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Abstract
Nanostructured (Fe0.5Ni0.5)92Zr5B3 alloy was prepared by milling a blend of pre-alloyed 
Fe50Ni50 precursor and high purity chemical elemental powders of Zr and B in a high-
energy ball mill setup. Rietveld refinement of the X-ray diffraction pattern of the final 
sample (30 h of milling) revealed presence of two Fe–Ni rich phases [disordered fcc γ–
(Fe,Ni) alloy with Zr and B and the atomically ordered FeNi] with grain sizes in nanometer 
scale. Fe and Ni atoms were locally probed using extended X-ray absorption fine struc-
ture EXAFS and 57Fe Mössbauer spectroscopy. Whilst EXAFS analysis of milled samples 
suggested structural properties similar to the pre-alloyed precursor, Mössbauer data have 
shown the Fe2B phase formation after 3 h of milling, suggesting that the final material con-
sists of nanograins of ordered FeNi (8%) and Fe2B (6%) phases dispersed in solid solution 
of γ–(Fe,Ni) alloy rich in nickel (86%) with Zr and B atoms impregnated in grain boundary 
defects.
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1  Introduction

Since 70´s, several experimental procedures have extensively been developed and applied 
to produce nanostructured and amorphous materials [1–10]. For instance, the mechani-
cal alloying (MA) process was originally applied to prepare oxide-dispersion strength-
ened nickel- and iron-based super-alloys [1, 2]. It becomes now one of the most powerful 
methods for material processing in powder form, because of a broad variety of equilibrium 
(intermetallic compounds) and non-equilibrium phases (amorphous, nanocrystalline, qua-
sicrystalline, and supersaturated solid solutions [2–4]) that can be produced at a relative 
low cost (it starts either from blended elementals or pre-alloyed powders).

MA is the nomenclature for a large number of powder processing methods, operating in 
solid-state regime, in which, the high-energy ball milling (HEBM) method is the one char-
acterized by severe plastic deformation and ultrafine grinding. In this sense, the HEBM 
procedure is often used to obtain nanostructured materials [5–8] and\or extended solid 
solutions [9, 10], consequently can be applied for production of multicomponent materials.

For example, amorphous FeZrB melt-spun ribbons have exhaustively been studied due 
to their special magnetic properties [5–10]. So, some efforts have also been made to obtain 
FeZrB amorphous-nanocrystalline alloys, using MA [11, 12]. There also are reports indi-
cating that the addition of Ni in amorphous state of FeZrB materials favors enhancement of 
their soft magnetic properties when nanostructured materials are obtained [13, 14]. Moreo-
ver, from the literature it is well known that nanocrystalline materials (composed of crys-
talline nanograins dispersed in amorphous matrix) can be produced by following, at least, 
two different routes (A and B). In Route-A, a melt-spun amorphous ribbon can be subse-
quently transformed into a NC material (it is called as nanocrystalline) after a controlled 
thermal treatment [15, 16]. In Route-B, a NC phase can directly be achieved by MA pro-
cess [17, 18], starting either from pre-alloyed or blended elemental powders. In both routes 
(A and B), NC materials are assumed to be constituted by ordered phases, with crystalline 
coherence length in the nanometer-size range due to their grains cores, plus a disordered 
phase (with a relative large fraction) formed at the grain boundaries [19–21]. The presence 
of disordered grain boundary phase has been proposed to be responsible for the existence 
of some interesting properties of these materials [22, 23].

