introducedence of the ball-milled and annealed steady states of the
structural and chemical local and nonlocal changes. At amlloy, including estimations of maximum solid solubility of
atomic location, the modification of the numbers of nearestGe in the bcc structure and degree of order departure from
and next-nearest neighbors of a given class is of prime imthe random state(ii) the way ordering fromA2 to D04
portance, as these determine local properties such as atonsitructures proceedsijii) the evolution of the system with
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mechanical alloying time in terms of the coexistence of ter- u u u |
minal solubility phases and a hypothetical physical inter-
phase created by mechanisms such as the proposed disloca- 30at. %
tion pumping solute one.

II. EXPERIMENTAL 25at. %

FegoxGe, alloys, with nominal composition of @x
<40, were prepared by mechanical alloyifidA) from el-
emental constituents F9.98-99.999% purily and Ge
(99.998% purity. Ball milling was performed at about 27 Hz
with a Retsch MM2 horizontal vibratory mill using 10-ém
stainless steel vials with 12-mm balls of the same material.
Samples of 700 mg were sealed into the milling vial under
Ar (99.998% atmosphere in a globe bag connected to a
vacuum pump P~4x 10" 2 mbar) and to the Ar supply. The
ball-to-powder mass ratio was about 10:1. Ker25 at. %,
in order to characterize the temporal evolution, different
samples were prepared with milling times between 2—20 h.
We confirmed that milling times of about 20 h were suffi- i ——
cient to achieve a steady state. 30 40 50 60 70 80 90 100

The study of composition dependence was performed in
the range 9 to 40 at. % of Ge on samples mechanically al-
loyed during 10 h. FIG. 1. X-ray-diffraction patterns of the MA stationary state

The alloys were characterized by means ofsstoauer- (solid solution of Feps ,Ge, (9<x=<30). Squares indicate the
effect (ME) experiments and x-ray diffractometfXRD).  position of thea-Fe bcc lines.

The Massbauer spectra were recorded in transmission geom-

etry using a constant acceleration spectrometer with a 1@hase one ¢, + ) for 21<x=<237. However, the formation

mCi ¥’Co Rh source. Two different methods were applied inof only a disordered bcc phase in the as-milled alloysxfor
order to describe the experimental spectra. In one case they25 and 27.5 implies that the ball milling inhibits the for-
were fitted using a large number of theoretical subspectraation of the hexagond|B) phase and favors only the de-
separated by regular magnetic-hyperfine-fietldHF) inter-

Relative Intensity
[\
S
E =3 E
T r

2q(degree)

vals [magnetic-hyperfine-field distribution®HFD)]; a lin- FouR TN P L S
ear correlation between the values of MHF and isomer shift T 4] o o ° . ®
(6) was assume@vHFD program. In the other case, a pro- é " o *
gram taking into account local and nonlocal spectral contri- M 8]
butions, as well as the alloy state of order was empldgeé = 127 . .
the following sectioin All isomer shifts quoted are relative s = O CuOoo .
to a-Fe. X-ray-diffraction patterns were obtained with a Phil- S W) b, O b,
ips PW 1710 diffractometer using GUa radiation. All mea- [ fgf ® b O b
surements were made at room temperature. =" 103 A b A b

23 A & L BB D S

Ill. EVOLUTION WITH COMPOSITION AND ME 1-0-: (ii) © o0 o o
ANALYSIS MODEL 0.8 - v

0.6 fa)

We studied the stationary state for compositiars9, 14, 04 5 . ®
20, 22.5, 25, 27.5, 30, and 40. All samples were milled be- 02 o «*°
tween 10-20 h. 203 () . * .

