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Preparation of amorphous Fe-Zr alloys by
mechanical alloying and melt spinning methods

Part 1

A structural comparison
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Amorphous iron-zirconium alloys have been obtained by mechanical alloying (MA) starting
from either pure elemental powders or from intermetallic compounds. X-ray diffraction was
used in monitoring the amorphization process. Differences in the amorphization kinetics have
been detected for the two different starting situations. The possibility of obtaining totally
amorphous samples when starting from intermetallic compounds has been discussed. Amorph-
ous iron-zirconium ribbons were also obtained by the classical melt-spinning (MS) method. A
detailed structural comparison of the radial distribution functions led to the conclusion that
the arrangement of the first neighbours is indistinguishable in the amorphous samples

prepared by MA and MS methods.

1. Introduction

Mechanical alloying (MA) is a high-energy ball-milling
technique known from the seventies and successfully
exploited in industrial powder metallurgy to produce
dispersion-hardened superalloys [1, 2]. Later it was
observed that the method could be used to produce
amorphous alloys starting from elemental powders
[3]. Since then, amorphous alloy preparation by MA
has been a subject of increasing interest in the litera-
ture [4, 5], due to the fact that both scientific and
technological [6] aspects are joined in this preparative
method.

In the mechanisms of the amorphization process,
several arguments have been pointed out. In a careful
study of the Ni~Ti system, Schwarz er al. [7] indicate
that the process proceeds via the formation of elemental
layers of the starting powders, accompanied by a solid
state interdiffusion reaction. Two main requirements
should be fulfilled: (a) large negative enthalpy of
mixing of the alloying elements, and (b) anomalous
fast diffusion of one element into the other. On the
other hand, Thompson and Politis [8] were able to
prepare Ti-Pd amorphous alloys and no fast diffusion
of one component into the other exists. In fact, the
debate is open and any contribution may be of help in
elucidating the basic features of the amorphization
process.

Concerning structural aspects, very little has been
done. Enzo et al. [5] have examined amorphous
mechanically alloyed Nig-Tis, by radial distribution
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analysis (X-ray and extended X-ray absorption fine
structure, EXAFS). Systematic structural investi-
gations are lacking; above all, comparison of samples
of the same composition prepared by the classical
melt-spinning (MS) method and MA are practically
absent.

The iron-zirconium system has been largely inves-
tigated, probably for its technological aspects, when
prepared by the MS method (see e.g. [9-11]). Recently,
a good deal of work has also been done on samples
prepared via MA starting from pure elemental pow-
ders [12-15].

In this paper we present results on amorphous iron-
zirconium alloys obtained by MA either from pure
clemental powders and from commercial alloys of the
same composition containing intermetallic com-
pounds. Structural information has been inferred
through radial distribution functions and detailed
structural comparison between melt-spun ribbons and
mechanically alloyed powders has also been carried

‘out.

2. Experimental procedure

2.1. Sample preparation and analysis

For MA samples, pure iron {99.999%) and zirconium
(99.9%) (iron from Carlo Erba; zirconium from
Ventron GmbH; particle size 5 to 40 um) were mixed
to the average compositions FeZr, and Fe,Zr. Com-
mercial crystalline alloy of FeZr, composition, pro-
duced by Saes-Getters company, was used as starting
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materiais for both the MS and MA preparative
methods. The Saes-Getters alloy (hereafter saes) was
prepared by melting the components in an induction
furnace under vacuum (10 *mbar) and then trans-
ferred, in vacuum, to a mould. Room temperature was
reached by following thermal inertia. The ingot was
comminuted by milling for about 1 h. Saes powder of
~ 100 mesh was sieved for MA while grains from 1 to
5mm were chosen for MS. The oxygen content was
checked in all starting materials by standard LECO
RO-17 equipment and never exceeded 1%.

The MA process was carried out in a conventional
planetary ball mill (Fritsch “Pulverisette’) using cyl-
indrical tempered steel vials provided with a stop cock
and a ball-to-powder weight ratio of approximately
10: 1. To avoid oxidation, the vial was sealed under
pure argon containing less than 1p.p.m. oxygen.
Several trials were performed in order to optimize the
milling procedure. Milling for | h consisted of four
intervals of 15min each followed by 30min rest to
avoid excessive warming of the vials. The vials were
opened from time to time for X-ray monitoring. Care
was taken in order to remove homogeneous samples.
The typical orange skin around the balls, indicative of
multilayer formation, was observed during the early
milling stages.

