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Abstract The room temperature Mössbauer spectra of 57Fe were measured for nanocrys-
talline iron-based solid solutions Fe1−xRex , prepared by mechanical alloying with x in the
range 0.01 ≤ x ≤ 0.04. The obtained data were analysed in terms of the binding energy Eb
between two rhenium atoms in the Fe-Re system. The extrapolated value of Eb for x = 0
was used for computation of enthalpy of solution of rhenium in iron. The result was com-
pared with that resulting from the cellular atomic model of alloys by Miedema as well as
with value, derived from proper data for Fe-Re solid solutions obtained by melting in an
arc furnace. From the comparison it follows that our findings are in agreement with the
Miedema’s model predictions and previous Mössbauer studies.

Keywords Mechanical alloying · Mössbauer spectroscopy · Binding energy · Enthalpy
of solution · Nanocrystalline materials

1 Introduction

Nanocrystalline materials characterized by crystallite sizes of a few nanometres and a high
grain boundary density have been intensively investigated in the last twenty years [1–4].
The impressive progress in the ball milling technique enables to produce a great variety such
materials as nanocrystalline solid solutions, amorphous alloys or composites with unique
properties. Moreover, some properties of nanocrystals are remarkably different than those
of the bulk material. On the other hand the controlled thermal treatment of mechanically
alloyed products combined with a structural investigation allow determining the structural
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stability of the materials. Monitoring of mechanical alloying can be performed by many
different techniques, in particular by Mössbauer spectroscopy delivering information on,
for example, the processes of the formation of the dilute solid solutions as well as structural
changes, phase transformations, magnetic and thermodynamic properties of the materials
[5–11]. In general, the Mössbauer spectroscopy is especially powerful when the appearance
of impurity atoms in the vicinity of the Mössbauer probe have a sufficiently large effect
on the hyperfine field generated at the probe, to yield distinguishable components in the
Mössbauer spectrum attributed to different configurations of the probe neighbours. From the
data given in the literature (see [12] for example) it follows that there are many binary iron
systems suitable for those studies. The fact is worth noticing as the impurity interactions are
simply related to the enthalpy of solution of the impurity elements in iron matrix [13] and the
enthalpy concerning usually about 700 K, is widely used in developing and testing different
models of binary alloys as well as methods for calculating the alloy parameters [14–17].
Moreover, the Mössbauer spectroscopy findings concerning the enthalpy in some cases can
be useful to verify the corresponding experimental data derived from the calorimetric studies
[18, 19].

In this study, we used the 57Fe Mössbauer spectroscopy for determination of hyperfine
interactions of the 57Fe nuclei in and some thermodynamic properties of nanocrystalline
Fe-Re alloys prepared by mechanosynthesis and then thermally annealed. Rhenium impuri-
ties were selected due to the fact that substitution of Fe atoms from the two first coordination
shells of 57Fe Mössbauer probe by Re ones, essentially influences the hyperfine field B

at the probe (see [12] for example), which facilitates the analysis of the measured spectra.
Thanks to that the obtained experimental data on the enthalpy of solution of Re in ferromag-
netic Fe at about 700 K, could be credible enough for comparison to future corresponding
theoretical values as in the case of the Fe-Mo system [17]. According to our knowledge
there are no theoretical calculations and calorimetric data concerning the enthalpy.

2 Experimental and results

2.1 Samples preparation and measurements

Powders of 99.98 % pure iron and 99.99 % pure rhenium with particle sizes less than 0.1 mm
were mixed in order to get several Fe1−xRex systems with x in the range 0.01 ≤ x ≤ 0.04.
The mechanical alloying processes were performed in a Fritsch Pulverisette 6 planetary
ball mill with stainless-steel vial and balls. The total weight of the powders was 10 g and
the ball-to-powder weight ratio was 10:1. The milling processes were carried out at room
temperature under an argon atmosphere and the milling speed amounted to 500 revolutions
per minute.

The room temperature 57Fe Mössbauer spectra for the studied samples were measured
by means of a constant-acceleration POLON spectrometer of standard design. The mea-
surements for each specimen were performed twice, just after its synthesis in the mill and
then after an annealing process. All samples were annealed in vacuum at 1270 K for 2 h.
After that they were slowly cooled to room temperature during 6 h. Under these conditions,
diffusion effectively stops at a certain temperature being about 700 K [10], so the observed
distributions of atoms in the annealed specimens should be the frozen-in state correspond-
ing to the temperature. The Mössbauer spectra for the samples measured after the annealing
process are presented in Fig. 1.
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Fig. 1 The 57Fe Mössbauer spectra for the nanocrystalline Fe1−xRex alloys measured at room temperature
after the annealing process at 1270 K

