
Hyperfine Interact (2008) 183:67–73
DOI 10.1007/s10751-008-9760-3

Evolution of a FeV sigma phase ball-milled
in a mixture of argon and air

B. F. O. Costa · G. Le Caër · B. Malaman

Published online: 28 October 2008
© Springer Science + Business Media B.V. 2008

Abstract A coarse-grained sigma phase Fe48.1V51.9 was ground in argon in a vi-
bratory mill in the presence of a small but steady air supply. The oxygen content
increases regularly at a rate of about 0.25 at.%/h. During the first 140 h of milling,
the sigma phase transforms into a heterogeneous bcc alpha phase because of a pref-
erential oxidation of the sole vanadium atoms into V2O3. At that milling time, the
average composition of the remaining bcc alloy is ∼Fe80V20. Mössbauer spectroscopy
shows too the presence of an amorphous phase. For longer milling times, ternary
Fe–V–O spinel phases do form.
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1 Introduction

According to the Fe–V equilibrium phase diagram, a disordered b.c.c. solid solution
(α phase) is formed over an entire and broad composition range at high temperature
which is interrupted at temperatures below 1,525 K by a tetragonal σ phase field
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Fig. 1 X-ray diffraction patterns of a σ -FeV powder milled for the indicated periods

for near equiatomic compositions [1, 2]. Owing to the slow kinetics of the α!σ
transformation, the formation of the σ -phase can be bypassed kinetically and a
disordered bcc phase, A2, can be obtained at low temperatures by rapid cooling.

Mechanical alloying [3–5] of mixtures of elemental powders of Fe and V and grind-
ing of as-prepared Fe–V alloys were investigated by various authors [6–14]. Milling
of blends of elemental powders in a conventional ball mill, in argon atmosphere,
resulted in the formation of a bcc phase even in concentrated alloys for which the
stable phase at 300 K is the σ phase. Amorphous FeV alloys or admixtures of bcc
and amorphous phases were instead reported to form by mechanical alloying of
equiatomic FeV blends in nitrogen. Although clean co-evaporated Fe–V thin films
are amorphous and paramagnetic down to 4 K when the V content ranges between
0.45 and 0.55 [15], the formation of amorphous phases by milling is clearly favored
by the presence of oxygen. This might explain why different phases are reported to
occur according to the milling conditions. Ziller [16] investigated the mechanically
alloying in a planetary high-energy ball-mill of Fe0.50V0.50 and Fe0.35V0.65 mixtures of
elemental Fe and V powders in argon and in conditions described too in [14]. When
the V powders were stored in air without care, the milled powders were found to
be predominantly amorphous. The neutron patterns, characteristics of amorphous
phases [16], show broad haloes whose amplitudes and positions are reminiscent
of the pattern of the sigma phase (Fig. 1) with its three main bunches of peaks.
For prolonged milling, the amorphous phase was observed to crystallize and an
oxide was observed to form. It was tentatively attributed to “VO”, possibly off-
stoichiometric. The oxygen contents of such ground powders (∼3 wt.%) were found
to be significantly higher than those of ground alloys containing a small fraction
of amorphous phase. The σ -FeV phase transforms into a α phase when ground in
vacuum and in argon [3, 11].
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To better understand the role of residual gases on the stability of a near-
equiatomic σ -FeV under ball-milling, we ground the latter phase firstly in argon in
the presence of a steady air supply and secondly in vacuum (to be published), using
X-ray diffraction and 57Fe Mössbauer spectroscopy as the main characterization
techniques of the structural evolution. The steady increase of the oxygen content is
further a way to follow the effect of a preferential oxidation of one of the constitutive
element of a ground binary compound which competes with the transformations
which occur usually in the absence of air. The present paper reports then on the
influence of oxygen on the phase changes with milling time tm, essentially up to
tm = 140 h.

