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Abstract
A Cr42.2Fe57.8 nano-crystalline alloy prepared by mechanical alloying for 100 h
in argon atmosphere was investigated with Mössbauer spectroscopy (MS),
differential scanning calorimetry (DSC), SQUID magnetometry and x-ray
diffraction (XRD) techniques. Evidence was found that the final product was
composed of two crystalline phases, namely (a) Cr45Fe55 with an abundance
of ∼50% and (b) Cr86.5Fe13.5 with an abundance of ∼15%, and an amorphous
phase having two crystallization temperatures: one at TC1 ≈ 870 K and another
one at TC2 ≈ 920 K. The results prove that the milling process has led both
to a partial amorphization and to phase decomposition into Fe-rich and Cr-rich
phases.

1. Introduction

There are many good reasons that mechanical alloying (MA), also known as mechanical
milling, has attracted much interest in recent years. One of them is the fact that it is an easy
way to form materials in the nano-scale range. Such materials are of a great technological
and scientific interest due to their physical properties, often very different from those of
their conventional polycrystalline counterparts, as well as due to their actual and potential
applications.

Other good reasons for the use of MA comprise synthesis of alloys of otherwise immiscible
elements, extended solid solutions or amorphous materials to name just a few most significant.

The Fe–Cr system, the subject of the present study, is perhaps the best example of the use of
MA in fabrication of amorphous state, as it seems to be one of the three known ways—the other
two being thermal evaporation with a very low deposition rate followed by long-term annealing
of co-deposited alloys, and the layer-by-layer procedure to prepare films—of achieving such a
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state in the Fe–Cr system [1, 2]. Formation of amorphous Fe–Cr alloy directly from the melt
has not been observed due most likely to the small difference in the atomic radii of Fe and
Cr atoms.

One of the experimental methods that have proved to be useful in the study of MA in the
Fe–Cr system and its products is Mössbauer spectroscopy (MS). Thanks to the high sensitivity
of hyperfine parameters to coordination number and crystal field, the disordered (amorphous)
state can be distinguished from the ordered one (crystalline), which is especially important in
the case of the nano-crystalline Fe–Cr system, where the x-ray diffraction (XRD) method fails
to distinguish unambiguously between amorphous, nano-crystalline and phase-separated Fe-
rich and Cr-rich phases. However, despite this ability of MS and numerous studies carried out
on Fe–Cr samples prepared by MA [1, 3–8, 10], there are still open questions to be answered.
Such an unclear situation follows in our opinion from the fact that the milling process was
carried out in various laboratories in different milling conditions in terms of number of balls,
powder to ball ratio and speed of rotation. As is known, all these factors can influence the rate
of mixing, size of grains and final phases. Although in most experiments the milling process
started from elemental powders, there are also examples where a polycrystalline alloy was
used as the starting material [1]. Based on the available results it seems to be certain that there
is a basic difference in the final product obtained by MA in a vacuum and that synthesized
in a different atmosphere (mostly argon). While the latter always results in a paramagnetic
component at room temperature (RT), the former product is free of it [10]. This is an important
difference, as the paramagnetic component and its origin have been the most debated issue.
The component has been frequently regarded as the proof for the existence of the amorphous
state in the Fe–Cr alloy produced by MA, although its interpretation given by various authors
sometimes varies significantly. For example, Xia et al by recording Mössbauer spectra both at
RT and at liquid helium temperature (LHT) on the samples milled for long enough time have
shown that the paramagnetic line is in fact a doublet, which is a feature characteristic of the
amorphous state [1, 5]. On the other hand, Fnidiki et al analysed their spectra only in terms
of the hyperfine field distribution, i.e. they treated an entire spectrum as magnetic with two
components: a magnetic one due to a crystalline core of grains and a paramagnetic one related
to a non-magnetic inter-granular zone [6, 7]. Yet another approach and interpretation can be
found in the paper by Bentayeb et al [8]. These authors treated the paramagnetic sub-spectrum
as a single line and associated it with two paramagnetic phases: α′ and γ .

In these circumstances, more experimental results are necessary and justified to gain more
insight into the problem. In this paper we present and describe our results obtained with various
techniques, namely MS, XRD, differential scanning calorimetry (DSC) and magnetic SQUID
magnetometry on a Cr42.2Fe57.8 sample prepared by MA of elemental powders for 100 h.