In this work, nanostructured (Fe0.5Ni0.5)92Zr5B3 powder alloy was prepared by high-
energy ball mill, using a blend of the pre-alloyed Fe50Ni50 precursor (previously prepared) 
and high purity chemical elemental powders of Zr and B. In a previous work [24], we have 
reported that the pre-alloyed Fe50Ni50 precursor corresponded to a disordered solid solu-
tion of fcc γ–Fe45Ni55 alloy (91%) and a small fraction of atomically ordered phase of FeNi 
(9%) having a L10-like tetragonal structure [24]. These Fe-based phases were identified as 
taenite (disorder t-FeNi) and tetrataenite (ordered T-FeNi) with grain sizes about 60 nm 
and 22 nm, respectively. We have been able to demonstrate that the T-FeNi phase, often 
found in meteorites [phase formed under extreme conditions (temperature and pressure)], 
can also be prepared by high-energy ball milling. Lee et al. [25], using high-pressure tor-
sion, have also reported the presence of the tetrataenite in the laboratory. In our case, the 
formation of the T-FeNi phase was attributed to severe plastic deformations that occur dur-
ing the milling process. Thus, considering that (i) Ni can improve magnetic properties of 
FeZrB materials and (ii) it has previously been prepared the Fe–Ni NC material [24], in 
this work, we aimed to prepare nanostructured FeNiZrB alloy using HEBM. Changes on 
Fe and Ni local environments were systematically studied by extended X-ray absorption 
fine structure (EXAFS), whereas the 57Fe Mössbauer spectroscopy (MS) was applied to 
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investigate magnetic ordering and Fe-phases that have occurred in milled samples. Struc-
tural information, such as coordination numbers, nearest distance, and mean deviation of 
distances of Fe and Ni positions (obtained from EXAFS) were used to understand the Fe 
and Ni arrangements inside the grains of the ordered and disordered phases.

2 � Experimental procedure

2.1 � Sample preparation

The samples were mechanically synthesized in two steps. Fe50Ni50 precursor alloy was 
firstly obtained after 30 h of milling process, as detailed in Ref. [24]. Then, a mixture of 
the pre-alloyed Fe50Ni50 precursor and high-purity elemental powders of Zr (99.7 + %, 
below 150 μm) and B (98 + %, below 10 μm) was used to prepare FeNiZrB powder alloys 
by high-energy ball milling. All milled samples were synthetized in a vibratory ball mill 
SPEX 8000 unit. Before starting the milling process, the blended powders [precursor (90 
at. % Fe0.5Ni0.5) plus chemical elemental powders (7 at. % Zr, 3 at. % B)] was sealed in 
a flat-ending SPEX mill container together with five stainless steel balls (13  mm diam-
eter) under argon atmosphere to reduce severe powder oxidation. The sample manipulation 
and sealing procedure of the container were also performed inside a steel box under argon 
gas flow. We have used a ball-to-powder weight ratio of 8:1. The container and the balls 
are made of the same materials and have the same hardness. The ball-mill unit shakes the 
grinding container back and forth approximately 1080 cycles per minute. To avoid high 
temperatures during the ball-milling process, the MA experiment was periodically stopped 
every 30  min and was restarted after 10  min of pause (when the sample reached room 
temperature – RT). At pre-defined milling times, small portions of milled samples were 
collected from the mill container for structural (XRD and EXAFS) and hyperfine (57Fe 
Mössbauer) analysis.

2.2 � X‑ray diffraction

Powder X-ray diffraction (XRD) technique, employing a Bruker-D8 Focus diffractometer 
at 40 kV and 40 mA with Cu-Kα radiation (λ = 1.5406 Å), was used to studied the effect 
of MA on bulk structural properties of the milled powders. To determine the percentage 
of the phases as well as the accurate microstructural parameters (cell parameters, grain 
size and lattice strain) of the milled crystalline phases, the XRD patterns were analyzed by 
Rietveld method using Topas software (Bruker AXS) [26].

