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bstract

X-ray diffractometry and Mössbauer spectroscopy study of Fe50Al25Si25 and Fe50Al25Ge25 alloys obtained by mechanical alloying (MA) of
lementary powders was carried out. Phase transformation during heating of synthesized products was studied using differential scanning calorimetry
DSC). After 2.5 h of MA monophase alloys containing bcc Fe(Al, Ge) solid solutions Fe(Al, Si) are formed. Fe(Al, Si) is partially ordered B2
ype and Fe(Al, Ge) is completely disordered. DSC curves of synthesized alloys displayed the presence of exothermal peaks caused by phase
ransformation. The metastable Fe(Al, Si) solid solution transformed into FeAl1−xSix (B2) and FeSi1−xAlx (B20) equilibrium phases. The Fe(Al,
e) solid solution transformed into equilibrium phases through intermediate stage of Fe6Ge3Al2 metastable phase formation. The Fe6Ge3Al2 phase
issociated into three equilibrium phases: FeAl1−xGex (B2), �-Fe6Ge5 and �-Fe13(Ge, Al)8 (B82). The structure of Fe6Ge3Al2 was calculated by

ietveld method, the distribution of Al and Ge in the elementary cell and its parameters were calculated. Mössbauer study showed that Fe(Al,
i) and Fe(Al, Ge) solid solutions are paramagnetic. In the equilibrium state the alloy containing Si is also paramagnetic while the alloy with Ge
howed ferromagnetic properties.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Intermetallic compounds in Fe–Al and Fe–Si systems con-
ist of materials with high temperature strength and corrosion
esistance. Improvement of the properties of such alloys can
e expected with the formation of nanostructured intermetallic
hases. In this connection the study of the structural partic-
larities of this material has both fundamental and practical
mportance. Phase composition and the structure of alloys
btained by mechanical alloying (MA) of three-component
ixtures are determined mainly by thermodynamic parameters

nd kinetics of solid-state chemical reaction. The direction and

ate of solid-state reaction during mechanochemical synthesis
f Fe50Al25Si25 and Fe50Al25Ge25 alloys are connected with
he competition of chemical bond formation between Fe–Al
nd Fe–Si (Fe–Ge) in the respective systems. The interaction
etween Al–Si and Al–Ge are insignificant, as in equilibrium

∗ Corresponding author. Tel.: +7 8672 53 10 93; fax: +7 8672 74 31 91.
E-mail addresses: kubal@front.ru, kubal@yandex.ru (L.M. Kubalova),

adeeva@general.chem.msu.ru (V.I. Fadeeva).

w
s
f
F
i

s
M
t

925-8388/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2006.08.107
Calorimetry

onditions Al does not make chemical compounds with Si and
e.
In the different experimental works, the Fe(Al) disordered

olid solutions with bcc lattice (A2) were obtained by MA
f equiatomic mixture Fe50Al50 [1–3] as well as the partially
rdered solid solution of B2 type [4,5]. The FeSi B20 phase
s formed by MA of Fe100−xSix (x ≤ 50 at.%) [6]. The ordered
hase FeGe (B20) was also obtained in ball milling of Fe50Ge50
ixture [7,8].
The Fe50Al25Si25 and Fe50Al25Ge25 alloys are disposed on

eAl–FeSi and FeAl–FeGe quasibinary section of equilibrium
ernary diagrams of Fe–Al–Si and Fe–Al–Ge. In accordance
ith Fe–Al–Si diagram [9] the Fe50Al25Si25 alloy in equilibrium

tate must contain two phases: B2 and B20. It is impossible
or the authors to predict the equilibrium phase composition of
e50Al25Ge25 alloy because the Fe–Al–Ge equilibrium diagram

s not available.

The aim of the present research was the determination of

tructures of Fe50Al25Si25 and Fe50Al25Ge25 formed during
A, the study of their temperature stability and the phase

ransformations during heating.
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Fig. 1. X-ray patterns of Fe50Al25Si25 (a) and Fe50Al25Ge25 (b) after 2.5 h of
MA.
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. Experimental procedures

The mechanochemical synthesis of alloys was conducted by milling
f elemental powder mixtures of Fe50Al25Si25 and Fe50Al25Ge25 composi-
ions in a water-cooled high energy mill MAPF-2 with a drum and balls

ade from hardened steel. The milling was carried out in protective argon
tmosphere.

Investigation methods were X-ray diffractometry (Cu K�-radiation),
össbauer spectroscopy (57Co(Cr)-source), differential scanning calorimetry

Perkin-Elmer DSC-7). The chemical composition was determined by the
ethod of local X-ray spectral analysis (Camebax Micro beam).