2. Experimental details

The nano-crystalline sample was prepared by mechanical alloying using a planetary mill
(Fritsch P-6) at a rotating speed of 500 rpm, equipped with a hardened steel vial (80 ml) and
balls (five balls with 20 mm diameter each) with mixtures of powders of Fe (99.0+%, grain size
60 µm) and Cr (99.0+%, grain size 45 µm) in argon atmosphere. The weight of the powder
was 7.35 g and the powder-to-ball weight ratio was 1:20. The total milling time was 100 h,
interrupted for 15 min every hour.

The composition of the sample was determined by microprobe analysis and the result gave
Cr42.2Fe57.8. Oxygen and nitrogen were determined by combustion of the sample in a LECO
machine. There was no trace of O2 or N2 in the starting powders. The sample after milling
showed contents of N2 of 3.5 at.% and of O2 of 3.2 at.%.
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Figure 1. X-ray diffractograms (Cu Kα radiation, λ = 0.158 184 nm) recorded at RT on samples
(a) milled for 100 h and (b) then annealed at 873 K for 6 min, (c) annealed at 873 K for 6 min and
afterwards annealed at 923 K for 6 min.

For the reasons explained later in the paper, the sample was annealed at 873 K for 6 min
and after that it showed 2.0 and 1.0 at.% of N2 and O2, respectively.

The sample was studied by MS, XRD, DSC and SQUID techniques. Mössbauer spectra
were recorded at room temperature, 83 K and 4.2 K in transmission geometry with the
spectrometer operating in conventional constant acceleration mode. A 57Co source in Rh matrix
was used as the source of 14.4 keV gamma rays. Spectra were analysed by various approaches
yielding a hyperfine magnetic field distribution (HFD), quadrupole splitting distributions
(QSD) and single lines. Lorentzian line-shapes were assumed in this procedure. The XRD
patterns were obtained using Cu Kα radiation (λ = 0.154 184 nm) at room temperature. The
mean crystallite sizes and micro-strains were obtained from the widths of x-ray diffraction
peaks using the Williamson–Hall method [9]. DSC was used to characterize the sample, from
room temperature to 1070 K, at the heating rate of 40 K min−1 in argon atmosphere. Saturation
magnetization was determined with a SQUID magnetometer at a temperature of 4.2 K.

3. Results and discussion

3.1. XRD

The XRD pattern of the as-milled sample recorded at RT is shown in figure 1(a), while that of
the sample annealed at 873 K for 6 min is shown in figure 1(b). In figure 1(c) the pattern of the
sample annealed at 873 K and again at 923 K for 6 min is shown. The positions of the peaks are
in all cases characteristic of a bcc phase, but the peaks from the as-milled sample (figure 1(a))
are broadened relative to those characteristic of a micro-crystalline sample. The broadening
was accounted for by the size of grains and micro-strain following [10], and analysis resulted
in 5.4 nm for the mean crystalline size, 〈d〉, and 1.8% for the micro-strain. However, as can
be seen in figure 2, showing the strongest peak in figure 1(a) in an enlarged scale, the peak
is not symmetric and can be fitted with two Lorentzian-shaped lines; one very broad, which
constitutes ∼40% of the peak area, and which can be associated with an amorphous phase, and
the other narrower, which can be assigned to a crystalline phase. If we take into account only
the narrower peak, then the average size of grains is 7.3 nm and the micro-strain is 0.5%.
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Figure 2. First peak of the x-ray diffractogram shown in figure 1(a) as analysed with two
Lorentzians. The broader one is ascribed to an amorphous phase.

Taking into account these grain size values, one can estimate the volume fraction, Vg, of
the amorphous phase or the phase related to the grain surface and/or grain boundary (GB) zone.
For this purpose, the following formula can be used:

Vg = 3e

〈d〉 (1)

where e is the effective thickness of the GB zone. Making a customary assumption e = 1 nm,
one arrives at Vg = 56% for 〈d〉 = 5.4 nm or at 41% for 〈d〉 = 7.3 nm. The latter figure agrees
very well with the corresponding figure obtained from the diffraction peak.

