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Charts containing lattice parameters of Fe1�x(M,N)x ternary systems with M and N = Si, Al, Ge or Co, and
0 6 x 6 �0.3, were developed by implementing a linear relationship between the respective binary alloys
with the same solute content of the ternary one. Charts were validated with experimental data obtained
from literature. For the Fe–Co–Si system, the linear relationship does not fit the experimental data. For
the other systems (except the Fe–Co–Ge one where no experimental data was found), the lineal relation-
ship constitute a very good approximation. Using these charts and the lattice parameter data obtained
from X-ray diffraction technique combining with the solute content data obtained from Mössbauer spec-
troscopy technique it is possible to determine the chemical composition of nanograins in soft magnetic
nanocomposite materials and some examples are provided.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Nanocrystalline soft magnetic materials are composed of typi-
cally 10–25 nm diameter grains immersed in an amorphous
matrix. Besides the grain diameter, soft magnetic properties
strongly depend on the magnetocrystalline anisotropy and the
magnetostriction constant of the crystalline phase which are very
sensitive to the chemical composition of the nanograins. The amor-
phous ferromagnetic matrix basically provides the magnetic cou-
pling between nanograins and the magnetoelastic energy
balance. In the amorphous matrix, the saturation magnetization
and magnetostriction constant are not altered significantly by
small changes in its composition, contrary to what occurs in the
crystalline phase [1]. Hence, for a proper soft magnetic design
and for a better comprehension of the magnetic behavior of these
materials, it is very important to determine the crystalline phase
well, including its chemical composition.

Fe73.5Si13.5B9Nb3Cu1 is a typical composition known as FIN-
EMET™ and it is obtained from the devitrification of its precursor
amorphous alloy by different heat, current or mechanical treat-
ments. The process induces the nanocrystallization of the bcc-Fe
phase with Si as solute element in solution. The solute content in
the nanocrystals is unknown due to the fact that part of the Si
remains in the amorphous matrix. Chemical composition of this
phase, usually in the range of 15–25 at.% Si, can be determined
by X-ray diffraction technique (XRD) via the lattice parameter
measurements. When different species are present as solute ele-
ments in the bcc-Fe, XRD is insufficient to determine the chemical
composition as the lattice parameter is affected in different ways
for the solute species. Another common technique employed for
structurally studying these systems, is the Mössbauer spectroscopy
(MS) with 57Co source, which gives us the information about the
different environments of the Fe atoms either in nanocrystals or
amorphous matrix, allowing the determination of some solute con-
tent in nanocrystals.

In the literature, there are several works which structurally
studied, by XRD and MS techniques, FINEMET-like alloys with
two different species of solute in the crystalline phase. Some of
them provide the chemical composition of the nanograins using
different approaches (sometimes not entirely clear). For example
Borrego et al. [2] and Zorkovská et al. [3] in bcc Fe–Si–Al nanocrys-
tals, Blázquez et al. in bcc Fe–Co–Ge nanocrystals [4], Gómez-Polo
et al. [5], Borrego et al. [6] and Zbroszczyk et al. [7] in bcc Fe–Co–Si
nanocrystals. In some other works, having the necessary data to
determine the chemical composition, it is not reported due per-
haps to the lack of a tool for this purpose (for example, [8] in bcc
Fe–Si–Al and [9] in bcc Fe–Si–Ge nanocrystals). In previous works
[10–12], we already employed these two techniques to approach
the chemical composition of Fe–Si–Ge and Fe–Si–Al nanocrystals.
In this work, we present some theoretical lattice parameter charts
in the Fe-rich regions of the Fe–Si–Al, Fe–Si–Ge, Fe–Al–Ge, Fe–Co–
Si, Fe–Co–Al, and Fe–Co–Ge ternary systems in order to validate
the work previously performed by analyzing their structure based
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Fig. 1. Lattice parameters and structure types for bcc-Fe containing: (a) Si [19–21],
(b) Al [19], (c) Ge [11,22,23] and (d) Co [21,24]. Al graphs are in the same scale for
comparative purposes.
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on phase diagrams and comparing the results obtained from these
charts with experimental results in literature. We also extend the
model for the mentioned systems and revise previous results in
the perspective of the new data found in lattice parameters for
the binary systems. The method and the charts provide a new tool
for the determination of chemical composition in this kind of alloys
in future works.