2.3 � X‑ray absorption spectroscopy

RT EXAFS measurements were performed at the D04B-XAS beam line of the Brazilian 
Synchrotron Light Laboratory (LNLS), using Si (111) monochromator. EXAFS spectra 
were recorded at Fe K-edge (~ 7112 eV) and at Ni K-edge (~ 8333 eV). Pure Fe and Ni met-
als were used as standard samples (energy calibration) for the Fe and Ni K-edge EXAFS 
spectra, respectively. Data analysis was carried out using IFEFFIT and DEMETER pro-
grams [27, 28], following the standard procedures described in Ref. [29]. A standard fitting 
procedure was computed with FEFF6 program [30, 31]. Information about the local atomic 
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environments around central absorbing atoms (Fe or Ni), coordination numbers (N), the 
nearest neighbor distances (R) and mean deviation of distances (σ) of the absorbing atoms 
were found from the Fourier transform |χ(R)| of the EXAFS oscillation curves. It should 
be mentioned that the EXAFS method is more sensitive to local structures around absorb-
ing atoms. Thus, it is not appropriated to define long-range order features; because of the 
mean-free-path of the photoelectrons is typically less than 10 Å [32].

2.4 � 57Fe Mössbauer spectroscopy

Fe hyperfine parameters of milled samples were studied by RT transmission 57Fe Möss-
bauer spectra recorded with a 25  mCi 57Co/Rh radioactive source moving in constant 
acceleration. In order to obtain the hyperfine parameters [isomer shift (δ), quadrupole shift 
(2ε), hyperfine magnetic field (Bhf), line width (Γ) and relative absorption area (RAA)] of 
Fe sites, the RT Mössbauer spectra were fitted using NORMOS program with set of sextets 
(crystalline phases) plus a distribution of magnetic hyperfine fields (Bhf). The δ-values of 
different Fe phases are quoted relatively to RT α-Fe value.

3 � Results and discussion

3.1 � Rietveld analysis of the XRD pattern of milled (Fe0.5Ni0.5)90Zr7B3 powders

XRD patterns of the pre-alloyed Fe50Ni50 powder and the milled (Fe0.5Ni0.5)90Zr7B3 pow-
ders milled for 3 (M-3 h), 15 (M-15 h), 21 (M-21 h) and 30 h (M-30 h) are displayed in 
Fig. 1. The Bragg peaks of the precursor (at the bottom of Fig. 1) due to the disordered fcc 
γ–(Fe,Ni) and the T-FeNi (small fraction) remain in the XRD patterns of all milled sam-
ples, suggesting that the long-range order symmetry did not change with Zr and B additions 
during the milling process, at least, within our X-ray resolution (no incorporation of these 
elements in the ordered T-FeNi phase was detected). It is also important to mention that no 
bcc-like (Fe,Ni) phase has been observed, as suggested by some reported in the literature 
for different Fe concentration [33]. On the other hand, the Bragg peaks became broader 
with the increase of milling time and they showed a shifting of about 0.13º to lower angular 
positions, indicating an increase of the lattice parameter of the disorder t-FeNi phase [fcc 
γ–(Fe,Ni)]. Thus, it should be attributed to insertion of Zr atoms (large atomic radius) in 
the disorder t-FeNi. However, considering that the Zr-oxide phase was observed after 15 h 
of milling, only part of the nominal Zr concentration (~ 5%) was incorporated in the disor-
der t-FeNi matrix. The weight percentages of Zr-oxide (ZrO2) and Zr in the M-30 h sample 
and in the blended (M-0 h) sample, theoretically calculated from Rietveld refinement, were 
respectively 5 and 11%. From this analysis, it was estimated that 63(1) weight percentage 
of Zr (not oxidized) were incorporated in the disorder t-FeNi phase.

