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R J Cooper†, N Randrianantoandro‡, N Cowlam†‡ and J-M Greneche‡
† Department of Physics, University of Sheffield, Sheffield S3 7RH, UK
‡ Laboratoire de Physique de l’Etat Condensé, URA CNRS 807, Université du Maine, 72017
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Abstract. The solid state ‘amorphization’ reaction produced by the mechanical alloying (MA)
of samples of the eutectic alloy Fe58Ta42 has been studied using x-ray and neutron diffraction
and57Fe Mössbauer spectrometry. The consumption of the parent elements as a function of time
of MA treatment has been derived from the reduction in intensity of their Bragg peaks in the
diffraction patterns. The change of volume fraction of the parentα-iron phase with increasing
time of MA treatment has been determined from the reduction in intensity of the sextet in the
Mössbauer spectra. The diffraction data and spectrometry data are in goodoverall agreement
and both show that the reaction is very rapid in this eutectic alloy and that the parent iron
and tantalum powders are transformed into an amorphous phase after only 6 h MA treatment
in a conventional Spex 8000 high-energy ball mill. Indetail, the consumptions of the parent
elements derived from the two kinds of measurement are slightly different. This is possibly
because the diffraction data represent an average over the whole sample while the Mössbauer
spectrometry data are site specific.

1. Introduction

Transition metal–refractory metal (TM–RM) alloys form an interesting class of materials
which have the potential for exhibiting useful magnetic properties combined with
considerable physical hardness. Alloys of the type including Ni–Ta [1], Fe–W [2], Rh–
Ta and Nd–Ir [3], in which the constituents have rather similar atomic sizes are known to
glass form over a narrow composition range close to the equiatomic value. However,
they have high melting points, which make their molten alloys difficult to contain in
conventional quartz crucibles. This problem is not encountered in the preparation of
amorphous TM–RM alloys by sputtering [4] or by solid state reactions [5–7]. We have
recently begun a systematic investigation of the formation and properties of TM–RM
amorphous alloys produced by MA treatments using a Spex 8000 high-energy ball mill,
concentrating on studies of the crystalline-to-amorphous transition by diffraction [8] and
Mössbauer spectrometry measurements. The preliminary results on the production of
eutectic Fe58Ta42 amorphous alloys which are presented in this letter, demonstrate that
the reaction is very rapid.

2. Sample preparation and experimental methods

Iron and tantalum powders of 3N purity, supplied by Aldrich Chemical Company, were
mixed in the atomic concentration Fe58Ta42, which corresponds to a high-temperature
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Figure 1. The x-ray diffraction patterns for the Fe58Ta42 alloys MA treated for 0 (parent), 1, 2,
3, 4, 6 and 8 h obtained with molybdenum Kα radiation as a function of scattering angle 2θ .

(≈1550◦C) eutectic point in the phase diagram. The samples were subjected to MA
treatments of 0 (parent), 1, 2, 3, 4, 6, 8, 10, 16 and 24 h using a Spex 8000 mixer–
mill, which works with a constant and fixed intensity of milling. A tool steel vial, two
12 mm steel balls and a standard charge of 6 g powder were used and the MA was
performed under argon to prevent oxidation. X-ray diffraction experiments were performed
using a Philips PW1050 vertical diffractometer with a graphite CCM and molybdenum
radiation,λ = 0.711Å. The samples were measured over scattering angles 7◦ 6 2θ 6 70◦.
Neutron diffraction measurements were made on the LAD instrument at the ISIS, DRAL,
Chilton. The specimens were measured in thin-walled vanadium tubes and background and
normalization scans were also performed. The Mössbauer spectrometry measurements were
performed in transmission geometry at liquid nitrogen temperature (77 K) using a constant-
acceleration-signal spectrometer with a57Co source diffused into a rhodium matrix. The
sample consisted of a mixture of the MA treated powder and BN powder enclosed within
a thin capsule 20 mm in diameter.

The x-ray diffraction patterns for a series of the Fe58Ta42 samples are shown in figure 1.
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Figure 2. The neutron diffraction patterns for the Fe58Ta42 alloys MA treated for 0 (parent), 1,
2, 3, 4, 6, 16 and 24 h obtained with the LAD instrument at the ISIS source as a function of
scattering vectorQ.

