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Fe90Zr10 was chosen as a model system to elucidate the roles of mechanical deformation and local heating
in the phenomenon of ball-milling-induced crystallization of amorphous alloys. The structural evolution of
melt-spun amorphous Fe90Zr10 ribbons under different milling conditions and high-pressure torsion was inves-
tigated by means of x-ray diffraction, Mössbauer spectroscopy, and magnetic measurements. Despite a con-
siderable difference in the local temperatures for high-energy and low-energy ball millings, cryomilling �under
liquid nitrogen-cooling�, and high-pressure torsion, amorphous Fe90Zr10 crystallizes into a supersaturated
�-Fe�Zr� solid solution in all cases. Local heating occurring under high- and low-energy millings only plays a
minor role and leads to a slight shift of the crystallization products towards equilibrium state. Mechanical
deformation was established as the primary cause of crystallization of the amorphous Fe-Zr alloy under ball
milling.
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I. INTRODUCTION

Mechanical alloying, i.e., ball milling of elemental or in-
termetallic powder mixtures, is a well-known process for
producing a wide range of novel materials with unique prop-
erties. Particular interest has been paid in the past few de-
cades to the formation of amorphous alloys by high-energy
ball milling.1–3 Several mechanisms have been proposed to
explain the phenomenon of milling-induced
amorphization.4–6. However, some amorphous alloys were
found to undergo the “reverse” process under ball milling,
namely, milling-induced crystallization �MIC�.7–11

Despite numerous investigations of the phenomenon and
mechanisms of MIC, its origin is still surrounded by contro-
versy. Bansal et al.7 ascribed the crystallization of a
Fe78B13Si9 metallic glass to impurity incorporation during
milling, but more thorough studies have shown that MIC in a
number of alloys also proceeds in the absence of impurities.8

In general, MIC is considered to be a result of two simulta-
neous processes occurring under ball milling, namely, me-
chanical deformation and local heating of a material under
colliding balls. Local temperature rises during high-energy
ball milling can be up to several hundred degrees12,13 and
should therefore be taken into account when investigating
the crystallization process. The influence of the external tem-
perature on crystallization of a Fe78B13Si9 amorphous alloy
under milling in a vibrating-frame grinder, where global
heating of the sample due to milling itself does not exceed
1 °C, was clearly demonstrated in Ref. 10. However, crys-
tallization products obtained under ball milling are often
found to be in a nonequilibrium state and strongly differ
from those obtained under conventional thermal

annealing,8,14 clearly indicating that the MIC phenomenon
cannot be solely ascribed to local heating effects.

As the local pressure generated by ball collisions in mills
was estimated to amount up to 4–6 GPa,15 the influence of
similar hydrostatic pressure �several gigapascals� on the
crystallization process at elevated temperatures was studied
using Bridgeman anvils16,17. Nonequilibrium crystallization
products were found under such a treatment, and it could be
established that an increase in pressure results in a decrease
in temperature of thermal crystallization. Deformation-
induced crystallization of several Al-based metallic glasses
was observed in shear bands resulting from bending.14,18 Al-
though temperature rise in shear bands can reach up to a few
thousand degrees over a few nanoseconds,19 such a time in-
terval is extremely short for the formation of nucleation cen-
ters. Thus, crystallization of amorphous alloys can be solely
induced by mechanical deformation under certain conditions.

To date, the fundamental question about the role of local
heating effects in milling-induced crystallization still remains
unanswered, i.e., whether local heating can be considered as
the primary reason for MIC �while mechanical deformation
just disorders crystallization products� or heating plays a mi-
nor role in a truly deformation-induced crystallization pro-
cess. Since there is no reliable experimental technique for
measuring the local temperatures in mills, it is challenging to
investigate the role of local heating effects in the MIC pro-
cess. Careful comparative analysis of the crystallization pro-
cess and products obtained under different milling condi-
tions, thermal treatments, and intensive low-temperature
deformations appears to be a promising way of answering
the question. Amorphous Fe-Zr was chosen as a model sys-
tem in this work, as it attracted a great deal of attention in the
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last decades8,20–26 and a large amount of experimental data is
available for this system. The composition of Fe90Zr10, where
a single-phase amorphous state can be obtained using rapid
quenching technique24,25 but is unachievable under ball
milling,22 has been chosen.