For x< 30 the diffraction patterné=ig. 1) show only four »50.] o .
broad lines that can be associated to a bcc solid solution 2'88_- o} ° o
(A2) reflections. Thg110) line becomes broader with the % ]
amount of germanium in the alloy forup to 22.5. Its mean 2577
angular position decreases forup to 20 but remains con- S A A A

stant for higher Ge concentrations. The lattice parameter re-
flects the incorporation of Ge atoms into the bcc-Fe struc-

ture, it expands continuously from=2.866 A (value for FIG. 2. Ge concentration dependence of lattice paranaetr
a-Fe) to a~2.902 A forx=22.5[Fig. 2(i)]. According to the  short range order paramets(ii), exponentg (iii) and hyperfine
equilibrium phase diagrainthe Fg_,Ge, alloy system magnetic-field contributions; (iv). (® as-milled andO annealed
should have arx,; phase region for €x=<21 and a two samples

Ge atomic %
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v (mm/s) FIG. 5. Mossbauer spectra of kg ,Ge, samples ordered at

. ) 673 K during 4 h; the solid lines correspond to h@;-program
FIG. 3. Maossbauer spectra of the ball-milled,5g ,Ge, alloys. 5.

The solid lines represent the curves fitted with E@; program.

structured when the amount of germanium increases because
tends the compositional range of Ge random solubility from@nd shifted towards smaller field values. This clearly indi-
the typical 10% for alloys in thermodynamical equilibrium to Cates an increase of the probability of iron surroundings with
27.5% in the as-milled alloys of the present study. kor 'andomly distributed germanium neighbors. All the spectra
— 30 besides the bee reflections there is also a weak lin&§&" be fitted with one magnetic hyperfine-field distribution,

. . L is distribution being associated with the almost random
located at about 3.6(:':'9' 1). This reflection is most probably character of the bcc solid solution. The changes produced by
due to the formation of a small amount BB; (NiAs-type)

Fo.G hase that appears more abundantlyxferd0 (see the Ge concentration are more evident in the skstmauer
bgovaz P PP y spectra than in the diffractograms, where the long-range or-
The Massbauer spectra shown in Fig. 3<2<30) be- der parameter is barely affected.

) . For x=40 the XRD and ME results indicate that the
come more intense at low Doppler velocity values and less . . .
Steady state is no longer a single phase but a mixture of the

bce solid solution plus a disordered hexagoB8&8l, (NiAs)
Fe;Ge, compound(Fig. 4). A thermal treatmentfo4 h at
1123 K leads to the ordering of the system in B, struc-
ture; consistently with the global composition, no bcc solid
solution is left.

Thermal treatments at 673 K dugr h were performed

to study the ordering of the samples. Parfid); order was

“L“me j b observed fox= 14 while complete order was found for con-
centrations of 18, 20, 22.5, 25, and 27.5 at. % of Ge, beyond
the Ge concentration range~16—21) where the ordered
phase is reported to be the equilibrium &riEhe spectra of
samples withk=18, 20, and 25 are shown in Fig. 5. From a
careful examination of their relevant features and consider-

ing the reported change of the hyperfine fi¢R) with the

4hat 1123 K

Relative Transmission
Relative Intensity

number of Ge nearegn) and next-nearesm) neighbors, as

well as the expected probabilitiéx(n,m,x) of the Fe sites

local configurations, we estimated the contributionsBto

from several (,0) and (Om) configurations. The corre-
FIG. 4. Mdssbauer spectra and x-ray diffraction correspondingsponding values are plotted in Fig. B.shows a nonlinear

to as-milled and thermally treated {56&,, samples. The solid lines diminution with the number of Ge nearest neighbors, stron-

correspond to theHFD-program fits. ger than that occasioned by Ge next-nearest ones. A similar

—T T T T T T ——————T—T——
-10 8 6 4 2 0 2 4 6 8 10 20 30 40 50 60 70 80 90 100
v(mm/s) 2q (degree)
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0304 TABLE |. Occupation probabilitie®,,, P4, andP.,, for the Ge
é 025 1 . ® 5(n0) atoms in the sublattices, B, andy of the D05 structure.
E o020 A 5(0,m)
E 0159 L x<25 x=25
RALE
& o0s] Rt R R al P, (1-S)x/100 (1+39)x/100- S
F 000 il Py (1+39)x/100 S+x(1-9)/100
B P P, (1-9)x/100 (1-S)x/100
2 ] E e AR ERE LT ER PR A . A ...
E 5.0
- .
é 459 m B@O average values. On the other hand, the pure quadrupolar
@ 40 - A B@Om) interactions were evaluated for each configuration by assign-
2 854 ing a nominal chargeg. and zg, to the Ge and Fe atoms,
« oo} OO0 @ respectively. The probabilitieB(n,m,x) for the DO order
0 1 2 3 4 5 6 have been calculated in terms of the short-range order pa-
n, m rameterS and the Ge concentration For that purpose, we

considered they, B, andy D05 sublattice$ and the associ-
atedP,, Pg, and P, occupation probabilities for the Ge
atoms(see Table)l.