The patterns for the samples with short times of MA treatment exhibit well defined Bragg
peaks from the b.c.c. iron and b.c.c. tantalum which are identified at the top of the figure. The
visibility of each phase present in the sample is proportional to its total scattering,Ni〈φ2

i 〉,
whereNi is the number of atoms in the phasei and〈φi〉 is the average scattering amplitude,
which is taken to be the atomic scattering factorf (Q) for x-rays (the atomic numberZ
in the limit of forward scattering) or, alternatively, the nuclear scattering amplitudeb for
neutrons. Therelativevisibility of the iron and the tantalum in anequiatomicparent sample
is approximated by the ratio

R = (f (Q)T a/f (Q)Fe)2 ≈ (ZT a/ZFe)2

R = (73/26)2 = 7.88/1

in favour of tantalum, with x-rays. The corresponding ratio for neutrons is,

R = (bFe/bT a)2 ≈ (0.95/0.69)2

R = 1.89/1
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Figure 3. The 57Co Mössbauer spectra measured at 77 K for the Fe58Ta42 alloys MA treated
for 1, 3, 4, 6, 10 and 16 h. Note that the latter three spectra are plotted over a smaller range of
source velocity.

in favour of iron. The neutron diffraction patterns for a series of the Fe58Ta42 samples
are shown in figure 2. Figures 1 and 2 show that the Bragg peaks from the parent phases
broaden and decrease in intensity as the time of MA treatment increases and this can be
followed easily for MA times of up to 4 h. A broad, diffuse intensity distribution emerges
for longer times of MA treatment and this is indicative of the growing amorphous alloy
phase. It is interesting to note that the small (110) peak in the diffraction patterns of the
samples MA treated for 6 and 8 h shows that it is the iron which is consumed last in this
reaction. The diffraction pattern for the 24 h treated specimens in figure 2 is, in fact, quite
characteristic of themetallic glassstate. The derivation of the structure factorS(Q) and
the reduced radial distribution functionG(r) of this amorphous alloy has been given in full
elsewhere [9].

Examples of the transmission M̈ossbauer spectra measured at 77 K for the Fe58Ta42

samples are shown in figure 3. At least two components can be identified in these
spectra, a magnetic sextet and a quadrupolar doublet. The spectra show that as the time
of MA treatment increases, the magnetic sextet disappears progressively in favour of the
quadrupolar doublet and this indicates that the parentα-Fe is being consumed to form an
Fe–Ta alloy phase.
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Figure 4. The consumption of the phases in the MA treated Fe58Ta42 alloys: top, the
consumption of the parent phases from the diffraction data (�, tantalum;•, iron); bottom,
the consumption of theα-Fe fraction from the M̈ossbauer data.

3. Data analysis

3.1. Neutron and x-ray diffraction

The intensity of each Bragg peak in a diffraction pattern was fitted with a pseudo-Voigt
function (see e.g. [10]) and the intensities obtained were summed (6I ) to the same value
of Q for each phase. The intensities were normalized to the sample weight and to the
diffraction pattern of the parent alloy, to allow a proper comparison to be made. The
results from the neutron diffraction patterns are shown in figure 4. In the early stages of
the reaction, the iron appears to be consumed at a faster rate than the tantalum but this
is reversed after 3 h MA treatment. Similar data were obtained from the x-ray diffraction
patterns although the need for corrections for absorption and self-shielding may be greater
in this case. For example, the linear absorption coefficient for an equiatomic FeTa sample
is µx = 938 cm−1 for x-rays and onlyµx = 0.41 cm−1 for neutrons. This means that a
neutron beam passing through 3 cm of an FeTa sample and an x-ray beam passing through
only 14µm are attenuated by a similar amount (I/I0 ≈ 30%).

The summed Bragg peak intensities (6I ) shown in figure 4 (top) appear to fall
exponentially with time of MA treatment, so the consumption of the parent materials in



1430 R J Cooper et al

the reaction can be described by an equation of the form used by us in the past [11],

6I (t) = 6I (0) exp(−t/τ )
whereτ is the time constant of the consumption. For the x-ray data of figure 1, a graph
of ln(6I (t)/6I (0)) againstt for the Bragg peaks from tantalum gave a good straight line
whose slope gaveτT a = 3.0 h, but the less intense Bragg peaks of theα-Fe allowed only
an estimateτFe ≈ 2.6 h to be made. Analysis of the neutron data of figures 2 and 4 gave a
good straight line in ln(6I (t)/6I (0)) againstt for iron and a reliable valueτFe = 4.0 h.
A value τT a = 3.0 h was obtained for tantalum corresponding to times of MA treatment
greater than 3 h and this is similar to theτT a value from the x-ray data. Note that the speed
of reaction in this eutectic Fe58Ta42 alloy is very much greater than that in Fe80Ta20 alloys
MA treated in a similar Spex 8000 mill at room temperature and 473 K [6].