In this work, Fe90Zr10 amorphous ribbons were ball milled
under different milling conditions �high- and low-energy
millings, cryomilling under liquid-nitrogen cooling�. The
samples after treatment were analyzed by means of x-ray
diffraction �XRD�, Mössbauer spectroscopy, and magnetic
measurements. The results were compared with those ob-
tained for Fe90Zr10 ribbons after high-pressure torsion defor-
mation, which is a low-temperature process.

II. EXPERIMENT

Initial ingots of Fe90Zr10 composition were prepared by
arc-melting under high-vacuum conditions and subsequently
melt spun to amorphous ribbons of about 5 �m in thickness
with a single roller unit under Ar atmosphere. The melt-spun
ribbons were cut into pieces of less than 1 cm in length and
were mechanically treated in three different mills:

�i� High-energy milling was performed with an AGO-2
planetary ball mill, using vials and balls made of stainless
steel. A ball-to-ribbon weight ratio of 40:1, a rotation speed
of 1000 rpm �power intensity �15 W/g�, and an external
water cooling were chosen.

�ii� Low-energy milling was performed with a
Pulverizette-7 planetary ball mill, using vials and balls made
of hardened ball-bearing steel. A ball-to-ribbon weight ratio
of 14:1, a rotation speed of 730 rpm �power intensity of
3.0–3.5 W/g�, and an external air cooling were chosen.

�iii� A vibration ball mill was applied with vials and balls
made of hardened ball-bearing steel. A ball-to-ribbon weight
ratio of 12:1, a power intensity of 3 W/g, and an external
cooling of the vial with liquid-nitrogen �cryomilling experi-
ments� were chosen.

All milling experiments were performed in protective Ar
atmosphere. The relative contamination of samples resulting
from the debris of the milling tools was �1% in all cases, as
measured by gravimetric analysis.

High-pressure torsion experiments were performed using
a Bridgman anvil at an applied pressure of 8 GPa. Ribbon
pieces of 3–4 mm in length were used for each experiment,
varying the number of turns from 1/4 to 15. Each turn was
performed slowly and lasted for 1 min, keeping a good ther-
mal contact between the sample and anvil. Therefore, sample
heating was negligible.

Structural characterization of the samples was performed
by means of XRD using Cu K� radiation �wavelength of
0.154 06 nm�. Mössbauer spectra were measured at room
temperature using a spectrometer with a 57Co�Cr� source op-
erating in constant acceleration mode. A generalizing regular
algorithm for the solution of the inverse problem28 was used
to find hyperfine field distribution functions P�H�. The satu-
ration magnetization was measured at room temperature us-
ing a vibrating-sample magnetometer in an external magnetic
field of 16 kOe.

III. RESULTS

A. Crystallization under high-energy ball milling in AGO-2

The XRD pattern of the initial melt-spun ribbons shows
�Fig. 1�, besides a broad halo around 30° arising from the
sample holder, a halo peak at 45° without any traces of crys-
talline phases, indicating a fully amorphous structure of the
initial ribbons. Upon ball milling, crystallization of the amor-
phous phase takes place, and the formation of a bcc crystal-
line phase, having lines close to �-Fe but shifted to lower
angles, can be detected. Hence, Fe90Zr10 ribbons crystallize
into a �-Fe�Zr� solid solution, with a maximum Zr concen-
tration of 2.8 at. % according to Vegard’s law, which the is in
good agreement with the results obtained by Trudeau.8 The
equilibrium Zr solubility in �-Fe at room temperature is less
than 0.1 at. %. Therefore, the formed solid solution is
strongly supersaturated with Zr. From x-ray peak broaden-
ing, the average grain size of the solid solution was estimated
to be lower than 20 nm for all samples. The XRD patterns of
the milled samples do not reveal any pronounced peaks be-
longing to other phases such as intermetallics. Only dimin-
ishingly low and negligible peaks can be detected around 2�
angles of 34°, 40°, and 56.5°, which cannot be assigned to
�-Fe�Zr� nor to any oxide or nitride phases. They are as-
sumed to belong to some metastable phase, possibly to the
disordered �-FeZr2 phase.22 The crystallization proceeds
with increasing milling time, as can be seen by the increasing
intensities of the bcc peaks and peak sharpening. After
30 min of milling, no traces of the initial amorphous halo
can be observed in the XRD patterns. The transformation of
amorphous Fe90Zr10 into a nanocrystalline �-Fe�Zr� solid so-
lution virtually ends after 30 min of milling.