2. Material and methods

The method for the determination of the chemical composition of the crystal-
line phase in nanocrystalline alloys containing ternary nanocrystals consists in
combining data of the lattice parameter of the nanocrystals obtained by XRD tech-
nique and its solute content data obtained by MS technique. The latter is calculated
using binomial distributions [13] as it will be discussed in Section 2.2. Therefore, for
combining these data, we also need to know the lattice parameters vs. chemical
composition curves of the ternary alloys that are calculated here by means of a lin-
ear approach.

2.1. Calculus of the lattice parameter vs. chemical composition data in ternary alloys

For this purpose, we have developed some charts with the variation of the lat-
tice parameter with composition in ternary systems under the assumption that
there is a linear relationship between the lattice parameters of the binary alloys
with the same solute content. For example, the lattice parameter of the Fe80Si15Al5

ternary alloy will appear linearly interpolated between Fe80Si20 and Fe80Al20 binary
alloys lattice parameters. It is known that a linear relationship in the lattice param-
eter with composition (under certain circumstances) was proposed in the Vegard’s
law [14]. However, deviations from this law sometimes appear and the linear
assumption must be checked.

The charts containing the ternary phase lattice parameters were performed
from the lattice parameter of the binary alloys shown in Fig. 1. These data were col-
lected from literature and correspond to bcc-Fe solid solution with Si (a), Al (b), Ge
(c) and Co (d). We also revised the phase structures on phase diagrams at room
temperature and its types indicating their existence range along with the values
of the lattice parameters in the same Fig. 1.

The Fe–Si system has a A2 structure type up to �10 at.% Si. From then on, two
kinds of ordered bcc structure types, B2 and D03, are present in the material up to
�26 at.% Si. Here, the B20 structure type appears together with the D03 [15]. The
Fe–Al system also starts with the A2 structure in the Fe-rich region. Then, continues
with (B2 + D03) and then with the D03 structure. In the range of 13–18 at.% some
kind of ordering was also found [16]. According to the phase diagram, the phases
in the Fe–Ge system from 0 to 20 at.% Ge are: A2 ? B2 ? (B2 + D03) ? D03. From
20 at.% the D03 structure exists with the b phase, an hexagonal B82 structure
[17]. Finally, the Fe–Co system forms a wide solid solution at room temperature
up to 60 at.% Co with the A2 (less than �10 at.% Co) and B2 structure types [18].
The A2 structure type corresponds to a bcc structure where the solute element
can occupy any place in the cell; the B2 is an ordered bcc cell where the solute is
placed in the center of the cube. The D03 superlattice consists of eight bcc cells
formed by A2 and B2 structure types disposed alternatively in each direction. The
lattice parameter of the D03 structure is then twice the one of the A2 or B2 struc-
tures types. So, for convenience, in all lattice parameter figures of this work, the
ones of A2 and B2 are multiplied by two.

In the ternary phase diagrams of these systems, the presence of different phases
or structures other than those above mentioned are not observed in the range of
compositions of our interest [25–30]. The general behavior is the presence of the
A2 structure in Fe-rich region (up to values close to 10% solute), then a small region
with the B2 structure ending in the D03 or B2 + D03 structure types that extend
approximately up to 25–35 at.% of solute content. When Al, Si or Co is added to
the Fe–Ge alloy, the D03 structure predominates extending its existence range over
the 25% and limiting the existence of the hexagonal b phase to a Fe–Ge rich region.
In ternary diagrams with Co, the region of the B2 structure extends towards higher
solute content. The lack of other structure than the bcc is important to make the lin-
ear approximation for the ternary phase lattice parameters.

