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Powders of Fe, Co and Ge blended in mixtures of Fe60Ge40, Co60Ge40, Fe30Co30Ge40 (at.%)
were synthesized into alloys by milling in a high energy ball-mill. Only β-phases with
hexagonal structure B82 are formed in all alloys after 2 h of mechanical alloying (MA). In
Fe60Ge40 and Fe30Co30Ge40 chemical interaction occurred with simultaneous formation of
β-Fe5Ge3 and FeGe2. In the system of Fe-Ge the FeGe2 phase is characterized by the highest
negative enthalpy of formation in comparison with other phases, therefore it is preferably
formed at the initial stage of MA. In the Co60Ge40 alloy the β-Co5Ge3-phase is formed
without intermediate reaction products. The obtained β-phases have a nanocrystalline
structure (13–18 nm) and are characterized by considerable local chemical heterogeneity.

Structural transformations during heating to 720◦C of metastable β-Fe5Ge3 result in a
stable B82 phase and consist of micro deformation relaxation and elimination of chemical
heterogeneity. The heating of chemically heterogeneous β-Co5Ge3 results in its
stratification and formation of metastable Co2Ge with orthorhombic structure. At T ≥
630◦C, Co2Ge redissolves in hexagonal β-Co5Ge3 and after heating to 720◦C the β-phase
becomes chemically homogeneous. C© 2004 Kluwer Academic Publishers

1. Introduction
The obtaining and investigation of mechanosynthesized
alloys on the basis of Fe, Co, Ni, with sp-elements, such
as Al and Si, are widely represented in the publications
of recent years. The studies of alloys in the Fe-Ge and
Co-Ge systems obtained by mechanical alloying (MA)
are not so numerous [1–6].

In the conditions of dynamic deformation by ball-
milling, the solid-state interaction between the mixture
components takes place at low temperatures close to
room temperature. The phases of various composition
may be formed at early stages of milling, therefore,
to interpret the phase composition of such powders is
rather a problem. Besides, the number and structure of
phases marked in the equilibrium diagrams of Fe-Ge
and Co-Ge, are different in published variants of dia-
grams. Nevertheless, in both systems Fe-Ge and Co-Ge
there are β-phases denoted as Fe5Ge3 and Co5Ge3
characterized by wide homogeneity regions [7]. These
phases melt congruently at high temperature and have a
hexagonal lattice of B82 (the structural type of Ni2In).
The components ratio in B82 lattice for the homo-
geneity region of β-phases is varied, but at the points
of congruent melting it is β-Fe1.7Ge and β-Co1.67Ge.
In the Co-Ge system β-phase has a low-temperature
polymorphous modification of a Co5Ge3, though the
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transition temperatures in the equilibrium diagram are
marked conventionally and the structure of this phase
has not been established.

This work includes mechanochemical synthesis of
Fe60−x Cox Ge40 (x = 0–60) alloys by high energy ball-
milling of the Fe, Co and Ge mixtures, the study of
the structure of obtained alloys and of the structural
transformations in mechanically alloyed phases during
heating.

2. Experimental procedure
The starting materials were high-purity (99.98%) pow-
ders of Fe, Co and Ge from which the mixtures
of the following compositions were made: Fe60Ge40,
Co60Ge40 and Fe30Co30Ge40 (at.%). The milling of the
mixtures weighing 9 g was conducted in the water-
cooled ball planetary mill with the use of protective
argon atmosphere. The drum and the balls were made
of hardened steel, the balls mass to the powder mass
ratio was 6:1. The energy intensity of ball-milling was
10 W/g according to the calculations by the method
described in [8], which takes into account the am-
plitude of the drum rotation and the mass of loaded
powder.
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The products of ball-milling were studied by
X-ray diffraction analysis (DRON-4, monochromatic
CoKα-radiation), differential-scanning calorimetry
(Perkin-Elmer DSC-7), scanning electron microscopy
(Camebax-Microbeam). The X-ray diffraction (XRD)
analysis included phase analyses, the measure-
ment of lattice parameters of hexagonal phase
(�a = ±0.0002 nm, �c = ±0.0001 nm), the calcula-
tion of the coherent domain size (�D = ±2–5 nm)
and of the value of the average quadratic microdefor-
mations of the crystalline lattice (the error of about
15%). The general and local chemical composition of
powders after the final stage of milling was determined
using LINK-860 detector and the program of quanta-
tive analysis ZAF-4. The error of the determination
of element content was (mass%): ±0.30–0.45 for Fe,
±0.36–0.42 for Co, and ±0.43–0.71 for Ge.