The fitting functionF(n,m,v) was then built using stan-
behavior (but opposite in signis observed for the isomer dard magnetic sextet and electric quadrupole doublet func-
shift 5(n,m) values. These results agree well with those preions S(n,m,v) andD(n,m,v) evaluated for the fields and
viously reported for the R&i systenf The variations o8 1SOmer shifts corresponding to each configuration,
and § with n and m, estimated from data shown in Fig. 6, 4 8
were used in the present work as initial values for the analy ;)= 2 P(n,m,x)S(n,m,v)+ E P(n,m,x)D(n,m,v).
sis of ME spectra of samples with different composition and
degree of order.

A linear correlation between hyperfine fieldr isomer
shift) and the local coordination numbensand m;

FIG. 6. Evolution of theB and § with the number of the first and
second Ge neighbors. The dotted lines are fits with function
=yo+y:nt+y,m, with y; corresponding td; or &, .

Y

In the fitting program the variables webg, 6; (i=0,1,2),q,
S X, the mean quadrupole shift and the effective charge
Zge (for iron ze.=0 was adopted and kept fixedAfter an

_ exploratory evaluatiors and z¢, were kept fixed too for all
B(nm)=bo*nby +mb, compositions and states of order. Initial values lipand J;
were taken from literaturé/ This makes a total of nine to
eleven fitting parameters, a rather small number taking into
has been used in the past for diluted iron-base solidiccount that up to 63 contributions are taking into account.
solutions®* Some authors have used this correlation for de-The assumption of a physical model for the spectral distri-
scribing B(n,m) for compositions of up to 18 at. % of Ge. bution and the small number of variables employed make the
But in view of the nonlinearity of our results, we proposed afitting function less flexible than other ones based on histo-
dependenca® on the number of first neighbors, withap-  grams, where the many individual amplitudes are free to
proaching unity for low Ge concentrations. From the fit of vary with just restrictions concerning the derivative of the
B(n,0) andé&(n,0) (Fig. 6,x=18-25, the exponent was  envelope with MHF and the rate it goes to zero at the chosen
proposed to be 3/2 for concentrations near 25 at. %. All théHF minimum and maximum values. This lack of flexibility
spectra were fitted with a specially developed routine usingvill became apparent when discussing the intermediate

o(n,m)=35y+nd;+md,,

the following functions: stages of théA2— D0 ordering of FesGeys, but it is com-
pensated by the physical information it allows to retrieve. As
B(n,m)=by+n%;+mb,, it will be seen later, the main spectral features are fairly
described in all cases.
8(n,m)= 5+ n95;+mé,. It was found that the order paramet&undergoes an im-