Melt-spun ribbons were prepared under vacuum
(10 " mbar) and with an overpressure of 100 mbar
using the MS apparatus (Model 7400) from Buhler
Company. Quartz crucibles with a 1 mm hole were
used. Spinning was performed at 40msec™' wheel
speed and totally amorphous ribbons of ~ 50 um were
obtained. Changing spinning conditions resulted in
partially crystallized ribbons which were also analysed
for comparative purposes.

Analytical controls were performed on final
amorphous samples and no composition variations
were detected. Oxygen content amounted at a maxi-
mum of 3% in MA samples after 60 h of milling.

The densities of all MA samples were obtained by
heliostereopicnometry {Quantachrome Mod. SPY-2).
A Westhphal balance was used for the ribbons and the
starting saes alloy. The results are summarized in
Table 1.

2.2. X-ray data collection and treatment

Qualitative X-ray spectra of the starting materials and
of the milled powders were recorded by an automatic
Seifert diffractometer (PAD II) using MoKua radi-
ation. Quantitative data collection for radial distri-

TABLE T Densities of the investigated samples. Westhpal bal-
ance and heliostereopicnometry measurements are indicated by W
and H, respectively. Saes alloy is the starting alloy both for MS and
MA samples

Sample Density (gcm™?)

w H
FeZr,-commercial alloy 6.95 (2) 7.03 (5)
FeZr,-MS 6.83 (1) -
FeZr,-MA (mix) - 6.87 (5)
FeZr,-MA (saes) - 6.94 (5)
Fe,Zr-MA (mix) - 7.25 (5)
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bution functions were carried out by a #-6 X-ray
diffractometer already described [16]. Intensity data
were collected with MoKu radiation at discrete inter-
vals with a narrow advancement step so that about
400 points covered the whole explored angular range
(from 2° to 70° 6 corresponding to s = 4z sin 8// from
6 to 160nm '). Usual data treatment followed [16].
However, owing to the high amount of zirconium
present in the samples, a zirconium filter of 0.08 mm
was inserted between them and the X-ray tube to
avoid fluorescence radiation. Even so, residual back-
ground of the source excited fluorescence radiation
from the samples which was removed by following a
procedure already described [16]. The observed inten-
sities, corrected for absorption and polarization, were
normalized to a unit of volume, V, containing one iron
atom. The structure function i(s) were obtained
according to

l(S') = |:1c.u, - Z ni.fiz(s):'

where /., are normalized intensities, »; are stochio-
metric coefficients of the assumed unit, and f(s) are
the scattering factors of the species.

Radial distribution functions, D(r), were calculated
according to

D(r) = 4nr’g, + 2r/n jmax si(s)M(s) sin (rs) ds
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Figure I X-ray diffraction patterns of the composition
Fe:Zr = 1:2at various milling times starting from pure elemental
powders. The peaks from pure elements are identified by labels 1
(Fe) or 2 (Zr) here and in Figs 2 and 3. Note that the y-scale for the
pure elements is five times greater than for the other spectra.



where g, = [Z,7,/;(0)]*/V and M(s) is a modification
function of the form

b [znif,-(sﬂz} exp (— ks)

LM(S) =
with & = 0.005.

3. Results and discussion

Figs 1 to 3 show the amorphization process by MA for
the composition FeZr, (Figs 1, 2) and Fe,Zr (Fig. 3).
Several points can be inferred from these figures.

(i) When starting from pure elements the amorph-
ization process has been reached completely in about
20h (Figs 1, 3). The milling time to promote amorph-
ization is approximately the same as that reported by
Hellstern and Schultz [12] who used the same planet-
ary ball mill on iron-zirconium systems of similar
compositions. Prolonged milling times do not sub-
stantially change the final product from a structural
point of view. The hexagonal zirconium network
(hcp) is much more sensitive to the deformation
process than the cubic iron one (fcc) as shown by
the more rapid disappearance of the zirconium lines
(Figs 1 and 3).
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Figure 2 X-ray diffraction pattern of saes alloy (see text) at various
milling times. (2) Zr peaks; (3, 4, 5) intermetallic compounds FeZr,
(3. 4) and Fe,Zr (5), respectively (see text).
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Figure 3 X-ray diffraction pattern of the composition Fe: Zr = 2:1
at various milling times starting from pure elemental powders.