3.2. Mössbauer

3.2.1. Spectrum analysis. The Mössbauer spectra recorded at three different temperatures,
namely 300, 83 and 4.2 K, are shown in figure 3. As can be seen, they are quite similar to
each other and can be viewed as composed of two sub-spectra: (a) a pseudo-single-line sub-
spectrum in the centre and (b) a broad magnetic sub-spectrum. Others have also observed such
a kind of spectra for mechanically prepared Fe–Cr alloys in argon atmosphere [1, 3–8], but
not in a vacuum [9]. The basic question that arises is the interpretation of the two component
sub-spectra. Whilst the magnetic one has been uniquely associated with the crystalline core of
nano-grains, there are various interpretations of the pseudo-single-line sub-spectrum as already
mentioned in the introduction. It seems that such an unclear situation partly follows from the
method of spectrum analysis used by different authors, and partly because some investigators
measured their spectra only at RT [6–8], which, as will be shown below, leads to not quite the
correct interpretation. Recording spectra at different temperatures, and in particular at liquid
nitrogen temperature (LNT) and LHT, as is the case here, is crucial for the correct analysis and
interpretation of the pseudo-single-line contribution.

In order to show how the method of spectrum analysis influences the spectral parameters,
and consequently the interpretation of the results, several possible approaches were used in the
present analysis of the spectra. Before they are presented, let us notice that a priori the pseudo-
single-line sub-spectrum can have the following origins: (i) superparamagnetism, (ii) grain
boundaries and/or grain interfaces, (iii) Cr-rich α′ phase and (iv) σ -Fe–Cr phase. All these
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Figure 3. 57Fe Mössbauer spectra recorded on the as-milled sample at the temperatures shown. The
solid lines are the best-fit spectra.

Table 1. The best-fit spectra parameters obtained with procedure I. A is the spectral area, IS is
the isomer shift, G is the line-width of the single line, and 〈B〉 is the average hyperfine field of the
magnetic sub-spectrum.

Single line HFD

T (K) A (%) IS (mm s−1) G (mm s−1) A (%) IS (mm s−1) 〈B〉 (T)

300 62 −0.085 0.80 38 −0.055 18.7
83 60 −0.045 0.76 40 −0.02 20.1

4.2 51 0.015 1.00 49 0.02 22.8

possibilities are feasible in the light of the Fe–Cr system phase diagram and our knowledge of
nano-crystalline Fe–Cr alloys prepared by MA.

In the first approach (procedure I) the spectra were analysed assuming they are composed
of a single line superimposed on a broad sextet with a distribution of the hyperfine field (HFD).
The spectra could have been successfully fitted in this way and the best-fit spectral parameters
derived from this procedure are displayed in table 1. The HFD histograms are shown in the top
row in figure 4.

As can be seen, the isomer shifts of the two sub-spectra, IS, differ meaningfully from each
other, which permits us, already at this stage, to eliminate superparamagnetism as a possible
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Figure 4. HFD histograms as obtained from the spectra shown in figure 3 with different fitting
procedures: procedure I (subscript 1), procedure II (subscript 2) and procedure III (subscript 3).
The labels a, b and c stand for the temperatures 300, 83 and 4.2 K, respectively.

origin of the single-line sub-spectrum. Furthermore, its full line width at half maximum, G,
is larger by a factor ∼3 than the typical line width of crystalline materials in a paramagnetic
state, hence this line here cannot be due to any paramagnetic crystalline bcc phase. It could
eventually be due to the σ -FeCr phase, but the value of IS = −0.085 mm s−1 excludes this
possibility [11]. Hence, this phase cannot be present here, but its formation is quite unlikely
anyway because of the low temperature during MA. For polycrystalline Fe–Cr alloys, the σ