portant evolution withx in the case of thermally treated al-

This fitting program(D05 program takes into account loys[Fig. 2ii)]. Sincreases continuously fro®=0.3 to 1.0
two types of spectral contributions that different configura-for 9<x=<20, and remains close to one for@<25. For
tions around the Fe probes would produce. It has beens prepared samples tBevalues evolve from 0.1 to 0.4, this
probed that when the number of Ge first neighbors is largefact may indicate that partial order is already obtained de-
than four there is no detectable magnetic Zeeman splitting adpite the mechanical work. This result may be due to a com-
the nuclear levels. Then the contributions to the spectra fopetition between thermally induced ordering and stochastic
n=5 are pure electric quadrupole interactions, while thosenechanical disordering, as reported previodstywould ex-
corresponding t<4 are essentially magnetic ones. This plain why a higher degree of order is obtained for Ge con-
leads to a maximum of 63 contributions, 35 of which arecentrations above the threshold of the equilibriagregion.
sextets and 28 doublets. The magnetic interactions were al- Fitted values forb; show little difference between those
lowed to be perturbed with small quadrupolar interactions oftorresponding to ordered and disordered samples and a slight
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variation with Ge concentratioffig. Ziii)]. As can be seen ok R oo
the hyperfine-field contributiob, for Fe probes with no Ge - —o—4ha4T3K
in the first two neighbor shells is larger than that measured in ™[ /\ ——dhas3K
pure Fe whileb; and b, are negative witHb,|>|b,|; for 2 ek
exampleby=34.54T,b;~—-2.36T, andb,~—1.67T (or- ol T 4ha6BK
dered and disordered allgysor x=20. Theb; quantities are =
in reasonable agreemefgspecially good in the case bf) = °r 3K
with those reported in the literatufe. Gl < RE

As for the isomer-shift behaviog, increases with, from +F
0.0 to about 0.1 mm/s @x=14) and then remains almost I W o

. . . 2F =

constantd; shows a well-defined evolution, decreasing from I 7 N S
about 0.06 to 0.04 mm/s in the same composition radges 0 e ) . X
harder to evaluate because a larger dispersion is obtained b 10 20 30 40
its absolute value is smaller thah with a tendency to bear B(T)

negative values. G. 7. 5Fe hvperfi ic-field distributi b
The exponent remains approximately equal to 1.48 for _ FIG: 7. *'Fe hyperfine magnetic-field distributiorf(B) ob-
tained with themHFD program, as a function of thermal treatment

ordered samples, but increases continuously from about 1.]l§

. . emperature.
(9 at. 99 to 1.40(22.5-30 at. % for disordered alloy$Fig.
2(iv)].

one Ge nearest neighb3 T). Moreover, the evolution of
their relative intensities to a ratio close to 2:1 confirms the
IV. DO; SUPERSTRUCTURE growth of theDO; order in the system. The fitted isomer-
: . hift values are in accord with those reported by Hamdeh
The results discussed indicate that thermal treatment aZtt al for partially ordered alloys.

T~673K during 4 h orders the as-milled FE&ey; alloy . : . :
. . We considered three different alternatives for the ordering
(A2) into the metastable cF1648i (DOs) type structure into the D04 state:(a) A2—B2—DO03; (existence of an in-

(;ee Fig. 3 The unit Ce.” of th's. structure is composgd of termediate ordered stat€b) A2— D05 through coexistence
eight bcc pseudocells with a lattice parameter apprommatel}/)f A2 andDO; regions: (c) A2— DO, by gradual ordering.

twice of that ofa-l_:e. The Ge atoms occupy four of the eight The best fits were obtained for the last assumption. The fitted
subcells centers in a regular tetrahedral arrangement. In thijs

structure there are two differeffFe sites, which are well spectra are shown in Fig. 8. In general, a fair description of
C o - ’ the spectral evolution is obtained with this model; the largest
distinguished by Mssbauer spectroscopy. One has popula-

tion 1/3 (minority site), with zero Ge nearest neighbdirsn)

and six next-nearest neighbdren and the other has popu-
lation 2/3(majority site, with four Ge nearest neighbors and
zero next-nearest neighbors. These configurations have hy-
perfine parameters well differentiated, namedys33T, §
=0.15mm/s andB=20T, 6=0.33mm/s for the minority
and majority sites, respectively.