(ii) When starting from FeZr,-Saes alloy complete
amorphization has not been reached (Fig. 2 shows
milling time up to 22 h because prolonged milling up
to 60h does not eliminate the residual small peak at
about 19°). A possible explanation lies in the presence,
from the beginning, of stable intermetallic phases. The
alloy has been prepared from the elements by usual
fusion and casting procedures. Following the revised
phase diagram given by Aubertin et al. [17], at room
temperature only Fe,Zr and FeZr; should be present.
However, the peritectic reaction at 974° C between the
primary crystallization product (Fe,Zr) and the liquid
to give FeZr, (further demixing at lower temperature)
is incomplete. In fact the alloy is a non-equilibrium
mixture in which several stable phases have been
identified; namely two FeZr,, tetragonal [18] and
cubic [19] (labelled 3 and 4 in Fig. 2), a Fe,Zr cubic
phase [19] (5 in Fig. 2) and unreacted o-Zr (2 in
Fig. 2).

The residual peak at about 19 after 22h (or 60h)
milling lies in the region where peaks from the inter-
metallic phases are more pronounced (see sequence 3,
4,5att = Ohin Fig. 2) thus suggesting that if a very
stable intermetallic configuration is present it is dif-
ficult to promote complete amorphization.
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Figure 4 X-ray diffraction pattern of the melt-spun ribbon of
Fe:Zr = 1:2 composition. (a) Completely amorphous ribbon (on

both faces); (b), (u) bottom and upper face of a partially amorphous
ribbon. (4, 5) Peaks of known compounds (see Fig. 2).

In Fig. 5 (discussed further later), where quan-
titative data for four amorphous samples are reported,
residual peaks on FeZr,-saes have been identified
as belonging to Fe,Zr phase (label 5 in the figure).
Following Miedema e al.’s [20] semiempirical model,
AH values of —8.5 and — 6.4 kcalmol ' have been
evaluated for the formation of the intermetallic Fe,Zr
and FeZr,, respectively. Thus the more stable phase is
indicated to be Fe,Zr which is just the phase not
completely disappearing when milling the saes alloy.

We have already detected the presence of small
amounts of a stable crystalline phase (Pd;Si) in equi-
librium with a bulk amorphous Pdg,Si,, obtained by
MA from the elements [21]. Work in progress on that
system indicates that even starting from the elements,
once a very stable phase is formed (Pd;Si in this
case), it is quite difficult to promote complete amorph-
ization. The problem lies in what is meant by “very
stable” phase. In the light of the present knowledge, it
should indicate a deep minimum of energy which
cannot be increased, by the energy transfer of the
milling process, in order to reach the higher energy
level of the amorphous phase.

(iii) A third point worthy of mention is the different
kinetic behaviour when starting from pure elements or
from the alloy. In Fig. 2 the label for time ¢t = Oh
is not strictly true, because the cast ingot has been
already comminuted and a portion having about 100
mesh has been sieved as starting material. Thus for
t = Oh plastic deformations of the material have
already been promoted. Nevertheless, a different
kinetics in the amorphization process is clearly evinced
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Figure 5 Scattered intensitics in absolute units plotted against
the scattering vector for four amorphous samples. The onset shows
the structure function, in the si(s)M(s) form, for the MSA sample.

by comparing Figs 1 and 2. Milling the alloy for 1 h
immediately promotes amorphization, while milling
the pure powders for the same time only gives a line
broadening of the pure components. After 10h, the
difference is still evident, and only after 18h do the
two patterns become similar. As suggested by Schwarz
[7] and evinced by Hellstern and Schultz [12, 13], the
amorphization mechanism goes through the forma-
tion of elemental layers of the pure powders which
favour either the atom mixing and/or a solid state
interdiffusion reaction of the components. When
starting from the alloy, the intimate mixing of the
components is already existent and the energy transfer
is active from the beginning to promote amorphization.

Let us now examine the samples prepared by the
MS method. Fig. 4 shows the diffraction patterns of
an FeZr, ribbon completely amorphous (a) and of
another one, partially crystallized (b and u represent
bottom and upper face of the same ribbon, the bottom
face being the one in contact with the rotating wheel).
The incomplete quenching in MSB and, even more, in
MSU, allows the crystallization of Fe,Zr (label 5) and
FeZr, (label 4) intermetallic compounds. The presence
in the crystallization products of a phase more iron-
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Figure 6 Radial distribution functions, in differential form
D(r) — 4nr?g,, for two FeZr, samples prepared by MS (MSA) and
MA (mix) methods, are shown in the interval 0 to 2 nm.

rich than the starting composition, indicates that
the amorphous phase should be somewhat more
zirconium-rich than the completely amorphous rib-
bon. The weak vertical line in Fig. 4 shows that the
maximum of the first halo is slightly shifted towards
smaller 26 values in MSU with respect to MSA con-
firming an increased contribution of zirconium con-
tent in the former sample.