Thus, based on previous results of the pre-alloyed Fe50Ni50 precursor, the XRD pat-
terns of the M-3 h, M-15 h, M-21 h and M-30 h samples were analyzed considering 
the two crystalline Fe–Ni phases previously discussed [24], but now with Zr and B 
atoms incorporating in the disorder t-FeNi matrix. Figure  2(a) and (b) displays, for 
example, the measured and calculated XRD patterns of the pre-alloyed Fe50Ni50 pre-
cursor and the M-30 h sample, respectively. Table 1 presents the Rietveld refinement 
results, where structural parameters [cell parameters, grain size < D > , mean micro-
strain (< ε2 > 1/2), atomic occupancy (Ocp) and phase percentage (xph)] are shown for 
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the milled samples and pre-alloyed precursor. In a first approximation, the fit results 
suggested that Fe and Ni atoms share 4a Wyckoff site in the fcc phase, confirming 
the chemical disorder character of the γ–(Fe,Ni) phase (OcpFe ≈ 0.48, OcpNi ≈ 0.52), 
i.e., the γ–Fe48Ni52 should be associated with the chemically disordered t-FeNi alloy. 
The microstrains at the interval between 0.25 to 0.40% (calculated for this disordered 
fcc phase in all samples) are in agreement with typical values for distorted fcc-type 
lattices [14]. The presence of atoms of different sizes induces internal strain into the 
lattice [34]. The T-FeNi phase, with 6% of the total area of the XRD pattern, indicated 
a reduction of 33% of this phase as compared with the pre-alloyed precursor sample 
[24]. No significant change of average grain sizes (< D >) of these FeNi phases was 
observed up to 30 h of milling time.

From the XRD analysis, it can be partially inferred that the M-30 h sample corre-
sponds to a nanostructured (Fe0.5Ni0.5)92Zr5B3 powder alloy, i.e., a material composed 
of a dominant contribution of disordered solid solution of fcc γ–FeNiZrB alloy (89%), 
small fraction of atomically ordered phase of FeNi (6%) plus ZrO2 (5%), all with grain 
sizes in nanometer regime.

Fig. 1   X-ray diffraction (XRD) 
patterns of the (Fe0.5Ni0.5)90Zr7B3 
milled powders for the indicated 
milling times. XRD pattern of 
the precursor Fe0.5Ni0.5 alloy is 
also shown for comparison
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3.2 � Structural properties analyzed by EXAFS measurements

The EXAFS oscillation curves for the M-30 h sample and the corresponding Fourier trans-
form |χ(R)| of the Fe and Ni K-edges are respectively plotted in Figs. 3(a) and (b). The 
Fe and Ni Fourier transforms |χ(R)| of the EXAFS oscillations curves (inset figures) have 
broad and asymmetric main peaks at about 2.2 Å and 2.5 Å, respectively. They are associ-
ated with the first coordination shells around each absorbing atoms (Fe or Ni). To deter-
mine the structural parameters (Nj, Rj and σj) of the M-30 h sample, the main peak of the 
Fourier transform |χ(R)| curve was fitted in the Hanning window, as indicated in Figs. 4(a) 
and (b). Outside the Hanning window, no medium-range order (around Fe and Ni sites) 
was seen; an observation that is also reflecting the nanocomposite character of the M-30 h 
sample. The peaks below 1.5  Å [red arrows in Figs.  4(a) and (b)] are related to a low-
frequency problem of the background (it has no physical meaning).

In order to prepare an initial model for the fits of the EXAFS spectra, the previous 
XRD results were used, i.e., the presence of disordered fcc taenite (t-FeNi) and chemi-
cally ordered tetrataenite (T-FeNi) phases. In addition, considering that Fe and Ni atoms 
share the same atomic site for the t-FeNi contribution, a model with one shell was applied. 
Otherwise, for the T-FeNi contribution, a model assuming two shells was used due to the 

Fig. 2   Rietveld refinement of the 
X-ray diffraction patterns of the: 
(a) pre-alloyed Fe0.5Ni0.5 and (b) 
(Fe0.5Ni0.5)90Zr7B3 sample milled 
for 30 h. The difference between 
observed and calculated patterns, 
and the calculated reflection 
positions (bottom trace) are also 
displayed
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tetragonal configuration of this phase. Figure 5(a) and (b) presents a schematic representa-
tion of the first shells of coordination around absorbing atoms (Fe or Ni) for the unit cells 
of the t-FeNi and T-FeNi, respectively.