2 Experimental

The starting Fe48.1V51.9 at.% alloy was prepared by melting together, in argon,
appropriate amounts of Fe (>99.9% purity) and V (99.7% purity) in an induction
furnace. The composition is close to that studied by Bakker et al. [3]. The sigma
phase was formed by annealing the as-cast bcc alloy in vacuum at 1,000˚C for 100 h.
The brittle sigma phase was finally powdered, with a pestle in an agate mortar, into
particles of about 90 μm. A mass of about 5 g of σ -FeV was then ball-milled in
accumulated milling times in a Fritsch P0 mill at its maximum amplitude of vibration
(3 in scale). The mill consists of a hardened steel vial with a hardened steel ball whose
diameter is 5 cm and whose mass is 500 g. The vial cover was home made to permit
an easy filling of the vial with argon. Air penetrated steadily in the vial through a
small hole of a diameter of 90 ± 10 μm.

X-ray diffraction (XRD) was carried out at room-temperature (RT) using Cu Kα

radiation (λ = 0.15406 nm). The mean crystallite size and the mean microstrain were
obtained from the widths of the XRD peaks using the Williamson–Hall method [17].

57Fe Mössbauer spectra were recorded at RT in a transmission geometry using
a standard constant acceleration spectrometer. A 57Co source in Rh matrix with
a strength of ≈25 mCi was used. The spectra were analysed by a constrained
Hesse–Rübartsch method [18], which yields a hyperfine magnetic field distribution
(HMFD), P(B), where P(B)dB represents the fraction of Fe atoms whose field is
between B and B+dB. The average of any parameter Y(B) will be denoted as <Y>.
Lorentzian line-shapes were employed in this procedure. The 57Fe isomer shifts are
given with respect to α-Fe at RT.

3 Results and discussion

Compositions of Fe48.1V51.9, Fe49.5 V50.5, Fe51.2 V48.8 and Fe52.3 V47.7 at.%, expressed
here for the sole metal elements, were determined by microprobe analysis for the
starting alloy and for alloys milled for 60, 140 and 200 h, respectively. The sample
milled for 140 h is denoted bm140 hereafter. The oxygen contents of these milled
samples are 16.8, 35.4 and 50.5 at.%, respectively, while the nitrogen contents are
0.62, 0.51 and 0.22 at.%, respectively. The oxygen content increases regularly at a
rate of about 0.25 at.%/h. The nitrogen contents remain small when compared with
the oxygen contents. No trace of argon was detected in the milled samples.
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Fig. 2 RT 57 Fe Mössbauer
spectra of a σ -FeV powder
milled for different periods
and the associated HFMD’s:
a starting sigma phase; b 15 h;
c 30 h; d 60 h; e 80 h; f 100 h;
g 120 h; h 140 h
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Fig. 3 Thinned RT 57 Fe
Mössbauer spectra [20] of a
σ -FeV powder milled for 140 h
in a mixture of argon and air
(solid line-empty circles) and of
a p-Fe50V50 elemental powder
mixture milled for 4 h in argon
in a Fritsch planetary ball-mill
[16] (solid line-crosses)

Figure 1 shows the X-ray diffraction patterns of the starting σ -FeV milled for
different periods. After 5 h of milling, the X-ray diffraction peaks broaden as a
consequence of a refinement of crystallite sizes and of strain.

After 15 h of milling, new peaks ascribed to the bcc alpha phase appear. For
milling up to 140 h (Fig. 1), the samples remain essentially bcc with broadened peaks.
For prolonged milling, from 160 to 200 h, new diffraction lines appear, they are due to
bcc Fe–V, fcc Fe–V alloys and to ternary oxide phases. The oxide peaks are attributed
to V2O3 with a corundum type structure and to a defective Fe1−yV2(1−y)W3yO4 spinel
with Fe2+ and V5+cations and with vacancies on both sites.

The average grain size of the bcc phase decreases from ∼9 nm after 20 h of milling
to ∼5 nm after 100 h and remains constant for longer milling times. The microstrain
has a typical value of ∼2.5%. The RT lattice parameters of bcc Fe, of disordered
bcc FeV and of bcc V are reported to be a(bcc) = 0.28665, 0.2906 and 0.30271 nm
respectively [1, 2, 19]. The lattice parameter a(bcc) decreases regularly up to
tm = 140 h down to 0.2884(4) nm while it increases for milling times longer than
160 h. From the concentration dependence of the lattice parameter of the disordered
bcc phase [19], the bcc alloy milled for tm = 140 h is concluded to be Fe82±4V18±4.