Fig. 5 shows the innermost parts of quantitative
data taken from the melt-spun ribbon (MSA) and
from the last stage of the mechanically alloyed samples
of Figs 1 to 3. The onset shows the typical structure
function in the whole angular range used to obtain the
radial distributions functions. The maximum of the
amorphous halo is centred at 25.8nm~' in MSA,
25.2nm ™" in FeZr,-saes and mix, and shifted towards
28.8nm ! in Fe,Zr-mix reflecting the increased iron
content. Fig. 6 shows the radial functions up to 2 nm
for the two best amorphous samples of the same
composition prepared via MS and MA, namely MSA
and FeZr,-mix. It may be seen that the estension of the
order range, indicated by the presence of meaningful
peaks, is around 1.5 to 1.8 nm in both cases. Further,
the maxima positions are the same and their shapes
are also similar, indicating a close structural arrange-
ment in both samples.

A more accurate comparison is performed in Fig. 7
where only the first radial peak of the four amorphous
samples is given. For the three FeZr, samples (MSA,
saes, mix), difference curves have also been drawn to
enhance the differences between the distribution func-
tions. The maximum of the peak is centred at 0.318 nm
(MSA), 0.320 nm (saes) and 0.323 nm (mix). The dif-
ferences (MSA-saes) and (saes-mix) are so small that
itis hard to attribute to them any real physical meaning.
The (MSA-mix) difference is somewhat more enhanced
and emanates from the 0.005nm difference in the
maxima positions of the radial curves. It might indi-
cate a somewhat more expanded structure in the MA
sample with respect to the MS sample. However, such
a small variation is at the limit of confidence of the
method [16]. As a matter of fact we can say that the
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Figure 7 Distribution functions, in the D(r) form, are shown for
four amorphous samples. The first three from the top refer to
samples of FeZr, composition (MSA, saes, mix). The fourth refers
to Fe,Zr. Difference curves between MS and MA samples (MSA-
saes; MSA-mix) and two MA samples (saes-mix) are shown for a
better comparison of the radial curves.

comparison gives a direct structural confirmation of
the Mossbauer results of Michaelsen and Hellstern
[15] who could not find structural differences between
MA, MS and sputtered iron-zirconium samples.

As far as pair interactions contributing to the first
peak are concerned, it is evident that the three peaks
of the FeZr, samples are not symmetric and show a
hump around 0.27nm. On the basis of the radii of
elements given by Egami and Waseda [22], Zr-Zr and
Fe-Fe distances are expected to occur at 0.316 and
0.256 nm, respectively. The values perfectly match the
features of the experimental radial peaks. The maxi-
mum may be ascribed to the longer Zr-Zr interac-
tions, while the hump is explained by the shorter
Fe-Fe distances. In the Fe,Zr sample, in fact, the
maximum is shifted to 0.288 nm reflecting indeed the
great increase of the shorter Fe-Fe distances due to
the different composition. In all cases, of course,
Fe-Zr interactions also occur at distances included
between those of the like elements. Table II shows the
first neighbour distances existing in the known inter-
metallic FeZr, and Fe,Zr compounds. It can be seen

3057



TABLE II First neighbour distances found in intermetallic
FeZr, and Fe,Zr compounds

Compounds Distances (nm)

Fe-Fe  Fe-Zr Zr-7r Ref.
FeZr, (tetragonal)  0.280 0.275 0.312-0.356  [18]
FeZr, (cubic) 0.258 0.258,0.303  0.303, 0.316  [19]
Fe.Zr (cubic) 0.250  0.293 0.306 [19]

that the reported values are well in line with the experi-
mental features of the radial curves of Fig. 7.

4. Conclusions
We have prepared amorphous iron-zirconium alloys
by both MS and MA methods. The following points
have been inferred.

1. Amorphous FeZr, samples have been obtained
starting from either pure elemental powders or inter-
metallic compounds. Some differences, however, have
been outlined concerning the kinetics of amorph-
ization and the possibility of obtaining totally
amorphous samples when starting from intermetallic
compounds.

2. The structure of the melt-spun ribbon and mech-
anically alloyed samples is very similar in the mean-
ingfully ordered region. The structural arrangement of
the first neighbours around zirconium and iron atoms
is indistinguishable in MS and MA samples.
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