. Results

X-ray diffraction analysis and Mössbauer spectroscopy indi-
ated that after 2.5 h of MA of Fe50Al25Si25 and Fe50Al25Ge25
lemental mixtures, the initial components were already absent.
he chemical composition of alloys had changed in compar-

son with the nominal composition of mixture components:
he amount of Fe had increased, that of Al had decreased
Table 1).

The increase of Fe amount is related to the abrasive grinding
f the steel balls and drum during milling. The Al losses occur
robably at the removal of powder samples from a mill after
short period of milling because at this stage Al particles are

lued to the vial and balls.
Fig. 1 shows XRD patterns of MA Fe50Al25Si25 and

e50Al25Ge25 alloys. The Fe50Al25Si25 alloy presents a partially
rdered solid solution of Al and Si in �-Fe. The slight reflec-
ions of (1 0 0), (1 1 1) and (2 1 0) indicate the presence of long
2 order in the solid solution. The lattice parameter of the solid

olution is a = 0.2846 ± 0.0002 nm, the degree of long order is
= 0.52. Disordered bcc solid solution Fe(Al, Ge) with the lat-

ice parameter of a = 0.2872 ± 0.0002 nm was formed in MA of
e50Al25Ge25 (Fig. 1b). The substructure of both alloys is com-
arable and is characterized by nanosize domains D = 10 nm and
attice microdeformation <ε2>1/2 = 0.8–1.0%.

The Mössbauer spectrum of Fe50Al25Si25 alloy (Fig. 2a)
an be divided into subspectra: a singlet with isomer shift
1 = 0.24 mm/s, a doublet with δ2 = 0.24 mm/s, quadruple split-

ing �E0 = 0.55 mm/s, width W = 0.98 mm/s and sextets with
yperfine magnetic fields H1 = 313 kOe and H2 = 270 kOe. A
inglet is related to paramagnetic domains with symmetrical
urrounding of Fe by non-magnetic atoms of Al and Si, that is

able 1
lemental content of initially Fe50Al25Si25 and Fe50Al25Ge25 powders

lloy (at.%) Composition before
MA (mass%)

Composition after
MA (mass%)

e50Al25Si25

Fe 66.98 69.14 ± 0.52
Al 16.18 13.48 ± 0.47
Si 16.84 17.38 ± 0.17

e50Al25Ge25

Fe 52.87 55.61 ± 0.46
Al 12.77 8.60 ± 0.32
Ge 34.36 35.79 ± 0.63 Fig. 2. Mössbauer spectra of Fe50Al25Si25 (a) and Fe50Al25Ge25 (b) after 2.5 h

of MA.
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Fig. 3. DSC-curve of mechanosynthesized Fe50Al25Si25 alloy during heating
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Fig. 4. DSC-curve of mechanosynthesized Fe50Al25Ge25 alloy during heating
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n calorimeter (ν = 40◦ min−1) (a) and X-ray pattern of alloy after heating up to
00 ◦C (b).

omains of B2 order. A doublet characterizes also paramagnetic
tate and corresponds to the disordered domains in bcc lattice of
e(Si, Al) solid solution. The H1 and H2 values are considerably
maller than hyperfine magnetic field of �-Fe (330 kOe). Sextets
ith H1 and H2 may be related to the presence of local ferromag-
etic atomic groups Fe3(Al, Si) in the lattice of the solid solution.
t is known that the Mössbauer spectrum of mechanoactivated
owders of Fe3Si is described by sextets with H1 = 312 kOe
nd H2 = 280 kOe [10] and the intermetallic compound Fe3Al
isordered by deformation has the average value of magnetic
eld H = 265 kOe [11]. It may be supposed that the presence of
l in the ferromagnetic cluster Fe3(Al, Si) decreases the value
f the magnetic field H2 in comparison with H2 for deformed
e3Si-structure.

