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THERMAL ANALYSIS OF TWO Fe–X–B (X=Nb, ZrNi)
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Abstract

The alloys, Fe60Ni14Zr6B20 and Fe85Nb9B6, were produced by mechanical alloying. The formation of
the nanocrystallites (about 40 nm) was detected by X-ray diffraction. Furthermore, a slight oxygen
presence (<3 at.%) was found by induced-coupled plasma and EDX microanalysis. After milling,
calorimetry scans show low temperature recovery process and several crystallization processes re-
lated with the crystal growth and reordering of the crystalline phases. The apparent activation ener-
gies, 360 and 290 kJ mol–1, were determined by the Kissinger method. A mass increase (about
1 mass%) was detected by thermogravimetry.

Keywords: crystallization, Fe–Zr and Fe–Nb based alloys, mechanical alloying

Introduction

Mechanical alloying (MA) represents a nonexpensive versatile route able to produce
equilibrium as well as non-equilibrium materials including amorphous, nano-
structured, composites, and extended solid solution systems [1–4]. In mechanical al-
loying, powder particles acquire energy of successive collisions and are subjected to
a continuous disintegration with fragmentation as a result of the impact forces. The
resulting fresh surfaces help reaggregation of the powdered components with the for-
mation of new particles, where the elements become stacked in layers, then allowing
diffusion of one into the others.

Amorphous Fe–Zr–B and Fe–Nb–B alloys containing α-Fe nanocrystallites
with the bcc structure are of interest as a superior soft magnetic materials [5–7].
Usually, these alloys have been obtained by controlled crystallization of melt-spun
amorphous ribbon precursors [8–12]. Furthermore, mechanical alloying is an alterna-
tive route to obtain directly the nanocrystals embedded in a residual amorphous phase
[13]. In this paper we describe the thermal behavior of two Fe–X–B (X=Nb, ZrNi)
nanocrystalline alloys produced by MA.
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Experimental procedure

Mechanical alloying was carried out in a planetary high-energy ball mill (Fritsch
Pulverisette P7) starting from pure element and compound powders (Fe of 99.7% purity,
with a particle size under 10 µm; Nb of 99.85% purity, with a particle size under 74 µm;
B of 99.6% purity, with a particle size 50 µm and Ni7Zr3 of 99% purity, with a particle
size under 100 µm). The compositions analyzed in this article were Fe85Nb9B6 and
Fe60Ni14Zr6B20, labeled as A and B respectively. Each of the powder samples was loaded
into a cylindrical Cr–Ni stainless-steel vial together with balls of the same material in an
argon atmosphere. The balls to powder ratio was 5:1. The milling process was performed
at a speed of 600 rpm for 10, 20, 40 and 80 h.

The sample thermal characterization was carried out by differential scanning
calorimetry (DSC) under an argon atmosphere in a DSC30 equipment of Mett-
ler-Toledo and by thermogravimetry (TG) in a TGA851 Mettler-Toledo equipment.
The morphology and composition study was performed by scanning electron micros-
copy (SEM) in a DSM960 A Zeiss equipment with energy dispersive X-ray micro-
analysis (EDX) and by induced coupled plasma (ICP) in a Liberty-RL ICP Varian
equipment. Complementary structural analysis of the milled powders by Mössbauer
spectroscopy and X-ray diffraction is under study.

Results and discussion

The formation of the nanocrystalline structure during mechanical alloying was followed
by X-ray diffraction. The nanocrystallites formed after 80 h milling were about 40 nm
size [14]. The powder composition was followed by induced coupled plasma. The ICP
results show slight (<3.0 at.%) contamination from the milling tools (Fe, Ni and Cr) and
from the atmosphere (oxygen), similar results were found in Fe–Ni–P–Si mechanically
alloyed powders [15]. Detected contamination increases with the milling time.

The morphology of the powders was followed by scanning electron microscopy.
As an example Fig. 1 shows the micrographs that corresponds to alloy A after 20 (a)
and 80 h (b) of milling. As increasing the milling time, the average grain size dimin-
ishes. EDX microanalysis of localized zones shows also the oxygen contamination
due to the oxide formation.
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Fig. 1 SEM micrographs of alloy Fe85Nb9B6 alloy after; a – 20 h MA and b – 80 h MA



Thermal study was performed by differential scanning calorimetry. Stability, an
important factor on amorphous metallic structures is related to the relaxation phe-
nomena and crystallization, which is usually a thermally activated process of transi-
tion from a disordered amorphous structure to an ordered crystal structure.

Figures 2 and 3 show DSC curves corresponding to alloys A and B respectively.
After 10 h milling, all DSC scans show several reactions on heating. At low tempera-
ture, about 400 K, an exothermal process. This is a signature of recovery of stress,
that is, mainly deformation energy stored during the milling process. Since it occurs
in a wide temperature range it is often overlapped with exothermic peaks characteris-
tic of structural transformations, such as reordering or crystallization/recrystalliza-
tion processes. The late processes have generally well defined activation energy. On
the contrary, recovery may be modeled by use of a wide spectrum of activation ener-
gies of the relaxation time [16]. As increasing the temperature, one or two crystalliza-
tion processes appears related with the crystal growth and reordering of the crystal-
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Fig. 2 DSC scans of alloy A (Fe85Nb9B6) at a heating rate of 10 K min–1; a – 10 h MA;
b – 20 h MA; c – 40 h MA and d – 80 h MA

Fig. 3 DSC scans of alloy B (Fe60Ni14Zr6B20) at a heating rate of 10 K min–1; a – 10 h
MA; b – 20 h MA; c – 40 h MA and d – 80 h MA



line phases. Furthermore, the thermal stability and the crystallization kinetics were
analyzed as a function of the milling conditions and alloy composition. As increasing
the milling time, the thermal processes are the same and only slight changes in tem-
perature and the increase of enthalpy associated to an increase of the amorphous
phase content were detected.