2.2 Data analysis

All measured Mössbauer spectra were fitted with a sum of certain number of different six-
line patterns corresponding to unlike hyperfine fields B at 57Fe nuclei generated by different
numbers of Fe and Re atoms located in the first two coordination shells of the probing
nuclei. The number of fitted patterns increased with concentration of Re in the powder
samples. The fitting procedure was done under assumption that the influence of rhenium
atoms on B as well as the corresponding isomer shift IS of a subspectrum, is additive [20,
21] and independent of the atom positions in the given coordination shell of the nuclear
probe although it can be different for atoms located in various shells. In other words it
was accepted that for each subspectrum the quantities B and IS are linear functions of the
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Fig. 2 The 57Fe Mössbauer spectrum for the Fe0.96Re0.04 alloy measured at room temperature after the
annealing process at 1270 K, fitted with six six-line subspectra

numbers n1 and n2 of Re atoms located, respectively, in the first and second coordination
shells of 57Fe and the functions can be written as follows:

B(n1, n2) = B0 + n1�B1 + n2�B2,

IS(n1, n2) = IS0 + n1�IS1 + n2�IS2, (1)

where �B1 (�IS1) and �B2 (�IS2) stand for the changes of B (IS) with one Re atom
in the first and second coordination shell of the Mössbauer probe. At the same time we
assume that the quadruple shift QS in a cubic lattice is equal to zero because of the cubic
symmetry of the investigated iron-based alloys [22] and the three linewidths Γ16, Γ25
and Γ34 for all components of a spectrum which are related to the existence of impurity
atoms in the two first coordination shells of 57Fe are the same and they are different from
linewidths of that component, determined by the nuclear probes having in their vicinity
only Fe atoms. This division of subspectra into two sets with different linewidths takes
into account the fact observed not only for this system, that the linewiths can be influ-
enced by an existence of large/small enough impurity atoms in the nearest neighbourhood
of the Mössbauer probes. The example of a fit obtained for the Fe0.96Re0.04 spectrum under
assumptions mentioned above is presented in Fig. 2 whereas the values of the best-fit param-
eters for annealed systems are listed in Table 1. The values are similar to corresponding
data given in the literature [11, 23, 24]. For example in Ref. [11] one can find that for the
Fe0.98Re0.02 alloy �B1 = −4.72(3) T, �B2 = −2.25(5) T and �IS1 = −0.029(3) mm/s,
�IS2 = −0.003(7) mm/s. In our previous work [23] concerning Fe-Re solid solutions
obtained by melting we found that the nearest neighbour single Re impurity reduces hyper-
fine magnetic field on the iron nucleus by −4.752 T, while the next nearest neighbour single
Re impurity decreases this field by −2.502 T. At the same time theoretical calculations
based on density functional theory (DFT) give corresponding parameters which absolute
values are lower than the experimental ones; according to the calculations �B1 = −3.27 T,
�B2 = −1.71 T, �IS1 = −0.028 mm/s and �IS2 = 0.012 mm/s . This is due to the
fact that DFT calculations for magnetic hyperfine field and isomer shift on the iron nucleus
were performed for the isolated impurity located at various coordination shells around the
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Table 1 Some of the best-fit parameters of the assumed model of the 57Fe Mössbauer spectrum measured
for Fe1−xRex alloys after the annealing process. The standard uncertainties for the parameters result from
the variance of the fit

x B0 [T] �B1 [T] �B2 [T] �IS1 [mm/s] �IS2 [mm/s]

0.01 33.2653(32) −4.864(36) −2.581(68) −0.0272(43) 0.0095(10)

0.02 33.3795(41) −4.862(25) −2.570(41) −0.0251(28) 0.0070(12)

0.03 33.4757(47) −4.931(21) −2.704(33) −0.0277(24) 0.0067(9)

0.04 33.6220(64) −5.025(18) −2.796(28) −0.0254(19) 0.0066(15)

iron atom in the bcc lattice filled with iron atoms otherwise. Moreover, calculations does
not consider spin-orbit coupling or orbital contributions to the hyperfine field [25].

As the main result of the above analysis the values of parameters c1 and c2 of each
spectrum were determined. Assuming that the Lamb-Mössbauer factor is independent of
the configuration of atoms in the surroundings of the 57Fe nucleus, the parameters are total
intensities of those components of a spectrum which are related to the existence of one and
two Re atoms in the two first coordination shells of nuclear probes 57Fe, respectively.

c1 = c(1, 0) + c(0, 1),

c2 = c(2, 0) + c(1, 1) + c(0, 2). (2)

The results are presented in Fig. 3 and listed in Table 2 together with calculated proba-
bilities of finding zero p(0), one p(1) and two p(2) Re atoms in the two first coordination
shells of an Fe atom in the random bcc Fe1−xRex alloy.