We studied theéd2— D05 transformation induced by ther-
mal treatments at temperatures between 373-673 K. During
the ordering process, the probabilities of the local environ-
ments of the probe atoms change, giving rise to different
combinations of configurations whose contributions produce
rather complex Mssbauer spectra. Experimental spectra
were analyzed with different fitting programs. The hyperfine-
field distributionsP(B) obtained with theuHFD program are
shown in Fig. 7. Distinct peaks in the Hyperfine magnetic-
field distribution correspond to different numbers of first Ge
neighbors around’Fe atoms. These peaks are not equally
spaced, which is a further evidence of the nonadditive effect
of the Ge nearest neighbors. The contribution corresponding
to one Ge nn cannot be distinguished from that of zero Ge nn
(Ref. 10 because the weaker effect of the Ge next-nearest
neighbors broadens the corresponding signals and hinders
their resolution. The two features between 20 and 33 T cor-
respond to three and two Ge nearest neighbors. The main FiG. 8. Mdssbauer spectra of the f6ey alloys thermally
peaks (20 and 33 T show a tendency to move towards treated at the indicated temperatures. The fits correspond ke
higherB values with increasing order, due to the removal ofprogram. The fitted values of the short-range order paranSciee
configurations with Ge next-nearest neighb@®8 T) or with  indicated.

Relative transmission

v (mm/s)
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T T T T T
= D03
Mm 673K t =20h
Z A
598 K
t= 10h
2
g =y
=i 7]
— 553K %
o E t =4h
E A O M " iy, . NR—
Q >
& 473K p=
— t =3h 45 min
] m
[
N
as milled
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30 40 50 60 70 80 90
2q (degree) - o o = CO - S
I A iGe l LGC " I
FIG. 9. XRD patterns of the FgGe,5; samples thermally treated

at the indicated temperatures. The inset shows a detailed view of 20030 4050 6070 80 90 100
two of theD O, reflections. 2q (degree)

deviations being observed for the sample treated at 473 K. F'C: ”10' I?-raﬁ-ziffrgctig_r;fpattcirtrts of the fe,s mixture me-
This fact suggests that the gradual ordering assumption, eveclt?"’""Ca y afloyed during different imes.

being the best of the three considered, is not entirely correct,

The linewidths of the individual subspectra were allowed to9€NSity and/or strain level. The diffractograms were mea-
become broader than the experimental resolutigpically ~ Sured with synchrotron radiatioftNLS, Campinas, Brasil

0.35 mm/s vs 0.24 mm/s for a 12m a-Fe standard ab- with A=1.7652 A, in order to allow the observation of the
sorbey, in order to take into account contributions from me- Weak lines of the emergin®0; superstructure, by taking
chanically induced defects. The fitting parametbgs b, advantage of the high-intensity synchrotron radiation and the

andb, remain approximately constant with temperature, po;sibility of avoiding quc_)rescence from iron. The intensity
andb, having opposite sign to that df,: ratio between the most intense superstructure/structure re-

flections agree with the theoretically estimated one

bo=34.6T, 1(111)/1(220)~0.003.
Rietveld refinements oD0; base structure were per-
b,=-2.17T, formed, from which we obtained the evolution of the crys-
tallite size, mean-square strain and lattice parameter with an-
b,=—0.75T. nealing temperaturd,. The thermal energy given to the