The XRD pattern of 120 min sample shows only peaks
corresponding to bcc �-Fe�Zr� solid solution, without any
traces of other Zr-containing phases. As the maximum con-
centration of the solid solution is three times lower than the
overall Zr content in the alloy, residual Zr is located in thin
grain-boundary clusters or interlayers, being undetectable by

FIG. 1. XRD patterns of as-melt-spun ribbons and samples
milled for various times �high-energy milling in AGO-2�. The stan-
dard XRD pattern of pure a-Fe is shown below.
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means of XRD. The effect of similar grain-boundary segre-
gation was earlier observed under mechanical alloying in a
set of Fe-based systems29,30. Thus, MIC of Fe90Zr10 amor-
phous alloy leads to the formation of supersaturated
�-Fe�Zr� solid solution with grain-boundary Zr segregations.

More detailed information on the structure and phase
composition of the milled samples was obtained from Möss-
bauer spectroscopy data. Figure. 2 shows the Mössbauer
spectra of as-melt-spun and milled samples and the corre-
sponding hyperfine magnetic field distribution functions
P�H�. The spectrum of the as-melt-spun state only shows a
poorly resolved doublet corresponding to the amorphous
phase, which is known to be paramagnetic at room tempera-
ture for any Zr content.25 After 5 min of milling, a sextet
with asymmetrically broadened lines is superposed to the
doublet in the Mössbauer spectrum. Along with a 0–50 kOe
low-field component corresponding to the amorphous phase,
the P�H� functions restored from Mössbauer spectra show a
component at fields larger than 250 kOe, which stems from
the bcc �-Fe�Zr� solid solution. The contribution of the sex-
tet increases with milling time. After 30 min of milling, the
doublet almost disappears, indicating full crystallization of
the amorphous phase, in good agreement with XRD results.
An additional broad and flat middle-field component be-
tween 50 and 250 kOe can be clearly seen in the P�H� func-
tions of the milled samples �see Fig. 2�, which can be as-
signed neither to the amorphous phase nor to the solid
solution. It may be attributed to a strongly disordered Fe3Zr
phase, which appears under thermally induced crystallization
of amorphous Fe90Zr10

26,27. However, the middle-field com-
ponent is rather flat and uncharacteristic for any intermetallic
compound and more likely results from Fe atoms having
relatively large number of Zr atoms in their nearest neigh-
borhood. This component cannot be also ascribed to the Fe
atoms belonging to the boundaries of solid solution grains
and being in contact with Zr segregations, since it was not
observed under mechanical alloying in Fe-Zr system,31

where strong segregation of Zr at Fe grain boundaries also
took place. Therefore, 50–150 kOe component in Mössbauer
spectra is related to Fe atoms in some disordered Zr-rich

zones, which are presumably located near grain boundaries
and arise as a result of extrusion of Zr atoms from forming
grains of solid solution. However, the atomic structure of
these zones and the way of their formation remain rather
unclear and are the subjects of future investigations.

The saturation magnetization �S shows a considerable in-
crease with milling time �see Fig. 3�. Such an increase in �S
means that chemical binding between Fe and Zr diminishes,
Zr atoms segregate, and Zr-rich zones arise. It is consistent
with the above conclusions made from XRD and Mössbauer
results. Therefore, high-energy ball milling of amorphous
Fe90Zr10 results in its crystallization into supersaturated
nanocrystalline �-Fe�Zr� with grains surrounded by Zr seg-
regations.

B. Crystallization under low-energy ball milling in
Pulverizette-7 mill and cryomilling

To analyze the influence of milling intensity and local
heating on the crystallization behavior, low-energy milling in
a Pulverizette-7 was carried out in two temperature regimes:
at room temperature ��295 K, marked RT in figures� and at
a reduced temperature of 245 K �marked cold�. For cryom-
illing experiments �marked cryo�, the vial was placed into
liquid nitrogen, cooled for 10 min before milling, and subse-
quently kept under these conditions for the entire milling
time. Thus, the temperature of the vial walls was constantly
kept close to 77 K.