Fig. 2b shows that the Mössbauer spectrum of Fe50Al25Ge25
onsists of a doublet with parameters δ = 0.29 mm/s,
E0 = 0.42 mm/s and width W = 0.46 mm/s. This spectrum

haracterizes paramagnetic disordered bcc Fe(Al, Ge) phase.
The DSC curve of Fe50Al25Si25 alloy (Fig. 3a) shows that

ransformations upon heating occur with release of heat. It testi-
es to the metastable state of mechanosynthesized solid solution
e(Al, Si) in spite of the presence of long order. On DSC
urve it is possible to distinguish exothermal effects within the
emperature ranges of 130–300 and 460–650 ◦C. Tmax of the
iggest exothermal peak is at 513 ± 2 ◦C and the heat effect
s �H = − 52.11 kJ/mol. The reheating of the sample showed
he absence of heat effects on the DSC curves that indicates
ransition into stable state after 700 ◦C. The stable phases are
eAl1−xSix (B2) and FeSi1−xAlx (B20) (Fig. 3b). The lattice
arameters a = 0.2835 and 0.4490 nm for B2 and B20 phases,
espectively. The quantitative X-ray phase analyses of the alloy
nnealed (750 ◦C, 1 h) showed that it contains 14 mass% of

20 phase. After isothermal annealing B2 phase preserves the
anocrystalline structure with size of domains no larger than
0 nm.

F
a
F

n calorimeter (ν = 40◦ min−1) (a) and X-ray patterns of alloy after heating up
o 700 ◦C (b) and after 1 h annealing at 850 ◦C (c).

An exothermic peak in the narrow temperature interval
20–570 ◦C is presented on the DSC curve of the Fe(Al, Ge)
olid solution (Fig. 4a). X-ray pattern of the sample after
eating to the temperature 700 ◦C which is shown in Fig. 4b
as impossible to identify by diffraction spectra of different
hases whose formation might hypothetically be expected upon
issociation of the Fe(Al, Ge) solid solution. After isother-
al annealing of the sample at 750 ◦C for 1 h the diffraction

attern did not change. It was supposed that the bcc solid solu-
ion Fe(Al, Ge) does not dissociate as a result of heating to
≤ 750 ◦C but transforms into a phase with low symmetrical

tructure.
The calculation of the structure was conducted by the method

f full profile analysis with Rietan program [12] using diffrac-
ion lines in the angles range 2θ = 25–105◦. The calculation
howed that the phase structure is described as monoclinic
ith space group (mC44/8) and elementary cell parame-

ers a = 0.9896 nm, b = 0.7931 nm, c = 0.7697 nm, β = 108.68◦
RF = 3.77). We admit the cell of Fe6Ge5 having 44 atoms as the
tructure prototype of the formed ternary phase. If 24 positions
f 4f, 4h, 4i and 8j type are filled by Fe atoms the distribu-
ion of Al and Ge in the remaining 20 positions will correspond
o the ratio of Ge:Al = 12.1:7.9 at RF = 3.77. The calculation
f the model diffractogram was made for the angles interval
θ = 35–52◦ (Cu K�) where the most important lines of the
xperimental diffractogram are located.

Fig. 5 shows a superposition of experimental and model spec-
ra for the angle interval of 2θ = 35–55◦ where the most intensive
ines of monoclinic phase appear. In this case the composition
f the ternary phase is Fe24Ge12Al8 or Fe6Ge3Al2.

According to the results of chemical analysis of the

e50Al25Ge25 alloy after MA (Table 1) the component
tomic fractions corresponds to Fe55.1Al17.6Ge27.3 (at.%). The
e:(Ge + Al) ratio is equal to 1.22 and practically corresponds
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ig. 5. Experimental and model X-ray diffraction spectra superposition for
onoclinic phase of Fe6Ge3Al2 (space group mC44/8).

o the ratio Fe:Ge = 1.20 in Fe6Ge5 phase. Thus the alloy com-
osition formed with MA is close to the composition of the
ernary Fe6Ge3Al2 phase which agrees fairly with the filling
f the elementary cell of the interpreted phase. The lattice
arameters calculated by means of the Nelson–Riley method
rom the experimental diffractogram (Fig. 4b) are the follow-
ng: a = 0.9905 nm, b = 0.7956 nm, c = 0.7706 nm, β = 108.709◦.
sothermal annealing of the alloy annealed at T = 850 ◦C for 1 h
esulted in transformation of Fe6Ge3Al2 phase into three phases:
exagonal �-Fe13(Ge, Al)8 (B82), cubic FeAl1−xGex (B2) and
onoclinic �-Fe6Ge5 phase (Fig. 4c).
Mössbauer measurements were made on isothermally

nnealed alloys of Fe50Al25Si25 (T = 750 ◦C, 1 h) and
e50Al25Ge25 (T1 = 750 ◦C, 1 h and T2 = 850 ◦C, 1 h).
e50Al25Si25 alloy after annealing at 750 ◦C, as well as
fter being heated in the calorimeter to 700 ◦C contained
eAl1−xSix (B2) and FeSi1−xAlx (B20). Its Mössbauer
pectrum (Fig. 6a) can be separated into two components: a
inglet with isomer shift δ = 0.23 mm/s, width W = 0.50 mm/s
nd a doublet with δ2 = 0.22 mm/s, �E0 = 0.45 mm/s and