system forT,<598K produces its ordering and recovery
The parameters, also remain nearly constant with mean without promoting grain growth? For T,=673 K the mean-
values 0.105, 0.033, and 0.015 mm/s fer0, 1, and 2, re- square strain continues decreasing while the crystallite size
spectively. In almost all cases the dispersions are of the ordenarkedly increases. Th®0; lattice parameter decreases
of 1.2 T forb;, 0.01 mm/s fors; (i=1,2) and 0.03 mm/s for continuously for temperatures up to 598 K and then remains
dp. constant ata=5.788 A, but still larger than twice that of
The fit of the as-milled alloy spectrum suggests the exis«w-Fe, as expected fdd0; Fe;Ge.
tence of partialDO3 order (§=0.3). S increases continu-
ously with' treatment temperature up ©=1.0 for T V. TIME EVOLUTION OF MECHANICAL ALLOYING
=673 K, with an important change between 373 and 473 K IN Fe,eGeys
(see Fig. 8 The exponeng, stays approximately constant at
1.43, in agreement with what was mentioned for ordered and We studied the alloy evolution with milling time {) up
disordered samples in the range 2=<30. to 20 h. Two steps can be clearly distinguishedtigx4 h
The diffraction patterngFig. 9 show a decrease in the and fort,,=4 h, both by Massbauer spectroscopy as well as
peak width as a function of temperature due to an increase dfy XRD.
the average crystallite size and a decrease in the dislocation The diffractograms are shown in Fig. 10. Diffraction lines
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milling step 1
-4 [ ]
(t < 4h) - 50
i Inllhng step 11 © b ' magnetic concentrated solid solution
(t >4h) O 4
" B
®
20h 5 801
N LY D B, .
o1+——T"—T"—T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22
3045 min . 25 ] milling time t (h) ]
§ 8 2.0-.
z 10h T 15 o
= ® 1 T
§ Ef 1.0-. .......... POTILAN
& > 05 ..ottt magnetic diluted solid solution
o 3h30min * 1
2 0.0 T T T T T T T T T T T T T T
= 24 286 2.8 3.0 3.2 34 3.6 3.8
& milling time t_ (h)
3h FIG. 12. Ge concentration dependence with milling time in the
concentrated(z) and diluted (y) solid solutions that coexist in
Fe;sGe,s samples for milling times,,<t.~4 h.
108-6-4202 4 6 8 10
v (mm/s) .
phase. The behavior observed for the mean values of hyper-
2h30min ! fine field and isomer shift of the magnetic component is in
T e 0 s 4 e 510 accord with that reported by Vincze and Aldfefdr diluted
v (mmy/s) alloys.

i Within the interval 4 k<t,,<20 h a randomlike supersatu-
FIG. 11. Massbauer spectra of the f8e,; powders obtained rated solid solution bce-FeGe,s forms and homogenizes.
for different milling times. Full lines correspond to fits with the The spectra could be fitted with a hyperfine-field
DO; program. distributiont® (with B from 10 to 40 T, whose associated
isomer shifts agree well with those reportedor partially
corresponding to bce-Fe and fcc-Ge are observed for millingrdered solid solutions. Fadr,=4 and 10 h, fits with the
times smaller than 4 h. As the mechanical alloying time in-D05; program show deviations from the experimental spectra
creases, the Bragg peaks of Ge disappear and only thosgee Fig. 11 We interpret these deviations as an indication
corresponding to a bcc-R&e) solid solution are seen. The that the solid solution is not yet homogeneous, therefore, the
bcc peaks position is shifted to the left indicating the incor-model for a single bcc phase with partial0; order is not
poration of Ge into the Fe lattice, moreover they becameentirely applicable for these milling times.
broader and shorter as a result of the refinement of crystallite A closer look to the Mesbauer spectrad {<4 h) suggests
size and the increase of internal strain. To separate these twioat besides the-Fe-like interaction, the magnetic contribu-
effects, we used the method of integral breddtitially, tion includes a distributed minority component, with lower
milling leads to a fast decrease of the grain size to about 218verage hyperfine fields, which should correspond to envi-
nm (2 h 30 min and to 7 nm(3 h) that then remains almost ronments richer in Ge. Its presence and growth can be in-
constant. The lattice parameter was estimated by the ferred by noticing that “valleys” between the sextet lines
Nelson-Riley metholf using the diffraction lines(110,  depart progressively from the background le(sse, for ex-
(200), and (211); it expands from 2.865 Aa-Fe) to 2.9 A ample, the spectra of the alloy aftd h 45 minmilling). A
[a-Fe (Gg)] showing a sudden change betwe® h 45 min  more detailed description of this situation can be achieved
and 4 h® using a program similar t@®0; program that admits the
The ME spectra foit,,<4 h are well described with a coexistence of the paramagnetic phase and two partially or-
sextet, of similar characteristics of that observedeiiton  dered solid solutions kg, ,Ge, and Fgy ,Ge,, and in-
and a doublet corresponding to a minor paramagnetic contreludesy andz as extra fitting parameters. In this approach the
bution (Fig. 11). The electric quadrupolar interaction with order paramete8 is kept the same in both phases for the
A=0.52mm/s and5=0.36 mm/s can be associated with a sake of simplicity(this restriction should not affect notice-
disordered Ge-rich phase. Disordered Ge-rich alloys havably the description of the diluted magnetic component, as
been reported to have similar parameters, for example, amofer the small Ge concentrations found there no significant
phous FeGe o (18<c=<27).1%In the first step of milling changes are expected between ordered and disordered con-
(tm<4 h) the hyperfine-field distribution broadens with mill- figurations.
ing time, appearing contributions with lower hyperfine fields The temporal evolution of Ge concentration in both mag-
while the relative intensity of the doublet increases. Thesaetic phases is shown in Fig. 12 changes from 0.5 to 2.5
facts suggest that the reaction progress occurs by means wbm t,,=2 h 30 min tot,,=3 h 45 min for diluted solid
two processes: the diffusion of Ge into Faluted magnetic  solution while z (Ge concentrated solid solutipmemains
solid solution) and the diffusion of Fe into G@aramagnetic close to 50%. The exponeqgtwas kept fixed at 1.0 and 1.5
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n depends on concentration and degree of order, being higher
. (close to 1.5 for ordered samples ank=14. The corre-
N sponding coefficient valudy;~—2.36 T, agrees fairly well