The shape of the DSC scans of alloy A milled for 10 to 80 h are similar. At all
times, the main crystallization processes began at about 625 K. Nevertheless, the
enthalpy area associated to the crystallization increases in a factor 3. Furthermore, as
increasing the milling time the recovery, associated to the wide process beginning at
about 390 K, becomes more energetic.

The shape of the DSC scans of alloy B milled for 10 to 80 h are most differenti-
ated. In all DSC two main crystallization peaks appear but the temperature interval of
both process changes with the milling time. Moreover, the enthalpy area associated to
the exothermic process increase only a 20%. After 20 h MA, as increasing the milling
time decreases the thermal stability of the main crystallization peak.

The approach activation energy, E, for the main crystallization process of alloys
milled 80 h can be evaluated using the Kissinger equation: ln ( /β Tp

2) vs. 1/Tp with β
the heating rate and Tp the peak temperature [17]. The crystallization data have been
collected from DSC curves, obtained with different heating rates (2.5, 5, 10, 20
and 40 K min–1). As an example, Fig. 4 shows the DSC scans of alloy B. The values
obtained are 360±40 and 290±30 kJ mol–1 for alloy A and B respectively. Energy val-
ues of 320, 370 and 351 kJ mol–1 were found for Fe87Zr7B6, Fe86Zr7B6Cu1 [18] and
Fe85.5Zr4Nb4B5.5Al1 [19]. All these values seem reasonable to be associated with a
grain growth process. Obviously, the method used to obtain the activation energy in-
fluences the results. As an example, using the Ozawa method [20], the values ob-
tained are 375±43 and 305±32 kJ mol–1 for alloy A and B respectively. Furthermore,
in complex systems, if the activation energy depends on the degree of conversion, its
values obtained by isoconversional and peak based methods are different [21]. Nev-

J. Therm. Anal. Cal., 72, 2003

332 SUÑOL et al.: MECHANICAL ALLOYING

Fig. 4 DSC scans of alloy B (Fe60Ni14Zr6B20) at different heating rates under Ar atmo-
sphere; a – 2.5 K min–1; b – 5 K min–1; c – 10 K min–1; d – 20 K min–1 and
e – 40 K min–1



ertheless, the overlapping between structural relaxation and crystallization process
difficult the use of isoconversional methods in our case and the comparative activa-
tion energies given in previous references were calculated using peak based analysis.

In the alloy A, the main crystallization peak is related to the crystalline growth
of the α-Fe phase as detected by X-ray diffraction. The temperature broad process de-
tected by DSC corresponds to different Fe environments. The two overlapped peaks
present in the alloy B crystallization were also found in previous works [22–23] in
Fe–Ni based alloys and are related to more complex crystallization. We can compare
these results with the crystallization behavior of melt-spun ribbons for similar com-
positions reported in the bibliography [19, 24]. The as-quenched amorphous phase
crystallizes in a two-stage crystallization process in which a single bcc α-Fe nano-
crystalline phase appears after the first stage, and coarse α-Fe grains with inter-
metallic phases appears after the second stage [19]. This behavior was also found in
Fe–M–B (M=Zr, Hf or Nb) alloys [24]. In all these alloys, to detect the second stage
is necessary to use other equipment as a DTA to show the high temperature (>900 K)
crystallization. Furthermore, the structural relaxation phenomenon of the mechani-
cally tensioned powders is not so important in as-quenched ribbons [25]. The crystal-
lization process of the as-quenched ribbons began at higher temperature. Therefore,
the metastable phases obtained by rapid solidification are more thermally stable than
analogous phases in mechanically alloyed powders [12, 25–26]. Similar behavior
was found in nanocrystalline mechanically alloyed Fe–Zr–B–(Cu) alloys [27–28].
Moreover, new mechanically alloyed compositions are under study to analyze pre-
cursor influence in the MA process and in the thermal stability of the alloys.

Careful analysis of the crystallization and related process is needed. From TG
scans of the milled powders in an inert atmosphere we detect an oxidation process
that begins with the recovery as shown in Fig. 5, that corresponds to an FeZrNiB al-
loy. A small mass increase beginning at 400 K. Mass evolution may be explained by
adsorption of residual oxygen present in the argon. Similar behavior was found in the
thermogravimetry analysis of nanocrystalline Fe–Ni solid solutions prepared by me-

J. Therm. Anal. Cal., 72, 2003

SUÑOL et al.: MECHANICAL ALLOYING 333

Fig. 5 Alloy FeZrNiB. DSC and TG scans at a heating rate of 10 K min–1 under argon atmosphere



chanical alloying [29]. The thermally induced structural changes produce a slight oxi-
dation of the material.

Conclusions

Two Fe–X–B (X=Nb, ZrNi) alloys were produced in a nanocrystalline form by me-
chanical alloying. After 10 h milling, all DSC scans show several exothermic reac-
tions on heating. At low temperature, beginning at about 400 K, a recovery process is
found. As increasing the temperature, several crystallization processes appear related
with the crystal growth and reordering of the crystalline phases. As increasing the
milling time only slight changes in temperature and the increase of enthalpy was
found in the alloy with Nb. As increasing the milling time decreases the thermal sta-
bility of the main crystallization process of ZrNi alloy.

The apparent activation energy, E, values for the main crystallization process of
alloys A and B were 360±40 and 290±30 kJ mol–1 respectively. These values seem
reasonable to be associated with a grain growth process. A slight oxide formation was
found by microanalysis and by ICP. Furthermore, a thermally induced oxidation was
detected by thermogravimetry.
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