Figure 2 shows RT 57Fe Mössbauer spectra and hyperfine magnetic field distrib-
utions for samples milled up to 140 h. The starting sigma phase is paramagnetic at
RT with an average isomer shift <IS>= −0.20 mm/s. Between ∼30 and 120 h of
milling, a magnetic component shows a narrow peak at a field which is identical
with or close to the field of α-Fe at RT and a broad band from ∼10 to ∼30 T
(Fig. 2). Figure 3 compares the bm140 spectrum with that of an elemental powder
mixture Fe50V50, denoted p-Fe50V50, milled for 4 h in a Fritsch P7 planetary ball-
mill [13, 14, 16]. For an easier comparison, both are ‘thinned’ with the method of
deconvolution of a Lorentzian line (full-width at half-maximum Γ = 0.22 mm/s)
described in Section 7.2 of [20] and plotted upwards for that reason. Rather flat
and essentially featureless broad bands are observed between the sharp external,
intermediate and internal ‘α-Fe’ peaks of the p-Fe50V50 spectrum. Arrows (Fig. 3)
are plotted to draw the attention to the main differences between the two sharpened
spectra. The left arrow emphasizes the fact that the peak due to Fe atoms which have
a V atom as a nearest-neighbour is much clearer for the bm140 spectrum than for the
p-Fe50V50 spectrum. A rather well-defined Fe-rich Fe–V solid solution is then formed
in the bm140 sample. Simultaneously, the right arrow emphasizes the existence of
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components with rather low hyperfine fields in the bm140 spectrum that are not seen
in the p-Fe50V50 spectrum (the small doublet discussed below does not contribute
to the absorption in that velocity range). They are due to concentrated FeV bcc
alloys. The mean V content in bm140 is calculated from the average hyperfine field
<B(140 h)> = 26.2 T to be 21 ± 2 from the literature values [21–23]. It is in good
agreement with that, 18 ± 4, deduced from X-ray diffraction patterns. Knowing the
alloy compositions from chemical analyses and assuming the formation of V2O3

allows us to calculate the average content as a function of milling time. The average
V content of the bm140 sample is found to be 20 ± 2, a value consistent with the two
previous values. Details shall be given elsewhere.

The central parts of the spectra (Fig. 2), which are due to non-magnetic phases
at RT, evolve with milling time. The mean isomer shift <IS>c changes with milling
time, with a plateau at <IS>c= −0.18 mm/s from 15 h of milling to 80 h of milling.
Then, <IS>c increases up to −0.039 mm/s for 140 h of milling while the associated
area percentage is 18%. The central component at tm = 140 h is no longer due to
the sigma phase but to a non-magnetic amorphous phase whose shift agrees with
that of co-evaporated near-equiatomic Fe–V amorphous alloys [14]. In addition, the
bm140 spectrum (Fig. 2) shows the emergence a broad doublet due to Fe2+, with a
quadrupole splitting QS = 0.96 mm/s, an isomer shift IS = 1.30 mm/s and a full width
at half maximum Γ = 0.83 mm/s.

4 Conclusion

The evolution of the FeV sigma phase ball-milled in the presence of air may be
sketched as follows. Vanadium atoms react preferentially with oxygen during milling
to form a nanostructured vanadium oxide, V2O3. Its nanocrystallinity explains
why it is not observed on diffraction patterns. The bcc alloy around these oxide
particles (or oxide films at grain boundaries for instance) is locally depleted in
vanadium. Therefore, the bcc phase becomes globally heterogeneous as reflected
by the observed HMFD’s. Notable is the fact that Fe atoms begin to form ternary
oxides, after about 140 h of milling. These results can be understood in the light of a
mechanism which is discussed elsewhere (in preparation), based on oxygen-vacancy
pairs, put forward recently to account for the ultrahigh stability of oxide nanoclusters
in ODS Fe-based alloys processed by ball-milling [24].

Part of the concentrated bcc Fe-V alloy transforms into an amorphous phase as
observed when milling the sigma phase in the absence of air. These preferential
oxidation reactions, which compete with the usual phase transformations which
take place in the absence of oxygen, occur at moderate temperatures in the mild
conditions of milling of the vibratory mill used in the present work.
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