XRD patterns of samples room-temperature �RT� and cold
milled for 30 min �Fig. 4� exhibit peaks corresponding to the
bcc �-Fe�Zr� solid solution identical to those obtained for
high-energy milling. Some traces of the initial halo corre-
sponding to the amorphous phase still remain in the pattern,
indicating an incomplete crystallization of Fe90Zr10. How-
ever, these differences in crystallization kinetics can be eas-
ily explained, considering that the crystallization process
should be slower under lower milling intensity. The sample
after 30 min of cryomilling reveals a similar XRD pattern,
with the crystallization process being far from completion.

Mössbauer spectra of the samples RT and cold milled for
30 min �Fig. 5� are similar to those of the sample milled in
the AGO-2 mill for 5 min, with slight differences in the con-
tribution of the paramagnetic doublet �resulting from the dif-
ferences in power intensities�. The P�H� functions restored

FIG. 2. Mössbauer spectra and corresponding hyperfine
magnetic-field distribution functions of samples milled for various
times �high-energy milling in AGO-2�.

FIG. 3. Saturation magnetization plotted against the milling time
�high-energy milling in AGO-2�.
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from the spectra show the same set of components as for
high-energy milling, namely, a low-field component of the
amorphous phase, a high-field one stemming from the solid
solution, and an intermediate broad component correspond-
ing to disordered Zr-rich zones. Another difference with re-
spect to high-energy milling is a lower concentration of the
solid solution leading up to a sharper form of sextet lines,
which plausibly arises from competition between mechanical
disordering and thermal relaxation processes.

The Mössbauer spectrum of the cryomilled sample also
shows the appearance of a sextet corresponding to �-Fe�Zr�
solid solution but of lower intensity and with broader lines.
Such broadening can arise either from a higher concentration
of a solid solution or because of its larger inhomogeneity due
to slowed down relaxation processes at low temperatures.

C. Crystallization under high-pressure torsion

Only Mössbauer measurements were carried out for the
samples treated by high-pressure torsion, as reliable XRD
investigations were difficult due to an extremely small
sample area �of a few square millimeters�. First, traces of
crystallization are observed after one turn of the anvil. A
small deviation of the Mössbauer spectrum from the non-
resonance level can be observed for velocities outside the
amorphous doublet range �see Fig. 6�. After five turns, crys-
tallization becomes explicit, and a well-pronounced sextet, as
well as a broad intermediate component in the P�H� func-
tion, arises as observed for ball-milled samples. The spec-
trum and corresponding P�H� function after 15 turns are
similar. Sextet lines for these samples are considerably
broader than for the high- and low-energy milled ones, re-
sembling those of the cryomilled sample. Such a difference
points to the increase in Zr concentration of the solid solu-
tion obtained under lower temperatures with respect to that
obtained under high-energy ball milling. Thus, high-pressure
torsion induces crystallization of the amorphous ribbons in
the same way as ball milling does. Supersaturated �-Fe�Zr�
solid solution is formed, as well as Zr-enriched regions,
which give rise to the middle-field part in the Mössbauer
spectra.

IV. DISCUSSION

As it was mentioned above, milling-induced crystalliza-
tion can be considered as a result of two simultaneous pro-
cesses, namely, mechanical deformation of a material and its
local heating due to ball collisions. Crystallization due to
impurity incorporation was excluded in our case, as an oxy-
gen content �100 ppm and a Fe impurity concentration
�0.5 at. %, stemming from the debris of the milling tools,
were detected by means of carrier-gas hot-extraction and en-
ergy dispersive x-ray analysis, respectively.

FIG. 4. XRD patterns of samples after low-energy milling and
cryomilling. The standard XRD pattern of �-Fe is shown below.

FIG. 5. Mössbauer spectra and corresponding hyperfine
magnetic-field distribution functions of samples after low-energy
milling and cryomilling.