3. Results and discussions
The sequence of phase composition variations in pow-
der mixtures of Fe60Ge40 and Co60Ge40 at different
milling time is represented in Figs 1 and 2. It is seen
that in the Fe60Ge40 mixture mechanochemical reaction
between Fe and Ge begins with the formation of FeGe2
phase characterized by the highest negative enthalpy
of formation (�f H0 = −18 kJ/mol [9]) in comparison
with other phases of the Fe-Ge system. However, al-
ready after an 1 h of MA the lines of β-Fe5Ge3 appear
in the diffraction pattern and the further process results
in the formation of an one-phase alloy with β-phase.
After 2 h of MA, only very broad lines of β-phase re-
lated to the hexagonal B82 structure are shown in the
diffraction pattern. The lattice parameters of the formed
β-Fe5Ge3 calculated from the XRD data represent aver-
age values because the width of difraction peaks is de-
termined not only by the small coherent domain size and
the lattice microdeformation, but also by the apparent

Figure 1 XRD patterns of Fe60Ge40 alloys after different time of MA:
initial powder mixture (a), 0.5 h (b), 1 h (c), 1.5 h (d), 2 h (e).

Figure 2 XRD patterns of Co60Ge40 alloys after different time of MA:
initial powder mixture (a), 0.5 h (b), 1 h (c), 1.5 h (d), 2 h (e).

concentrational heterogeneity of the formed β-phase.
The widening of homogeneity regions of phases is often
observed at mechanochemical processes, e.g., in the Fe-
Ge system [10]. It allows us to suppose that the formed
nanocrystallites have different chemical compositions
corresponding to any concentration of components in
the interval of equilibrium region of β-phase and also
at broadening β-phase region by MA.

The solid-phase interaction between Co and Ge in the
Co60Ge40 mixture at different stages results in the for-
mation of β-Co5Ge3 only. The diffraction pattern taken
already after 1.5 h of MA shows only the lines of hexag-
onalβ-phase. Mechanochemical reaction in the mixture
of three components of Fe, Co and Ge (Fe30Co30Ge40)
takes place with the competeting interaction of Fe and
Ge separately, and Co and Ge separately, too. At the in-
termediate stages of milling, the FeGe2 (C16) formation
is observed and simultaneously the β-phase (B82) is
formed which is likely to contain more Co than Fe. The
solid-state reaction between FeGe2 and β-(Co, Fe)5Ge3
is completed after 2 h of MA according to the X-ray
diffraction analysis.

Table I presents the results of the X-ray diffraction
and chemical analysis of the synthesized powders of β-
phase. The content of the component of the final product
of MA is close to the nominal composition of the ini-
tial mixture, however, it has been noted that the content
of Fe increases from 0.90 to 1.30 at.%, that is con-
nected with grinding out of the steel drum and balls.
The local chemical analysis using 0.5 µm microzond
has shown a considerable difference in the content of
elements. Thus, the amount of Ge in the synthesized
phase of β-Co5Ge3 in different points varied from 34.1
to 40.2 at.% with the corresponding variation of the Co-
content. Nevertheless, the Co(Fe)/Ge component ratio
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T ABL E I Chemical composition and structural parameters of me-
chanically alloyed B82 phases

Lattice
parameters SubstructureAlloy and

formed phase
after 2 h of MA

Chemical
composition
at.% a (nm) c (nm) D (nm) 〈ε2〉1/2%

Fe60Ge40 Fe–61.29 0.3992 0.5014 18 0.96
β-Fe5Ge3(B82) Ge–38.71
Co60Ge40 Fe–1.39 0.3913 0.4997 13 1.07
β-Co5Ge3(B82) Co–60.50

Ge–38.11
Fe30Co30Ge40 Fe–31.03 0.3952 0.5001 14 0.77
β-(Fe,Co)5Ge3(B82) Co–60.51

Ge–39.46

testifies to the fact that the crystallite composition of
the obtained phase is within the β-phase homogeneity
region or lies on the phase boundary. Analogous hetero-
geneity of β-phase chemical composition is observed
in the alloy of Fe30Co30Ge40, whereas the local het-
erogeneity of Fe60Ge40 turned out to be minimal. This
fact shows that the obtained alloys are metastable and
for their homogenization it is necessary to develop the
diffusion process.

Fig. 3 shows the DSC curves of the Fe60Ge40 and
Co60Ge40 alloys after 2 h of MA. On the subtracted
curves of both alloys there is an low temperature
exothermal peak (130–270◦C), often observed in al-
loys obtained by the MA method. The XRD analysis
showed that the heating of both alloys in this tempera-
ture interval does not produce any essential changes of
the β-phases structure with the exception of the relax-
ation of lattice microdeformation. Thus, the microde-
formation 〈ε2〉 1