3.2. Mössbauer spectrometry

The Mössbauer spectra were analysed using a conventional least-squares refinement method
to obtain the best fit to the spectrum from a combination of sextet and doublet signals, whose
Mössbauer parameters were given as input data. The fitted spectra and their components are
shown in figure 3, which allows the evolution of the phases in the reaction to be followed.
The Mössbauer spectra for samples MA treated forless than 6 h consist of a magnetic
sextet superimposed on an asymmetric quadrupolar doublet. These can be unambiguously
attributed to the parentα-iron phase and the emerging Fe–Ta alloy phase respectively. The
relative amount of the iron sites and the phases associated with them are proportional to the
relative area under the peaks of each component of the Mössbauer spectrum. Thus if the
α-Fe and the Fe–Ta alloy phases both have the same value of recoil-free fraction (f -factor),
then the relative amount ofα-Fe can be determined as a function of time of MA treatment
as shown in figure 4 (bottom). This curve is much rounder in outline than those in figure 4
(top).

A more detailed analysis of the M̈ossbauer spectra has revealed that when the time
of MA treatment increases, the spectral lines become slightly broadened. This can be
accounted for by using a distribution of hyperfine fields for those samples MA treated for
less than 6 h. The hyperfine field distributions obtained consist of a narrow peak centred
around 33.9 T, which corresponds to the usual value for b.c.c.α-Fe at 77 K. Thus for these
short times of MA treatment most of the iron nuclei which are in a magnetic environment
must belong to the b.c.c.α-Fe phase. These hyperfine field distributions do not provide
any direct evidence of interface regions between the elemental constituents in this particular
solid state reaction.

The Mössbauer spectra for the specimens MA treated formorethan 6 h exhibit a single
asymmetricparamagnetic doublet which is consistent with those observed previously in
the Mössbauer spectra of MA amorphous FexTa1−x alloys [6] and of amorphous FexTa1−x
alloys produced by sputtering [4]. The asymmetry of this doublet is best represented by
fitting it with two quadrupolar doublets, rather than broad and non-Lorentzian lineshapes,
which might be expected for a structurally disordered material. However, it is worth noting
that two of the most successful structural models for metallic glasses based on relaxed hard-
sphere assemblies [12, 13] both predict that 90% of the local environments can be described
in terms of justtwo polyhedra, namely distorted tetrahedra and distorted octahedra.

The values of the hyperfine parameters, i.e. the linewidth at half height (0/2), the
quadrupolar splitting (Q.S.), the quadrupolar shift (2ε) and the mean hyperfine field〈Hf 〉,
for all of the components of the M̈ossbauer spectra are listed in table 1. The values of
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Table 1. The values of hyperfine parameters for the components in the Mössbauer spectra,
recorded at liquid nitrogen temperature (77 K), of the MA treated Fe58Ta42 alloys. The isomer
shift (I.S.) values are given relative toα-Fe at 300 K,0/2 is the linewidth at half height, Q.S.
is the quadrupolar splitting, 2ε is the quadrupolar shift and〈Hf 〉 is the hyperfine field.

Time of MA Component I.S. 0/2 2ε/Q.S. 〈Hf 〉
(h) of spectra (mm s−1) (mm s−1) (mm s−1) (T) %

1 magnetic sextet 0.10 0.13 0.00 33.8 94.6
quadrupolar doublet 1 0.01 0.13 0.28 0.0 5.4

2 magnetic sextet 0.11 0.13 0.01 33.9 85
quadrupolar doublet 1 −0.02 0.16 0.28 0.0 9
quadrupolar doublet 2 −0.02 0.16 0.78 0.0 6

3 magnetic sextet 0.11 0.15 0.01 33.8 64.0
quadrupolar doublet 1 −0.05 0.16 0.27 0.0 20.4
quadrupolar doublet 2 −0.00 0.16 0.71 0.0 15.6

4 magnetic sextet 0.09 0.16 0.00 33.8 27.7
quadrupolar doublet 1 −0.07 0.16 0.27 0.0 45.4
quadrupolar doublet 2 −0.05 0.16 0.69 0.0 26.9

6 quadrupolar doublet 1 −0.07 0.16 0.27 0.0 62
quadrupolar doublet 2 −0.04 0.16 0.61 0.0 38

8 quadrupolar doublet 1 −0.06 0.16 0.28 0.0 63.6
quadrupolar doublet 2 −0.01 0.16 0.66 0.0 36.4