: with that estimated for diluted alloys;2.34 T/ This agree-
ment is not achieved when the exponent is forced to be equal

3 . hDAc|)_|3FfiDt fs“=o to one. Although smaller, the MHF contributidi} per Ge
& 1 e DO3 fit S=0.3 second-nearest neighb@s well as the5, one, to the isomer

shift), is important to give account of specific spectral fea-
tures, such as the wide hyperfine interaction distribution ob-
served in the as-milled samples. Thg values include a
nonlocal contribution that is almost constatitough slightly
growing with x) within the studied composition range. Its
value is about 5% and 3% larger thB(0,0) in pure iron and
0 10 20 20 40 diluted Ge alloyd, respectively. Most probably this is par-
B(T) tially due to magnetic coupling enhancement, originated in
the lattice expansion resulting from the Ge addition. The
FIG. 13. Hyperfine-field distributions obtained with the two dif- effect of by is observed in the high-field regions of the
ferent fit programs. MHFD of disordered samplesee Fig. 7, and also in théd
values of the largen=0,m=6) contributions developed in
for the diluted solution and for the concentrated one, respemrdered samples witk next to 25. These values are close to
tively. The diluted solid solution contribution to the spectrathat of pure ironf B(0,6)~ 33 T| because of the competition
diminishes with milling time and only one interaction with between the opposite sign contributions frbmandb,.
x~25 was necessary to reproduce the signal fer4 h. For 9=x=27.5, the nonlocal contribution to isomer shift,
The mean hyperfine-field parameter values wéxg increases within the ranges 0.06 mra/&=<0.14 mm/s and
=35.6T, by=—-23T, andb,=—1.5T for concentrated 0.06 mm/s<5,<0.10mm/s, for as-milled and annealed
solid solution andby=33.1T, b;=—25T, and b,= samples, respectively. Again, a large part of the difference
—1.2T for diluted solid solution. For the concentrated solidbetween these values and that of pure bcc-Fe can be ascribed
solution the isomer-shift contributions weres, to lattice expansion. Using the value reported by Ing&fisr
~0.10mm/s, 5;,~0.04 mm/s, andy,~—0.01 mm/s, while the variation of § with atomic volume Q, d6/dInQ
the nonlocal contribution for the diluted part was of the order~1.33 mm/s, we found
of that of pure irondy,~0.01, as expected. vol <ol ) vol
Figure 13 shows the hyperfine-field distributions built us-A8o = o (as-milled — 65" (annealeg~ (0.52-0.27 mm/$
ing the fittedb; values, along with the distribution obtained —0.025 mm/s
with a conventional histogram-fittinguHFD) program. Good '
qualitative agreement was obtained between the two distrifor samples withx=20 to 25. This is about 60% of the

butions, especially for an order paramegsr0.3. difference of 0.04 mm/s obtained from the fits. The remnant
40% may be associated to band-structure ordering effects.
V1. DISCUSSION AND CONCLUSIONS For 14<x=<27.5 the system orders into D05 structure