FIG. 6. Mössbauer spectra and corresponding hyperfine
magnetic-field distribution functions of samples after high-pressure
torsion.
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The drastic difference between crystallization products
obtained under ball �milling supersaturated �-Fe�Zr� solid
solution+Zr segregations� and thermal annealing ��-Fe
+Fe3Zr, Refs. 26 and 27�, as well as the strongly nonequi-
librium state of �-Fe�Zr�, indicates the important role of me-
chanical deformation in MIC. Similar differences in products
were also observed in Ref. 14 for Al-based metal glasses. To
a first approximation, it can be concluded that mechanical
deformation is the primary reason for MIC, unlike crystalli-
zation induced by annealing. However, the basic role of me-
chanical deformation cannot be established unambiguously
based on the difference in crystallization products. Local
heating in a mill can also induce crystallization while me-
chanical deformation at the same time just disorders already
formed products. In the latter case, nonequilibrium phases
would also arise as a result of milling process. The tempera-
ture of the balls in the AGO-2 mill under the applied milling
conditions reaches 400 °C according to calorimetric
measurements.13 Therefore, local temperatures at points of
ball collisions can be remarkably higher and, taking into ac-
count that the crystallization temperature of Fe90Zr10 is about
660 °C �Ref. 21�, can become sufficient to initiate thermal
crystallization.

On the other hand, the study and comparison of evolution
of amorphous Fe90Zr10 under different milling conditions and
high-pressure torsion allow the establishment of the roles of
mechanical deformation and local heating in the MIC pro-
cess. Ball milling in the high-energy AGO-2 mill results in
the formation of supersaturated �-Fe�Zr� solid solution with
Zr segregations at grain boundaries. Low-energy ball milling
in the Pulverizette-7 mill, where local temperatures are lower
than in AGO-2 mill and were theoretically estimated to be
about 300–400 °C, reveals an identical crystallization be-
havior. MIC under cryomilling is also similar to MIC under
room temperature. The only difference is that the solid solu-
tion formed under cryomilling is further away from thermo-
dynamic equilibrium. High-pressure torsion of amorphous
ribbons also results in the crystallization of amorphous
Fe90Zr10 ribbons, with the same crystallization behavior and
products.

No difference in the crystallization process between high-
energy ball milling and high-pressure torsion, except slight
changes in the concentration of the solid solution, was de-
tected in spite of the large differences in local heating of the
samples. Such an observation unambiguously demonstrates
the nonthermal character of MIC, with mechanical deforma-
tion being the primary reason for crystallization. First theo-

retical approaches for the description of similar mechanically
induced phase transformations �demixing of solid solutions,
etc.� during severe plastic deformations were proposed.32

Local heating occurring under high-energy ball milling
only accelerates the relaxation processes of products, and a
slight shift of the formed solid solution towards equilibrium
state takes place. Heating may also alter the crystallization
kinetics, which seems to differ for different milling condi-
tions, as the temperature has a slight effect on the kinetics of
mechanical alloying,33 but it is determined in a greater de-
gree by the power intensity of a mill, and the role of thermal
factors in the kinetics of MIC remains virtually insufficient.
However, the influence of local heating may become more
pronounced for low-melting amorphous alloys, when the
temperature in the mill is close to the melting point. Further
investigations in this field are still required to be carried out.

V. CONCLUSION

Amorphous Fe90Zr10 ribbons crystallize under ball milling
and high-pressure torsion into a supersaturated �-Fe�Zr�
solid solution with grain sizes less than 20 nm and a maxi-
mum Zr concentration of about 3 at.%. Residual Zr atoms
�not included into solid solution grains� form grain-boundary
segregations. Impurity incorporation has been excluded as a
possible reason of the crystallization process. The crystalli-
zation product of the ball milling process strongly differs
from that obtained under thermal annealing of Fe90Zr10
amorphous ribbons. On the other hand, very similar crystal-
lization behaviors were found for high- and low-energy mill-
ings, cryomilling, and high-pressure torsion despite consid-
erable differences in the rise of local temperature during
mechanical treatment. This similarity indicates that mechani-
cal deformation is the primary reason for milling-induced
crystallization. Local heating only plays a minor role in the
process, resulting in a slight shift of the formed solid solution
towards equilibrium state owing to accelerated relaxation
processes at increased local temperatures.
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