10 quadrupolar doublet 1 −0.07 0.16 0.28 0.0 62.8
quadrupolar doublet 2 −0.02 0.16 0.62 0.0 37.1

16 quadrupolar doublet 1 −0.06 0.16 0.28 0.0 64.8
quadrupolar doublet 2 −0.01 0.16 0.66 0.0 35.2

the hyperfine parameters, foroneof these components (doublet 1 in the table) are not very
different from those of the crystalline intermetallic compound Fe2Ta measured at 77 K,
e.g. I.S.= −0.13 mm s−1, 0/2 = 0.13 mm s−1 and Q.S.= 0.30 mm s−1. However, the
(negative) values of the isomer shifts for both of the paramagnetic doublets (1 and 2) are
larger than the value for the crystalline Fe2Ta phase. The value of the isomer shift relates
to the s-electron density at the57Fe nuclei and these values for the paramagnetic phases
suggest a decrease in the electron density, which is consistent with an increase in the volume
associated with the iron atoms. This may be attributed to either an increase of the average
Fe–Ta distance, consistent with a greater free volume in the fully transformed FeTa phase,
or, alternatively, a difference in the local structural environment, which might be b.c.c. or
f.c.c.-like in the MA FeTa phase and is h.c.p. in Fe2Ta [14, 15]. One may note that a similar
dependence of I.S. on particle size has been observed in BaTiO3 perovskites [16].

4. Conclusions

The x-ray and neutron diffraction measurements and Mössbauer spectrometry of MA treated
Fe58Ta42 alloys are in good agreement and have shown that the solid state reaction is
extremely rapid. The parent elements are consumed after just 6 h treatment in a conventional
Spex 8000 mill. Three other conclusions arise from the present study.

The Mössbauer measurements do not give any clear evidence for the presence of an
intermediate phase or interfacial zones in the reaction. The presence of these zones in
MA treated Fe58Ta42 (M = Si, V, W, Sn) alloys has been suggested by an analysis of the
characteristic hyperfine field distributions observed in Mössbauer spectrometry [7] and also
from T.E.M. measurements on Ni50Zr50 alloys [17]. In addition, it is clear that neither of
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the two components of the asymmetric doublet in the Mössbauer spectra of the samples
mechanically alloyed for more than 6 h can be associated with interfacial zones. First, the
same kind of asymmetric doublet is seen in the Mössbauer spectra of sputtered FexTa1−x
alloys [4], which do not have interfaces of the kind which exist in MA samples. Second, our
high-resolution study of the structure of fully transformed Fe58Ta42 alloy (MA 24 h) made
by pulsed neutron scattering shows unequivocally that this sample is completely amorphous
[9]. It is possible, therefore, that the absence of intermediate phases or interfacial zones is
connected with the high speed of the reaction in these Fe–Ta alloys.

The diffraction data of figure 4 (top) and the Mössbauer data of figure 4 (bottom)
provide slightly different views of the consumption of the constituents in the reaction. The
diffraction measurements represent an average over the whole sample and are not particularly
sensitive to the presence ofsmall volume elements. These are found in the fine lamellar
composites which characterize the early stages of MA treatment [11, 18]. It is possible
that as the lamellae become finer and more dispersed they are less easily detected by the
diffraction measurements. On the other hand, the Mössbauer spectrometry is a site specific
technique, so that, providing the iron atoms retain their immediate neighbour environment,
the signal fromall of the iron atoms will be recorded and this is independent of whether
they are situated within a fine lamellae or in the bulk of a powder grain. This explanation
is consistent with the fact that the main differences between the top and bottom parts of
figure 4 correspond to short times of MA treatment 1 h< t < 3 h, when the lamella
composites are known to be most strongly developed [11, 18].

The narrow line widths obtained from the Mössbauer data on the samples MA treated for
more than 6 h, the presence of just two paramagnetic doublets and the similarities between
their hyperfine parameters and those of the Fe2Ta intermetallic compound obviously raise
questions about the structural identity of the fully transformed samples. However, recent
differential thermal analysis (DTA) measurements on these Fe58Ta42 specimens [19] have
provided clear evidence of a crystallization peak, confirming their amorphous state. This is
also supported by our analysis of the structural data on the 24 h MA sample referred to above
[9]. We believe that these two observations exclude the possibility that the end-product of
the reaction is micro-crystalline.

The neutron experiments have been made within the EPSRC Neutron Beam Programme and
the help of the staff at ISIS source is gratefully acknowledged. RJC has held an EPSRC
studentship during the course of this work and NC would like to acknowledge the hospitality
of the Facult́e des Sciences, Université du Maine.
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