when submitted to a thermal treatment at a moderate tem-

In the composition range<30 the samples obtained by perature(673 K). The detailed study of the R& e system
10-20 h MA show a mostly disordered bcc solid solution.indicates that théd2— D03 ordering is mainly gradual and
The random solubility of Ge in Fe was increased by approxi-homogeneous, without passing through intermediate ordered
mately 17% compared to what is predicted by the phasstates, such aB2. The change of the short-range order pa-
diagram® The highest solubility obtained under our experi- rameterS with annealing temperature is maximum between
mental conditions was 27.5 at. % of germanium. This fact is373 and 473 K. The lattice constant constitutes a long-range
favored by the similarity of the atomic sizes of the two ele-order parameter, which also reflects th&— D05 transition.
ments and the negative system mixing enthalpy-3 kJ/ The temporal evolution of the mechanical alloying occurs
mole), but especially by the nonequilibrium preparationin two steps, a properly alloying process, up to a critical time
route. The Ge atoms incorporated in the iron structure prot.~3.75—4.00 h, followed by a homogenization process. For
duce an increase of the lattice parameter as well as changgs<t. the mixture of Fe and Ge refines; the system micro-
in the mean hyperfine parameters: reduction of the hyperfinstructure scales down to a true nanostructure. Ball milling
field and increase of the isomer shift. For samples with forces the continuously smaller grains of both elements to
=30 and 40 besides the bcc solid solution a disordered hexsecome in close contact. Then, within a narrow zone at both
agonalB8, Fe;Ge, phase was encountered. sides of the interface interdiffusion occurs. The mechanisms

The contributions to the hyperfine field from first and sec-of interdiffusion are not well known, but most probably they
ond Ge neighbors in disordered, partially and totdllp;  are defect enhanced and nonthermally activated. Dislocation
ordered samples show that its dependence with first neighpumping soluté is a hypothetical process that may explain
bors is not linear and stronger than that of the second onethe situation. It will create solute supersaturated regions near
The power-law exponent for the number of nearest neighbormiterfaces as a consequence of rapid diffusion along disloca-
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tions between ball impacts and rapid dislocation motionoccurs due to energy minimization. This is achieved by the
away from the solute-enriched zone during impacts. Withinsuppression of the large interfacial area when the steady-state
this frame, the supersaturated zone may be associated to thelid solution is formed. At this time the lattice parameter
interphase with about 50% Ge found in the present work foshows a discontinuity attaining its final value. Results re-
tm<te. It would separate the Fe-richy€£2.5% Ge) and ported previously in F&4 systems(M =Si, V, Cr, and Mn
Ge-rich regions. It is important to notice that the distinction(Refs. 12,19,2D can be interpreted within this frame. All
between the interphase and the iron-rich solid solutions ishese systems tend to produce steady states that consist of an
extremely hard for x-ray diffraction, since both are bcc andA2 solid solution. The common features observed in their
highly chemically disordered. Therefore, the sensitivity of MHF distributions fort,,<t., may correspond to actual lo-
ME to short-range order along with the analysis method emeal configurations existing in the disordered interphase that
ployed in the present work constitutes a great advantage faeparates the iron-rich bcc solid solution and terich
its detection and characterization. Ziller, Le Ga@and phase.
DelcroiX’ have proposed the concept of chemical mixing
time also from ME results. In several bcc-based alloys pre-
pared by MA they found out that the MHF distributions
show common features fap,<t.. We have seen these fea- The authors are grateful to CONICET, ANPCYT, and
tures too, and conclude that a substantial contribution t@&JNLP for partial financial support. We also wish to thank Dr.
them comes from the supersaturated interphase observed @ Cusatis from LNLS and Dr. M. Meyer from UNLP for the
the present work. XRD high statistics measurements, as well as Dr. L. Men-
Timet, is the one at which the fingerprints of the original doza Zéis from UNLP for kindly providing the quadrupole
components disappear. It was termed chemical mixing timeplitting nominal values corresponding to differénfm Ge
by Ziller, Le Cae, and Delcroix At t,,=t, homogenization configurations.
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