2.2. Calculus of the solute content

Using Mössbauer spectroscopy on these materials (57Co source), we can deter-
mined the content of Si, Al and/or Ge species in the bcc-Fe. These non-magnetic
atoms modify the hyperfine parameters of the neighboring Fe atoms and, as a con-
sequence, different subspectra can be identified on fitting the Mössbauer spectrum.
From the relative fraction areas of these subspectra it is possible to determine the
total content of Si, Al, or/and Ge in the bcc-Fe solid solution by means of the bino-
mial distributions according to the structure types [13]. These atoms occupy the
center of the cube in the B2 structure type and D sites in the D03 superlattice. In
the case of Fe–Co alloys, the Co magnetic atom substitute the Fe in the B2 structure
and occupy the sites A and C in the D03 structure [31]. They slightly modify the
hyperfine parameters of the neighboring Fe and, consequently, no subspectra can
be identified. Determination of chemical composition in Fe–Co binary alloy arises
from small differences in the line broadening of the halfwidth of the outermost
lines of spectrum [32] or in the hyperfine magnetic field value [33,34]. When a third
atom species, as Si, Al or Ge, is added to the Fe–Co alloy, as well as when the
Mössbauer spectrum has some amorphous components (like in nanocrystalline
materials), the determination of the Co content through the hyperfine parameters
is practically impossible. Therefore, in the case of Fe-based nanocrystals containing
Co together with another solute, Mössbauer spectroscopy analysis can only deter-
mine the solute content of the species different from Co (i.e., the Si, the Al or the
Ge content in the ternary alloys, in our case). In Fig. 2, we plot an example of
Mössbauer spectrum and the fitted subspectra (S1–S6) for a Fe73.5Si11.5Al2Cu1B9Nb3

nanocrystallized alloy. In this case, the total solute content (nanocrystals) obtained
in accordance with [13] was (Si + Al) = 19.8%.
3. Calculation

From Figs. 3–8, we present the charts with the value of the lat-
tice parameters of Fe-rich ternary solid solution for the Fe–Al–Si,
Fe–Ge–Si, Fe–Al–Ge, Fe–Co–Si, Fe–Co–Al and Fe–Co–Ge systems,
obtained from a linear relationship between the lattice parameter
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Fig. 2. Mössbauer spectrum and fit of nanocrystallized alloy
Fe73.5Si11.5Al2Cu1B9Nb3.

Fig. 3. Lattice parameter for the Fe1�x(Si,Al)x system (0 6 x 6 0.33). Inset: table
containing the published chemical composition data and the one obtained with this
method. Sample numbers correspond to those in the numbered symbols.

Fig. 4. Lattice parameter for the Fe1�x(Si,Ge)x system (0 6 x 6 0.25). Inset: table
with the chemical composition of our nanocrystals.

Fig. 5. Lattice parameter for the Fe1�x(Al,Ge)x system (0 6 x 6 0.25).
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data of the two binary alloys (from Fig. 1) with the same solute
content. Each straight line in the charts represents a constant value
of solute percentage as is indicated. The numbered symbols which
appear in some of the charts correspond to the nanocrystallized
alloys indicated in the respective inset tables. The open symbols
represent the crystalline ternary alloys series employed for the
chart validation (see Section 4). In systems without Co, one can
obtain the chemical composition of the ternary phase by entering
the straight line with the total solute content data obtained from
MS (for example, 19.8% in the Fe73.5Si11.5Al2Cu1B9Nb3 nanocrystal-
lized alloy mentioned above) and matching it with the lattice
parameter data, a, obtained by XRD (a = 5.70 Å, in our example),
or vice versa. In this way, we obtain the solute content in the alloy
of the element indicated in the abscissa axis, (4.5% Al) and, by dif-
ference with the total content, the content of the second element.
In the case of Co containing alloys, the procedure is similar, by
entering in the chart with the solute content of the species diverse
than Co (i.e., Si, Al, or Ge) which is the data obtained by MS.
Interactive plots of these charts are available and accompany the
electronic version.
In Fig. 4, we plot the results of chemical composition in some
Fe–Ge–Si nanocrystals obtained previously by this method [10]
(now revised, with more precise data on lattice parameters). With
the available data of lattice parameters and solute compositions,
we calculate the chemical composition of some ternary nanocrys-
tals found in literature and are plotted in Figs. 3 and 6, comparing
the chemical composition data reported and the one obtained by
this method, as is shown in the inset tables.
4. Results and discussions

In order to validate the charts, we performed a thorough search
of lattice parameters in ternary alloys for our six systems in the lit-
erature. These data are scarce, especially in the case of the Fe–Co–
Ge system where no data was found. Either way, this chart is also
presented and may serve for theoretical approaches and for a
future verification.