An EXAFS analysis of multicomponent samples is a hard task due to strong correla-
tion among the local structural parameters. In the fitting model, Fe, Ni and Zr atoms are 
considered distinguishable backscatters, whereas B atoms were assumed to have low con-
tribution, i.e., it has small backscattering amplitude relatively to Fe and Ni scattering fac-
tors. Additionally, considering the chemical disorder character of the fcc γ–FeNiZrB alloy, 
we assumed in the fitting model a low contribution from Zr incorporations into the first 
coordination of Fe and Ni absorbing atoms. Thus, the individual contributions (within the 
first shells) of Fe–Fe and Fe–Ni pairs and Ni–Fe and Ni–Ni pairs to the Fourier transform 
of the Fe and Ni K-edge EXAFS spectra of the M-30 h sample are respectively shown in 
Figs. 4(a) and (b). Moreover, for the fit of the EXAFS spectra, the Fe-B and Ni–B pair con-
tributions were assumed indistinguishable in the shell; an assumption supported by the low 
B concentration in the M-30 h sample. Table 2 displays the structural parameter values (Nj, 
Rj and σj), including the phase percentages (Xpha) obtained from the EXAFS data analysis 
of the M-30 h sample. These values correspond to average values over different sites of 
absorbing atoms (Fe or Ni).

Fig. 3   Fourier transforms 
of the Fe K-edge EXAFS 
(a) and Ni K-edge EXAFS 
(b) spectra obtained for the 
(Fe0.5Ni0.5)90Zr7B3 sample milled 
for 30 h, as indicated. Inset 
figures show the corresponding 
EXAFS oscillations curves
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From the Fe K-edge EXAFS spectrum of the M-30  h sample, an average N-value 
of 11.1 atoms ( �

Fe−Fe
1
+ �

Fe−Ni
1
= 3.7 Fe atoms + 7.4 Ni atoms = 11.1 atoms ) 

was found for the first shell, while a N-value of 10.8 atoms 
( �

Ni−Ni
1
+ �

Ni−Fe
1
= 7.4 Ni atoms + 3.4 Fe atoms = 10.8 atoms ) was calculated for the 

Ni K-edge EXAFS spectrum in the disordered γ–(Fe,Ni) phase. Both N-values are below 
12, which is the expected N-value for the Fe and Ni in fcc ordered phases. This result sug-
gests that the difference in N-values, in principle, can be attributed to the chemical disorder 
around Fe and Ni absorbing atoms and\or due to the Zr and B incorporations. The atomic 
percentage of the Fe and Ni atoms in the γ–(Fe,Ni) phase are 39% and 61%, respectively. 
This composition agrees with the composition range found in the literature [35, 36]. In 
addition, the σFe-Fe and σFe-Ni values are also found in disordered alloys [37]. Therefore, 
the results here presented are in good agreement with existence of a disordered fcc solid 
solution model for the γ–(Fe,Ni) phase in the M-30 h sample (the main contribution for the 
EXAFS spectra).

For the T-FeNi phase, two shells for the main peak of the Fourier transform |χ(R)| 
curve were considered. N-values equal to 3.6 and 7.8 were respectively obtained for the 
1st (NFe-Fe2) and 2nd-shell (NFe-Ni2) of the Fe absorber in the M-30 h sample. For the Ni 
absorber, the N-value is 3.5 for the 1st-shell (NNi-Ni2) and 7.5 for the Ni 2nd-shell (NNi-Fe2). 