phase can precipitate between 800 and 1100 K. The increase of temperature of powders during
MA is believed to be less than 300 K [12], and in MA of extended Cr–Sn solid solutions it
was estimated as ∼230 K [13]. This makes the temperature of powders during MA some
200 K too low for the σ -FeCr phase to form. In summary, the first approach of our spectrum
analysis has excluded superparamagnetism as a possible reason for the pseudo-single-line sub-
spectrum. Also α′ and σ phases cannot be solely responsible for this sub-spectrum. From
the temperature behaviour of the line width, it can be further concluded that, at least down
to 83 K, the phase related to this sub-spectrum cannot be magnetic. It should be noticed that
∼2% magnetic contribution with 〈B〉 ≈ 33–34 T was revealed. It can be identified as due to
α-Fe. However, lowering T down to 4.2 K has resulted in a decrease of the intensity of the
sub-spectrum by ∼10%. Nevertheless, ∼50% has survived as non-magnetic even at 4.2 K with
almost unchanged value of G. It may be either crystalline with a lower-than-cubic symmetry
(σ phase) or non-crystalline, i.e. amorphous. To shed some additional light on this question, the
spectra were fitted with other approaches. Firstly, in procedure II, the spectra were analysed
in terms of the HFD histograms, namely it was assumed that each spectrum is composed of
two distributions: low field responsible for the central part of the sub-spectrum and high field
responsible for the well split sub-spectrum. The HFD histograms resulting from this procedure
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Figure 5. HFD histogram obtained from the spectrum recorded at 4.2 K with procedure IIA. The
arrows indicate five peaks into which the histogram can be separated.

Table 2. Spectral parameters derived from procedure II (two HFDs). The meanings of the symbols
used are the same as those in the caption of table 1.

Low field High field

T (K) A1 (%) IS1 (mm s−1) 〈B1〉 (T) A2 (%) IS2 (mm s−1) 〈B2〉 (T)

300 49 −0.07 2.0 51 −0.03 17.6
83 49 −0.04 1.8 51 0.02 20.4

4.2 48 0.02 4.3 52 0.06 22.7

indicated with subscript 2 are shown in figure 4, while the spectral parameters are displayed in
table 2.

It should be mentioned that for T = 300 and 83 K the spectra could have been well
fitted with two HFDs whose field ranges were separated from each other. However, in order
to get a good fit for the spectrum measured at 4.2 K one has to allow overlapping of the two
field ranges. In other words, at 4.2 K a new field component has appeared between the two
HFDs. In order to better account for this effect, the 4.2 K spectrum was fitted with procedure
IIA, assuming a continuous HFD in the whole field range and a linear correlation between B
and IS. This procedure has resulted in a very good fit and the HDF obtained is presented in
figure 5. It is clear from this that in the gap between the low-field and the high-field peaks
seen in the HFD derived from the spectrum recorded at 83 K a new component has appeared.
As can be seen, the whole HFD histogram can be separated into five peaks whose spectral
parameters are displayed in table 3. The main difference between the two-HFD procedure and
the continuous HFD procedure is a decrease of the low-field component whose contribution
according to procedures I and II was equal to ∼50%. As follows from table 3, it decreased
to ∼30% and a new ∼15% component with 〈B〉 ≈ 9 T has appeared. The values of 〈B〉 for
peaks 1 and 2 may indicate that the underlying phases are not magnetic. Low values of 〈B〉 can
be alternatively accounted for by the quadrupole splitting. For this purpose, the spectra were
fitted with procedure III, i.e. assuming a superposition of two distributions: HFD and QSD
(distribution of quadrupole splitting), the latter responsible for the non-magnetic component.
The spectral parameters derived from procedure III are displayed in table 4, the HDF histograms
obtained presented in figure 4 as the bottom row and the QSD histograms in figure 6.
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Figure 6. QSD histograms as obtained from the spectra shown in figure 3 with procedure III for (a)
T = 300 K, (b) T = 83 K and (c) T = 4.2 K.

Table 3. Spectral parameters of five peaks in the HFD histogram shown in figure 5. The meanings
of the symbols are the same as in table 1.

Peak no A (%) IS (mm s−1) 〈B〉 (T)

1 18.5 −0.10 1.6
2 13 −0.095 3.3
3 14.5 −0.07 8.8
4 51.5 −0.015 22.7
5 2.5 0.005 34.4

Table 4. Spectral parameters derived from procedure III (HFD + QSD). 〈QS〉 refers to the average
quadrupole splitting. The meanings of other symbols are the same as in table 1.