2 decreased from 0.96 to 0.50% for β-
Fe5Ge3 phase after heating up to 320◦C, and from 1.07
to 0.86% after heating β-Co5Ge3 phase up to 250◦C. At
the same time the domain size as well as lattice param-
eters of both phases did not change. On DSC curve of
β-Fe5Ge3 there is a second more noticable exothermal
peak in the range of 570–700◦C, but it is caused by par-
tial oxidation of Fe5Ge3 and FeO formation. Impurity
with oxygen is a result of the used technology connected
with the opening of vial after a certain milling times.
The amount of oxygen inβ-Fe5Ge3 was about 2 mass%,
and during heating the dissolved oxygen formed a FeO
phase. The temperature of the beginning of the second
exothermal peak is 570◦C (Fig. 3a) which according
to the equilibrium diagram of Fe-O [7] corresponds to
the temperature of FeO formation. A single very weak
(200) line with intensity 100 is observed in the diffrac-
tion pattern of Fe60Ge40 alloy heated in the calorimeter
to 720◦C. After heating to 720◦C the lattice parameters
of β-Fe5Ge3 are a = 0.3977 nm, c = 0.4998 nm that
corresponds to the table values for Fe1.7Ge (B82). The
lattice microdeformation is very small 〈ε2〉 1

2 ≈ 0.12%,
the domain size increased to 45 nm, however this value
corresponds to nanosize scale.

The subtracted DSC curve of Co60Ge40 alloy has
a more complicated character (Fig. 3b). An endother-
mal peak in the 270–480◦C range is observed after the
low-temperature relaxation exoeffect. In the diffraction

Figure 3 DSC curves of synthesized β-Fe5Ge3 (a) and β-Co5Ge3 (b)
phases: in (a) 1,2–first and second heating, 3–subtracted curve; in (b)
1,2,3–first, second and third heating, 4–subtracted curve (heating rate:
20 K/min).

pattern of the samples annealed up to 480, 500 and
610◦C there are weak peaks of the second phase that
may be interpreted as the intensive lines of Co2Ge phase
with orthorhombic structure.

Fig. 4 presents the SEM images of β-Co5Ge3 af-
ter 2 h of MA and subsequent heating to 480◦C. The
alloy after milling consists of homogeneous particles
of monophase product of MA (Fig. 2a). The chemi-
cal analysis of β-Co5Ge3 showed the presence of local
composition close to Co2Ge. During the heating of such
metastable alloy it was possible to form a two-phase
state consisting of Co2Ge and Co5Ge3. The formation
of Co2Ge at heating is a reversed eutectoid reaction of
Co ↔ Co2Ge ↔ Co5Ge3, in such a case the birth and the
growth of orthorhombic Co2Ge phase must be accom-
panied by endothermal effect. A heteromorphous struc-
ture is seen (Fig. 4b) in the image of the Co60Ge40 sam-
ple after 2 h of MA and following heating in calorimeter
to 480◦C. According to the data of the local chemical
analysis large crystals have a composition with the ra-
tio of (Co, Fe)/Ge ≈ 1.5–1.6 and they can be related
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Figure 4 SEM image of β-Co5Ge3 after 2 h of MA (a) and subsequent
heating up to 480◦C (b).

to the β-phase whereas fine-disperse scale-like secre-
tions on the surface of these crystals have a composition
close to the Co2Ge phase because of the ratio of (Co,
Fe)/Ge ≈ 1.85–1.95.

At the temperature ≥630◦C the β-phase region be-
gins to widen. Therefore, the Co2Ge metastable phase
dissolves again in the hexagonal lattice of B82. This
process is related to the exoeffect with Tmax = 695◦C
(Fig. 3b). After being heated to 720◦C the alloy was
completely transformed into a stable state and con-
tained only one β-Co5Ge3-phase with parameters a =
0.3880 nm, c = 0.4995 nm. In an elementary cell
of β-Co5Ge3 obtained by MA the ratio of lattice pa-
rameters is c/a = 1.252, whereas after annealing in
the calorimeter and, also, after isothermal annealing
at 800◦C for 1 h the ratio of the lattice parameters
is c/a = 1.287 which corresponds to the most dense
packing in the equilibrium β-phase of the β-Co1,67Ge
composition [7].

An λ-like endothermal peak at T = 393 ± 1◦C (at
the heating rate of 10 and 20 K/min) is observed in
DSC curves of the second and any other subsequent
heatings. It may be supposed that this peak is con-
nected with changes in the electronic structure of β-
Co5Ge3. The measurement of temperature dependence

of electroresistence of Co5Ge3 made in [11] showed
the presence of the peak at T = 385◦C on the curve,
that indicates a sharp change of electronic state of the
crystalline lattice.

4. Summary
1. Monophase alloys with hexagonal structure B82

were obtained after 2 h of high-energy ball milling
of elementary powder component mixtures corre-
sponding to compositions Fe60Ge40, Co60Ge40 and
Fe30Co30Ge40.

2. Mechanochemical reactions in each of the com-
positions took place in a different way. In the mixtures
containing Fe at the intermediate stages of MA, two
phases—FeGe2 and β-Fe5Ge3 were formed and only at
the final stage alloys became completely monophase.
In the mixture of Co60Ge40, the formation of β-Co5Ge3
took place directly through chemical reaction of com-
ponents.

3. The formed β-phases were characterized by nano-
size (13–18 nm) and by considerable chemical hetero-
geneity. After being heated to 720◦C the mechanically
alloyed alloys transformed into a stable state preserving
the B82 structure.
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