Fig. 4   First (1st) shell analyses: 
individual contributions of (a) 
Fe–Fe and Fe–Ni pairs from 
the Fourier transform of the Fe 
K-edge EXAFS spectra and (b) 
Ni–Fe and Ni–Ni pairs from 
Fourier transform of the Ni 
K-edge EXAFS spectra for the 
(Fe0.5Ni0.5)90Zr7B3 powder milled 
for 30 h (30 h sample)
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These N-values (first and second shells) are close to those ones (4 and 8) found for the 
tetragonal ordered equiatomic FeNi phase [38]; results that suggest no Zr and B substitu-
tions in the thermodynamically stable T-FeNi phase. They also give evidences about small 
changes in the chemical short-range order around Fe and Ni atoms that occurred in the 
M-30 h sample. In contrast, the low fluctuation of the interatomic distances (σFe-Fe, σFe-Ni, 
σNi-Ni and σNi-Fe) in the 1st-coordination (around Fe and Ni absorbing atoms) reflects no 
changes on the topological short-range order. The nearest distances (Table 2) between Fe 
and Ni atoms (RFe-Fe, RFe-Ni, RNi-Ni and RNi-Fe) in the M-30  h sample are also in good 
agreement with the cell parameter values obtained from the XRD data. Thus, it was dem-
onstrated (from the XRD and EXAFS results) a structural stability for the milled material. 
In addition, milled powders have kept the nanocomposite character of the precursor, where 
the ordered FeNi phase is dispersed, in principle, at the grain boundaries of the disordered 
FeNi phase now with B and Zr substitutions (37 weight percentage of Zr was converted in 
the ZrO2 phase).

3.3 � Hyperfine magnetic properties studied by Mössbauer spectroscopy

Considering that (i) the milled (Fe0.5Ni0.5)92Zr5B3 alloy has Fe-rich phases and (ii) Möss-
bauer spectroscopy can be very sensitive to changes on Fe environments by measuring their 
hyperfine interactions, so local Fe environment changes were systematically studied by 

Fig. 5   Unit cells of the taenite: t-FeNi (a) and tetrataenite: T-FeNi (b) phases. Taenite has the fcc structure 
(Fm 3 m, where Fe and Ni atoms share 4a Wyckoff site), whereas the tetrataenite has the L10 tetragonal 
structure (P4/mmm, where Fe and Ni atoms are both on 1a and 1d Wyckoff sites)
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taking RT transmission 57Fe Mössbauer spectra at different milling times (M-0 h, M-3 h, 
M-15 h M-21 h and M-30 h). The RT Mössbauer spectra (Fig. 6) display broad six-line 
patterns due to nuclear Zeeman interaction [magnetic hyperfine field (Bhf) at Fe nucleus]. 
It indicates that Fe atoms are placed in non-equivalent magnetic sites. To fit these spec-
tra the following conditions were assumed: (i) two magnetic components; the disordered 
fcc FeNiZrB phase [a magnetic hyperfine field distribution block P(Bhf)] and the ordered 
FeNi phase (sextet); the latter one found in XRD and EXAFS data, (ii) a linear correlation 
between Bhf and δ of 40 magnetic sub-spectra to account for small asymmetries of the 
spectra and (iii) a new sextet associated with the formation of Fe-B alloy (these elements 
have great chemical affinity).

The magnetic hyperfine field distribution P(Bhf) curves are plotted at the right-hand side 
of the Fig. 6. The obtained hyperfine parameter values [δ, quadrupole shifting (2ε), hyper-
fine magnetic field (Bhf), linewidth (Γ) and relative absorption area (RAA)] are listed in 
Table 3.

From the fitting, it is observed that:

a)	 The P(Bhf) distribution component dominates over the crystalline sextets for all milled 
samples. Hyperfine parameters of the distribution component still keep values close to 
those reported in the literature for the taenite phase (t-FeNi) [39, 40], but some small 
changes have occurred during milling process (e.g., the average Bhf value shifts from 
29.9 T to lower field range around 29.1 T) due to Zr and B inclusions. Moreover, the near 
zero δ-values (relative to α-Fe) and the simetric absorption peaks of the magnetic dis-
tribution reflect that Fe atoms are in Fe-rich phase with cubic-like symmetry (vanished 
quadrupole splitting). Thus, this component can be attributed to iron sites in chemically 
disordered phase of fcc γ–(Fe,Ni) or simply taenite (t-FeNi) where the Zr and B atoms 

Table 2   Structural parameters obtained from EXAFS analysis of the milled 30 h-(Fe0.5Ni0.5)90Zr7B3 sample 
(coordination numbers (Nj), nearest distance (Rj), mean deviation (σj) of distances of the absorbing atoms 
for each shell j and phase percentage (Xpha))