QSD HFD

T (K) A (%) IS (mm s−1) 〈QS〉 (mm s−1) A (%) IS (mm s−1) 〈B1〉 (T)

300 44 −0.08 0.40 56 −0.03 16.4
83 49 −0.04 0.40 51 0.03 20.4

4.2 26 0.02 0.42 51 0.07 22.4
23 5.1

In all procedures a residual contribution (∼2%) identified as α-Fe was found.

3.2.2. Spectral parameters. Let us first discuss the results concerning the central sub-
spectrum. All three methods of spectrum analysis gave a similar amount, A, of this contribution
at 300 and 83 K. However, the A-value yielded by the first method—60%—is larger by ∼10%
than those evaluated from the other two procedures. This means that applying the former
probably results in an overestimation of the ‘paramagnetic’ fraction. Lowering T to 4.2 K has
resulted in a decrease of the ‘paramagnetic fraction’ by ∼10% according to the data in table 1,
by ∼15% according to the data in table 3 and by ∼25% according to the data in table 4. In
other words, it follows that at 4.2 K ∼ 25% to ∼50% of the sample remains in a non-magnetic
phase. A better agreement between all three methods exists as far as the isomer shift, IS, of
the ‘paramagnetic’ and magnetic phases is concerned. As follows from tables 1, 2 and 4, at RT
IS ranges between −0.085 and −0.07 mm s−1 for the ‘paramagnetic’ component and between
−0.05 and −0.03 mm s−1 for the magnetic one. Good agreement also holds for the values of
the average hyperfine field, 〈B〉.

The difference by a factor of ∼2 in A-values clearly shows that some results of spectral
analysis of the nano-crystalline Fe–Cr alloys significantly depend on the method used in the
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analysis of the spectra. As the results obtained with the last two procedures (II and III) are in
good agreement, we will neglect procedure I results in the following discussion, and assume
that at 4.2 K 25–35% of the sample is nonmagnetic or weakly magnetic (〈B〉 ≈ 2 T), i.e. 15–
25% has become magnetic below 83 K.

Let us first discuss the results obtained for the magnetic sub-spectrum, which seem to be
clearer. Their spectral parameters, i.e. IS and 〈B〉 values, are characteristic of the crystalline
Fe–Cr alloys obtained in a conventional way, i.e. by arc melting [14]. For such alloys monotonic
relationships between 〈B〉 and the alloy composition was found [15–17], so they can be used
here for the evaluation of the composition of this magnetic phase, usually associated with the
core of the nano-crystals. It should be added that according to [15] one uses 4.2 K 〈B〉-values,
while those recorded at RT are needed when using formulae from [16, 17]. So taking into
account the data from table 2 we arrive at xFe = 54, 43 and 55 using [15–17], respectively,
while using the data from table 4 yields correspondingly xFe = 44, 38 and 54. It should be
recalled here that xFe = 58 was found from the microprobe analysis as the Fe content of the
alloy. So the question of the magnetic sub-spectrum seems to be rather clear, although its exact
composition varies depending on the method used to its determination. What remains to be
solved is the nature of the non-magnetic or very weakly magnetic component (A ≈ 25–35%)
as well as that which became weakly magnetic on lowering T down to 4.2 K (A ≈ 15%).
Some insight into the issue can already be gained from the HFD histogram derived from the
4.2 K spectrum, which is shown in figure 5. Its structure is more complex than that found at
83 K. Namely, five peaks can be distinguished: number 5 at 34 T due to α-Fe (2%), number
4 at 22.7 T due to α-Fe–Cr (52%), number 3 at 8.8 T (15%), number 2 at 3.3 T (13%) and
number 1 at 1.6 T (18%). In order to identify peak number 3 we notice its feature, i.e. a broad
distribution ranging from 0 to 20 T with the average value of 〈B〉 = 8.8 T and its abundance
of 15%. The latter value together with the fact that the amount of the ‘paramagnetic’ phase has
decreased just by ∼15% while the magnetic phase remained constant allows the conclusion
that this peak represents the phase that has become magnetic due to the decrease of T from
83 to 4.2 K. Its magnetic features, i.e. the broad distribution and the 〈B〉-value, allow us to
associate it with crystalline Cr-rich Fe–Cr alloys [18, 19], and estimate the concentration of
Fe, xFe = 13–14 at.% [17]. Consequently, we think that we have found for the first time
experimental evidence for such a phase (Cr-rich α′) in MA Fe–Cr alloys. Its existence is, in fact,
a logical consequence of the phase-decomposition (de-mixing) process, which was sometimes
suggested to take place during MA of these alloys. However, in the literature the only argument
in favour of this phenomenon was an enhancement of 〈B〉 observed after crystallization [1, 7].
This effect was also observed in this study as described below.