2.3 The binding energy of two rhenium atoms in iron matrix

Basing on the intensities of the spectrum components c1 and c2 we determined the binding
energy Eb for pairs of rhenium atoms in the studied mechanically synthesized materials
(Table 2). The computations were performed on the basis of the modified Hrynkiewicz-
Królas formula [26, 27] assuming that the ratio of concentrations of the individual pairs of
Re atoms and isolated Re atoms in the Fe–Re system is equal to the quotient of intensities
c2 and c1.

Eb = −kTd · ln[(1 + 2 · c2/c1) · (c2/c1) · (1 + 2 · p(2)/p(1))−1 · (p(2)/p(1))−1], (3)

where k is the Boltzmann constant, Td denotes the ‘freezing’ temperature for the atomic dis-
tribution in the sample (Td = 700 K), p(n) = [N !/((N -n)!n!)]xn(1-x)N−n is the probability
for the existence of n Re atoms among all N =14 atoms located in the two first coordina-
tion shells (n = 1 or 2) of the Fe atom in a random Fe1−xRex alloy and x stands for the
concentration of Re atoms.

2.4 An enthalpy of solution of rhenium in iron

In the next step we found the extrapolated value of Eb for x = 0 using Eb(0.02) and
Eb(0.03). Such procedure was determined by the fact that the applied Hrynkiewicz–Królas
method of the Eb estimation was developed for very dilute alloy, with x close to zero.
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Fig. 3 Total intensities of those components of a spectrum which are related to the existence of zero
(c0 - circular points), one (c1 - square points) and two (c2 - triangular points) Re atoms in the two first coor-
dination shells of nuclear probes 57Fe in the Fe1−xRex alloys after the annealing process. The solid lines
describe probabilities of finding zero - p(0), one - p(1) and two - p(2) atoms Re in the two first coordination
shells (N = 14) of an Fe atom in the binomial bcc Fe1−xRex alloy

Table 2 The binding energy Eb between a pair of Re atoms in mechanosynthesized Fe1−xRex alloys after
the annealing process deduced from the 57Fe Mössbauer spectra. The standard uncertainties for c1 and c2
result from the variance of the fit of the assumed model to the spectrum measured. The values of uncertainty
for Eb were computed assuming that the uncertainty for the ‘freezing’ temperature Td is 50 K

x c1 c2 p(1) p(2) Eb (eV)

0.01 0.1303(34) − 0.1229 0.0081 −
0.02 0.2244(39) 0.0154(34) 0.2153 0.0286 0.0461(36)

0.03 0.2769(40) 0.0449(44) 0.2827 0.0568 0.0165(14)

0.04 0.3592(44) 0.0920(45) 0.3294 0.0892 0.0045(5)

Finally, the Eb(0) equal to 0.106(11) eV was used for computation of the enthalpy of solu-
tion HFe−Re of Re in iron. The calculations were performed on the basis of the Królas model
[13] for the binding energy according to which

HFe−Re = −z · Eb(0)/2 (4)

where z is the coordination number of the crystalline lattice (z = 8 for α-Fe). The obtained
value for HFe−Re, equal to –0.424(44) eV/atom, was compared with the corresponding value
–0.015 eV/atom, resulting from the semiempirical Miedema’s model of alloys [14] as well
as with that –0.22(13) eV/atom [23], derived from proper Mössbauer data for Fe-Re solid
solutions obtained by melting in an arc furnace. The result is displayed in Table 3.
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Table 3 The enthalpy HFe−Re [eV/atom] of solution of rhenium in iron. The value of uncertainty for
enthalpy HFe−Re was computed as the composed standard uncertainty; in the case of mechanical alloying
the uncertainty for the extrapolated value of binding energy Eb(0) is 0.011 eV , while for melting alloys it is
0.033 eV

Miedema’s model [14] Melting alloys [23] Mechanical alloying

–0.015 –0.22(13) –0.424(44)

3 Conclusions

The positive value of the binding energy Eb between two rhenium atoms in the stud-
ied mechanosynthesized Fe-Re alloys after the thermal annealing, speaks in favour of the
suggestion that Re atoms interact repulsively in nanocrystalline iron matrix. The value
–0.424(44) eV/atom for the enthalpy of solution HFe−Re of rhenium in α-iron, determined
from the 57Fe Mössbauer spectra are in a qualitative agreement with that –0.015 eV/atom,
resulting from the Miedema’s model of alloys which is based on hundreds calorimetric data
concerning the heat of formation for different binary systems as well as this derived from
our previous data for Fe-Re solid solutions obtained by melting in an arc furnace. However
taking into account the uncertainties of the determined HFe−Re values one can say that the
enthalpy of solution is practically the same for two different ways of forming the solution –
melting and mechanical synthesis.

The obtained results support the suggestion that the applied 57Fe Mössbauer spec-
troscopy method for investigation of thermodynamic properties of alloys is a good tool in
the case of mechanically synthesized binary, iron-based solid solutions, and it can supply
experimental data useful, in particular, for verification of theoretical works.
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