Sample Edge Phase Shell Absorbing atom-
Scattering atom

R (Å) N σ2 (Å2) Xpha (%)

Fe0.5Ni0.5 Fe Kα γ-(Fe,Ni) 1 Fe → Fe1 2.53(1) 3.8(2) 0.008(2) 91(2)
Fe → Ni1 2.53(1) 7.3(2) 0.006(2)

FeNi 1 Fe → Fe2 2.53(1) 3.4(2) 0.003(2) 9(2)
2 Fe → Ni2 2.56(1) 7.9(2) 0.007(2)

Ni Kα γ-(Fe,Ni) 1 Ni → Ni1 2.53(1) 7.5(2) 0.010(2) 92(2)
Ni → Fe1 2.48(1) 3.2(2) 0.004(2)

FeNi 1 Ni → Ni2 2.53(1) 3.6(2) 0.005(2) 8(2)
2 Ni → Fe2 2.55(1) 7.6(2) 0.005(2)

(Fe0.5Ni0.5)90Zr7B3 Fe Kα γ-(Fe,Ni) 1 Fe → Fe1 2.55(1) 3.7(2) 0.014(3) 92(2)
1 Fe → Ni1 2.54(1) 7.4(2) 0.014(3)

FeNi 1 Fe → Fe2 2.54(1) 3.6(2) 0.006(3) 8(2)
2 Fe → Ni2 2.55(1) 7.8(2) 0.005(3)

Ni Kα γ-(Fe,Ni) 1 Ni → Ni1 2.54(1) 7.4(2) 0.011(3) 92(2)
1 Ni → Fe1 2.52(1) 3.4(2) 0.011(3)

FeNi 1 Ni → Ni2 2.53(1) 3.7(2) 0.005(3) 8(2)
2 Ni → Fe2 2.55(1) 7.5(2) 0.004(3)
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are entering in lattice defects of grain boundaries and form a soft magnetic matrix, as 
expected for the disordered fcc FeNiZrB phase [14];

b)	 The sextet can be attributed (green absorption six lines) to the T-FeNi, since its hyper-
fine parameter values (Table 3) match with values reported for the ordered FeNi phase 
[40–42]. No change of the T-FeNi hyperfine parameters was observed during milling 
process; an effect that confirms the fact that the T-FeNi is a thermodynamically stable 
phase (its relative fraction has reduced with the increase of milling time);

c)	 For milling time larger and equal than 3 h, the Mössbauer spectra have their shapes 
slightly modified due to the formation of Fe2B phase [43]; assumed to be stabilized by 
boron inclusion at defects of the Fe–Ni grain boundaries (the boron insertion process 
favors segregation of a more stable phase, i.e., the Fe2B phase). The apparent absence 
of the Fe2B phase in the XRD pattern can be attributed to nanometric order size of the 
grains and its low fraction (it may be dispersed at the XRD pattern background).

From the results here discussed, it can be inferred that the (Fe0.5Ni0.5)92Zr5B3 nano-
composite alloy (M-30 sample) is basically formed by magnetic Fe–Ni rich phases: 
the ordered FeNi (8%) and Fe2B (6%) nanocrystals immersed in disordered fcc solid 
solution of FeNiZrB matrix (86%) rich in nickel. The presence of magnetically ordered 
phases (T-FeNi and Fe2B) could be important for further studies, for example, where 

Fig. 6   RT Mössbauer spectra for 
the (Fe0.5Ni0.5)90Zr9B3 powders 
recorded at different milling 
times (MT), as indicated. Mag-
netic hyperfine field distribution 
P(Bhf) curves, obtained from the 
fits of the corresponding Möss-
bauer spectra, are plotted on the 
right-hand side of this figure. The 
bars inside the P(Bhf) correspond 
to the relative intensity (%) of 
Fe2B and T-FeNi phase

27   Page 12 of 16 Hyperfine Interactions (2021) 242: 27



1 3

magnetic interactions among these magnetic crystals, intermediated by the magnetic 
FeNiZrB matrix, could be performed.