= 0.47 mm/s. The parameters of the singlet did not change in
omparison with the ones defined in the spectrum of the alloy
fter MA. The doublet of the annealed alloy had reduced values
f isomer shift, quadruple splitting and width. The contribution
f this subspectrum to the total spectrum became considerably
ess. If the portion of the doublet in the spectrum of the alloy
fter milling was 31%, then after annealing it reduced to
4%. The annealed equilibrium alloy consisted of B2 and
20 paramagnetic phases. The B20 phase is FeSi1−xAlx. The
arameters of magnetic interaction of atoms in the lattice of
his phase are fairly comparable with the characteristics of
he Mössbauer spectrum of FeSi at 720 ◦C (δ = 0.212 mm/s,

E0 = 0.49 mm/s) [13].
Comparing the Mössbauer spectra of the mechanosynthe-

ized and annealed alloys with Ge (Fig. 2b and Fig. 6b and c),

t can be noted that changes are observed only after annealing
t 850 ◦C. Despite the fact that bcc solid solution Fe(Al, Ge)
fter annealing at 750 ◦C transformed into monoclinic phase

p
�
fi

ig. 6. Mössbauer spectra of Fe50Al25Si25 annealed at 750 ◦C, 1 h (a),
e50Al25Ge25 annealed at 750 ◦C, 1 h (b) and at 850 ◦C, 1 h (c).

e6Ge3Al2, apparently, in the lattice of this phase at T = 20 ◦C
erromagnetic interaction is not observed. The Mössbauer spec-
rum of the phase with monoclinic structure contains a doublet
nalogous to Fe(Al, Ge) bcc solid solution. The doublet param-
ters of Fe6Ge3Al2 are δ = 0.30 mm/s, �E0 = 0.56 mm/s and

= 0.62 mm/s. Values of quadruple splitting �E0 and width
for doublet of a monoclinic phase compared to the character-

stics of the Fe(Al, Ge) doublet are considerably larger. It may
e supposed that the doublet of monoclinic phase is formed by
everal components with paramagnetic interaction for different
e–Al(Ge) atomic groups.

The spectrum of the alloy annealed at 850 ◦C contains
our subspectra: a singlet with δ1 = 0.21 mm/s, a doublet
ith δ2 = 0.26 mm/s, �E0 = 0.38 mm/s and two sextets with
1 = 144 kOe and H2 = 87 kOe. In accordance with the phase

omposition of this alloy, the subspectra may be correlated
ith FeAl1−xGex (B2), �-Fe6Ge5 and �-Fe13(Ge, Al)8 (B82),

espectively. The ferromagnetic phase is �-Fe (Ge, Al) . The
13 8
arameters of magnetic interaction in the crystalline lattice of
-phase are comparable with the values of hyperfine magnetic
elds with H1 = 120 kOe and H2 = 92 kOe, that were defined in
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revious work [14] for Fe2.9Ge2 which also has a hexagonal
tructure of B82 type.

. Conclusions

MA of Fe50Al25Si25 and Fe50Al25Ge25 elementary powder
ixtures resulted in the formation of bcc Fe(Al, Si) and Fe(Al,
e) solid solutions. Fe(Al, Si) was partially B2 type ordered
hile Fe(Al, Ge) was completely disordered. The solid solu-

ions are metastable and phase transformations during heating
n calorimeter are accompanied by exothermic effects. After
eating up to 700 ◦C, Fe(Al, Si) solid solution transformed
nto FeAl1−xSix (B2) and FeSi1−xAlx (B20) equilibrium phases.

echanically alloyed Fe(Al, Ge) solid solution transformed into
nother ternary phase during heating to ≤750 ◦C. The content
f components in the phase corresponds to Fe6Ge3Al2 which
grees with the verified chemical composition of the alloy after
A. The structure of this phase is monoclinic (mC44/8) with lat-
ice parameters of a = 0.9896 nm, b = 0.7931 nm, c = 0.7679 nm,
= 108.68◦ (RF = 3.77) and it transforms into three equilibrium
hases: FeAl1−xGex (B2), �-Fe6Ge5 and �-Fe13(Ge, Al)8 (B82)
n the 750–850 ◦C range.
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