The final unsolved question is related to peaks numbers 1 and 2 in figure 5. It seems
unlikely that they are magnetic, because the values of 〈B〉 ascribed to them hardly depend on T
between 300 and 4.2 K. Such a feature of a Mössbauer spectrum is rather characteristic of the
quadrupole splitting, QS, which, in this case, could be due to amorphous state. The existence
of such a state in MA Fe–Cr alloys, sometimes called disordered state, was already postulated
in several papers, and was usually associated with grain boundaries. In available literature,
there are some good arguments in favour of such an interpretation, like direct observation of
a quadrupole doublet on samples milled for long periods [1], existence of exothermic peaks
in DSC-curves [1, 7] and, partly, broadened XRD patterns. As will be demonstrated below,
all these signatures have also been found in our sample. As already discussed above, the
‘paramagnetic’ sub-spectrum observed at all T in this study could have been well accounted
for by the distribution of QS, which for the three spectra is shown in figure 6 as obtained with
procedure III. QS-values range between 0 and 1.0 mm s−1, which is typical of amorphous Fe-
based alloys [3, 7]. The two low-field peaks in the 4.2 K HFD shown in figure 5, i.e. number 1
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Figure 7. DSC trace of the studied sample milled for 100 h.

and number 2, may be well accounted for by two distributions of QS related to two amorphous
phases: one rich in Fe, another rich in Cr. The low values of the isomer shift ascribed to these
phases could also well fit to the fact that IS of the amorphous state is more negative than that for
crystalline state of similar composition [1]. Taking further into account that for Fe–Cr alloys
IS decreases with Cr content [11, 20], one can speculate that peak number 1 in figure 5 is due
to the Cr-rich amorphous phase and number 2 to the Fe-rich one.

3.3. DSC and SQUID

Both calorimetric and magnetic studies can contribute to our understanding of amorphous
phases as they have turned out to be useful tools in distinguishing between crystalline and
amorphous states. Differential scanning calorimetry (DSC) was used in the past to investigate
Fe–Cr alloys prepared by MA [3, 6]. In figure 7, a DSC curve recorded on our as-milled sample
in the temperature interval of 295 to 1070 K is given. One can see two exothermic narrow peaks,
one at TC1 ≈ 870 K and another, smaller, at TC2 ≈ 920 K, which can be associated with the
crystallization processes. The reaction enthalpy, �H , was estimated at −16 577 J kg−1 for the
first process and −2721 J kg−1 for the second one. In the DSC analysis of amorphous solids,
one amorphous phase can have more than one peak [21, 22]. Conversely, two amorphous
phases could have one DSC peak, so this two-peak structure observed in the present study does
not necessarily mean that we have two amorphous phases in our 100 h milled sample, one
rich in Fe, another rich in Cr, although it does not exclude such a possibility. In our opinion
it is quite likely that in the present case the amorphous phase consists of Fe-rich and Cr-rich
regions. A similar two-peak feature in the DSC curve was observed by Xia et al [1], but not
by Fnidiki et al [7], who recorded only one peak at about TC1. They also revealed that �H
was linearly correlated with the amount of paramagnetic phase. This behaviour, together with
the fact that TC ≈ TC1 and TC2, can be used to estimate the fraction of the paramagnetic phase
in our sample from our �H = −19 298 J kg−1. Doing so we arrive at ∼35%, a figure that is
within the 25%–35% range as estimated from our 4.2 K Mössbauer spectrum. A broad peak
which can be recognized in the DSC curve at T ≈ 720 K can be treated as a mixture of the heat
effect of grain growth and recovery of atomic disorder [23].

To see the effect of the process that takes place at TC1, a sample was annealed in vacuum at
873 K for 6 min. After such treatment, the sample was investigated with XRD, MS and SQUID
techniques.