4 � Conclusions

In this work, we have prepared and characterized nanostructured (Fe0.5Ni0.5)90Zr7B3 alloy 
obtained by milling a blending of pre-alloyed Fe50Ni50 precursor and Zr and B elemental 
powders up to 30 h. From bulk and local structural studies as well as hyperfine investiga-
tions, it was demonstrated a structural stability of milled material during the mechanical 
alloying process. The average grain-size of the samples is practically milling time inde-
pendent (they are in nanometer regime). EXAFS results have shown small changes of the 
chemical short range order in disordered fcc γ–(Fe,Ni) phase due to Zr and B inclusions 
and no changes in structural properties of the ordered equiatomically FeNi phase. Möss-
bauer data have also suggested (besides the Fe–Ni rich phases in chemically disordered 
phase) the formation of Fe2B nanograins; a phase that was stabilized at the Fe–Ni grain 
boundaries during the milling process due to high chemical affinity of Fe-B when com-
pared with the Fe–Ni. The 30 h milled powdered material has a nanocomposite character, 
which is composed by two magnetically and atomically ordered phases (T-FeNi and Fe2B) 
dispersed at grain boundaries of the chemically disordered fcc FeNiZrB (86% of total area 

Table 3   Hyperfine parameters values of the milled (Fe0.5Ni0.5)90Zr7B3 samples obtained from Mössbauer 
spectra fitting (isomer shift (δ), quadrupole shift (2ε), hyperfine magnetic field (Bhf), line width (Γ) and 
relative absorption area (RAA)). The δ values are given relative to α-Fe obtained at room temperature

MT (h) Phase Crystalline sites Γ (mm/s) Magnetic distribution (RAA) (%)

δ (mm/s) Bhf (T) 2ε (mm/s)  < δ > (mm/s)  < Bhf > (T)

0 FeNi 0.143(5) 28.9(3) 0.09(2) 0.37(2) –- –- 10(2)
γ-(Fe,Ni) –- –- –- –- 0.017(8) 29.9(2) 90(2)

1 FeNi 0.146(5) 29.5(5) 0.10(5) 0.37(2) –- –- 10(2)
γ-(Fe,Ni) –- –- –- –- 0.017(8) 29.8(2) 90(2)

3 FeNi 0.145(5) 28.4(3) 0.10(5) 0.38(2) –- –- 10(2)
Fe2B 0.048(8) 24.3(4) –- 0.40(2) –- –- 3(3)
γ-(Fe,Ni) –- –- –- –- 0.004(7) 28.7(3) 87(2)

9 FeNi 0.148(5) 28.3(2) 0.10(5) 0.37(2) –- –- 9(2)
Fe2B 0.058(5) 24.3(2) –- 0.40(2) –- –- 4(2)
γ-(Fe,Ni) –- –- –- –- 0.006(8) 29.8(2) 87(2)

15 FeNi 0.147(5) 28.3(2) 0.010(5) 0.37(2) –- –- 8(2)
Fe2B 0.054(5) 24.3(2) –- 0.40(2) –- –- 6(2)
γ-(Fe,Ni) –- –- –- –- 0.008(8) 29.0(2) 86(2)

21 FeNi 0.146(5) 28.6(2) 0.010(5) 0.37(2) –- –- 8(2)
Fe2B 0.054(5) 24.3(2) –- 0.40(2) –- –- 6(2)
γ-(Fe,Ni) –- –- –- –- 0.006(8) 29.0(2) 86(2)

30 FeNi 0.146(5) 28.7(1) 0.010(5) 0.37(2) –- –- 8(2)
Fe2B 0.058(5) 24.3(2) –- 0.40(2) –- –- 6(2)
γ-(Fe,Ni) –- –- –- –- 0.009(8) 29.1(2) 86(2)
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as shown in Table 1). This nanocomposite material is a good candidate to study magnetic 
interactions between atomically ordered phases (T-FeNi and Fe2B) through a soft magneti-
cally disordered phase.
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