In the Fe–Si–Al system, Cowdery [35] found a near parabolic
relationship between the experimental lattice parameter of Fe75-

Si25 and Fe75Al25. These results are also shown in Fig. 3 in a very
good accordance with our linear approach: the greatest difference



Fig. 6. Lattice parameter for the Fe1�x(Co,Si)x system (0 6 x 6 0.33). The thick gray
curve corresponds to a proposed parabolic relationship between the Fe67Co33 and
Fe67Si33 lattice parameter values (see Section 4).

Fig. 7. Lattice parameter for the Fe1�x(Co,Al)x system (0 6 x 6 0.33).

Fig. 8. Lattice parameter for the Fe1�x(Co,Ge)x system (0 6 x 6 0.25).
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between these curves is less than 1% of the total solute content. In
the same Fig. 3, it is shown the lattice parameters of some alloys in
the series Fe73(Si1�xAl1)27 with analogous results.

In the Fe–Si–Ge system (Fig. 4), Arzhnikov [36] found also an
approximate linear relationship between the lattice parameter of
Fe75Si25 and Fe75Ge25 in accord with our interpolation.

In Fig. 9, we show some experimental results of lattice param-
eters obtained from literature for the series Fe75�xCoxAl25 and Fe75-
�xCoxSi25 and the ones obtained from our approximation. In the
case of Fe–Co–Al system, our approach is in good accordance with
the results of [34], within the limits of the experimental error bars,
and decreasing with the same slope. With respect to the Fe–Co–Si
system, our approach differs significantly from the experimental
results obtained by [31,37]. The initial value for the binary alloy
Fe75Co25 is average between both experimental ones, but with
the replacement of Fe with Co, our calculated lattice parameters
decrease more rapidly than those from experimental results. This
deviation can be explained by the correlation between magnetic
moments and interatomic distances in alloys including 3d transi-
tion metals as proposed in [31,38]. In our opinion, a parabolic rela-
tionship instead of a linear one must be considered (similar to the
case of the Fe–Si–Al system). One example of parabolic relation-
ship was performed in Fig. 6 between the lattice parameter values
of the alloys Fe67Co33 and Fe67Si33 using an average experimental
data for the alloy Fe67Co8Si25 obtained from [31,38]. According to
these results, the published values for the nanocrystals composi-
tions Fe67Co17Si16 [5] and Fe68.5Co13.5Si18 [6] obtained with differ-
ent approaches (probably linear ones), with a = 5.670 Å and
5.668 Å respectively, will need a Si content of about 20% to remain
within the chart performed with parabolic relationships. These
aspects will be addressed in a future work.
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Experimental lattice parameters on the series Fe96�xGe4Alx and
Fe90�xGe10Alx [39] are compared with the ones obtained with the
linear approach for the system Fe–Ge–Al in Fig. 10, and they show
a very good agreement. In the case of the series Fe90�xGe10Alx we
can complete up to 25% of solute content due to the uncertainties
in the lattice parameter that the Fe–Ge binary system due to the
presence of the b phase with the orthorhombic structure. However,
the addition of Al stabilizes the D03 phase in this ternary system.
Interestingly, if we assume that the lattice parameter of Fe75-

Ge25 = Fe70Ge30 = Fe65Ge35 we can extrapolate the last two points
of this series that also fit the experimental ones.

5. Conclusions

Theoretical values of lattice parameters were determined for
the bcc Fe1�x(M,N)x ternary systems with M and N = Si, Al, Ge or
Co, and 0 6 x 6 �0.3. Charts containing these values were vali-
dated with experimental data finding a good correspondence
between the experimental and the determined values. One excep-
tion was found in the Fe–Co–Si system where significant difference
in terms of chemical composition was found, although the devia-
tion is small in terms of lattice constant. Therefore, we propose
to review this system in a future work by applying a parabolic rela-
tionship. Since it was found that the linear approximations of the
lattice parameters made in this work do not always fit the experi-
mental ones, the Fe–Co–Ge system still needs a validation as no
experimental data was found for this work.

Using these charts and the data provided by XRD and MS
techniques we were able to satisfactorily determine the chemical
composition in some ternary Fe-based nanocrystals from
nanocomposite alloys.

These charts can be employed to check the chemical composi-
tions of ternary alloys and also for some theoretical calculus with-
out the need of producing the alloy.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jallcom.2015.01.
014.
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