The XRD pattern obtained after the annealing is shown in figure 1(b). It is characteristic of
the bcc structure. From the width of peaks, we have determined the mean crystalline size and



Investigation of a Cr42.2Fe57.8 alloy prepared by mechanical alloying 3273

Figure 8. (a) Mössbauer spectrum recorded at RT on the sample annealed at 873 K for 6 min, and
(b) the corresponding HFD histogram.

micro-strain to be 24.4 nm and 0.42%, respectively. Saturation magnetization as determined
with the SQUID magnetometer at 4.2 K was equivalent to 2.02 µB/atom Fe which agrees well
with the value of bulk alloys of corresponding composition [24]. This should be compared with
1.18 µB/atom obtained from the as-milled sample, a value characteristic of an amorphous state
and/or micro-crystalline alloys [25]. Figure 1(c) shows the pattern for the sample annealed at
873 K and then again at 923 K for 6 min. From the peak widths, the mean crystalline size and
strain are 23.5 nm and 0.30%, respectively.

Next, the Mössbauer spectrum was recorded on the annealed sample at RT. It can be seen
in figure 8 together with the corresponding HFD histogram. Its spectral parameters obtained are
〈B〉 = 23.2 T and 〈IS〉 = −0.04 mm s−1. The increase of 〈B〉 by 5–6 T with respect to the as-
milled sample, which corresponds to a 5–6% increase in Fe content, is another signature of the
phase-decomposition process that has taken place during MA. A small fraction (∼4%) of a low-
field component with 〈B〉 ≈ 3 T and 〈IS〉 = −0.12 mm s−1 can be seen. It may be related to
the second Cr-rich amorphous phase (TC2 peak in the DSC curve in figure 7). This supposition
seems to be correct in the light of the Mössbauer spectrum recorded at RT on a homogenized
sample of crystalline Cr40Fe60 alloy—see figure 9(a)—and the related HFD histogram—see
figure 9(b). The latter is free of the low-field component. Finally, the sample annealed at 873 K
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Figure 9. (a) Mössbauer spectrum recorded at RT on a crystalline homogeneous sample of Cr40Fe60
alloy, and (b) the corresponding HFD histogram.

was again annealed at TC2 = 923 K for 6 min, and an RT Mössbauer spectrum was recorded
on it—see figure 10(a). The corresponding HFD histogram is presented in figure 10(b). Its
spectral parameters remained unchanged in comparison with those presented in figure 8(b),
except for the amount of the small-field component, whose contribution increased by ∼2%.
Such an increase can be due either to uncertainty in the spectrum evaluation caused by a small
change of the spectral parameters of the paramagnetic component due to crystallization of the
amorphous Cr-rich phase or, which is also possible, to the precipitation of a small fraction of
the σ phase. However, the XRD pattern recorded after the second annealing—see figure 1(c)—
does not show any trace of this phase.

4. Conclusions

Investigation of a Cr42.2Fe57.8 alloy prepared by MA in argon atmosphere over 100 h with the
use of MS, XRD, DSC and SQUID permits us to draw the following conclusions.

(1) The as-milled sample has a nano-crystalline structure.
(2) The as-milled sample is magnetically, structurally and chemically heterogeneous.

(a) Between 83 K and RT, ∼50% is magnetic (α-Fe–Cr) and ∼50% non-magnetic.
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Figure 10. (a) Mössbauer spectrum recorded at RT on the sample annealed at 923 K for 6 min, and
(b) the corresponding HFD histogram.

(b) At 4.2 K, ∼65% is magnetic—the ∼15% increase due to α′ phase containing 13–
14 at.% Fe, and ∼35% is non-magnetic.

(c) The non-magnetic phase (∼35%) is amorphous and probably consists of Fe-rich and
Cr-rich components which crystallize at ∼870 K and ∼920 K, respectively.

(3) After annealing for 6 min at 873 K, the sample became crystalline with the average size of
grains equal to 24.4 nm.

(4) After annealing at 873 K, the magnetic moment increased from 1.18 µB/Fe atom
to 2.02 µB/Fe atom and the average hyperfine field from 17.6 to 23.2 T. The latter
corresponds to Fe enrichment by 5–6%.

(5) Annealing at 923 K for 6 min did not practically affect the spectral parameters.
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