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THERMAL ANALYSIS OF Fe(Co,Ni) BASED ALLOYS PREPARED BY
MECHANICAL ALLOYING

, ~ *
A. Gonzadlez, J. Bonastre, L. Escoda and J. J. Suriol
EPS, Campus Montilivi s/n, University of Girona, 17071 Girona, Spain

In this work several Fe(Co,Ni) based nanocrystalline alloys were obtained by mechanical alloying. Thermal study was performed
by differential scanning calorimetry and thermogravimetry. After 80 h milling, all DSC scans show several reactions on heating. At
low temperature, about 400 K, the exothermal process detected is associated to structural relaxation. In all alloys, the main crystalli-
zation process begins over 700 K and has apparent activation energy values between 3.7 and 3.1 eV at™. The Co content increases
the thermal stability of this process. Furthermore, thermomagnetic measurements confirm the Co solid solution into Fe. The

ferromagnetic—paramagnetic transition occurs at about 900 K.
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Introduction

Mechanical alloying (MA) represents a non-expen-
sive versatile route able to produce equilibrium as
well as non-equilibrium materials including amor-
phous, nanostructured, composites, and extended
solid solution systems [1-4]. During mechanical al-
loying, powder particles are subjected to severe me-
chanical deformation and are repeatedly deformed,
cold-welded and fractured. The resulting fresh sur-
faces help re-aggregation of the powdered compo-
nents with the formation of new particles, where the
elements become stacked in layers, then allowing
diffusion of one into the others.

Over the last decades, amorphous and more re-
cently nanocrystalline materials have been investigated
for applications in magnetic devices requiring magneti-
cally soft materials [5]. Amorphous Fe—Zr-B and
Fe-Nb-B alloys containing bee-Fe nanocrystallites are
of interest as soft magnetic materials [6—8]. The substi-
tution of small amounts of Co or Ni for Fe in Fe-based
magnetic materials generally results in an increase of
saturation magnetization [9, 10]. Furthermore, it is
known that the use of Ni favors the development of
metastable structures at low milling times [11]. Among
the different routes to produce these materials, MA al-
lows producing alloys in large quantities but the process
induces internal strain and impurities in the milled pow-
ders which need to be controlled to understand the mag-
netic properties [12]. In addition MA powders can be
compacted and consolidated to complex shapes [13]
whereas the materials developed by other techniques are
mostly obtained in the form of ribbons and wires [5, 14].
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The purpose of this study is an attempt to obtain
nanocrystalline (Fe,Co,Ni)-Zr-B alloys by the ball
milling technique, to establish the thermal stability and
to analyze the effect of partial substitution of Fe by Co.

Experimental
Materials and methods

The alloys were prepared by milling elemental Fe, Co,
Ni, B and prealloyed Zr—Ni powders (purity of 99.9%
or more and particle size below 150 pm) in a planetary
ball mill (Fritsch P7) using stainless steel balls and a
vial with a ball-to-powder mass ratio of 5:1 in argon at-
mosphere. The milling process was performed at a
speed of 700 rpm for 10, 20, 40 and 80 h. The alloys
composition is: Fezy xCoxNij4ZreBo (x=0, 10 and 20)
and labeled as A, B and C, respectively.

The sample thermal characterization using iso-
chronal experiments was carried out by differential
scanning calorimetry (DSC) under an argon atmo-
sphere in a DSC822 equipment of Mettler-Toledo.
The apparent mass changes on heating were analyzed
using a thermogravimetry (TG) in a TGA851 Mettler
Toledo equipment adapted with an small magnet as
described in [15].

The morphology and composition study was per-
formed by scanning electron microscopy (SEM) in a
DSM960 A Zeiss equipment with energy dispersive
X-ray microanalysis (EDX) and by induced coupled
plasma (ICP) in a Liberty-RL ICP Varian equipment.
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Results and discussion

Thermal study was performed by differential scanning
calorimetry. Figure 1 shows the DSC scans of alloy A
milled for 10, 20, 40 and 80 h. Milling process was per-
formed until 80 h in order to obtain a nanocrystalline
alloy. After 80 h of milling the nanocrystalline size of
the bee Fe(Co,Ni) phase, as determined by X-ray dif-
fraction analysis, was 7.5 nm [16]. Similar values, 10.2
and 8.7 were found for alloys B and C, respectively.
In essence, this nanoparticles size is close to where sin-
gle-domain magnetic properties come into play [17].
As shown in Fig. 1, several exothermic processes were
detected on heating. There is a broad hump beginning
at about 400 K. The hump is associated with the relief
of internal stresses, since no phase transformations
were detected in X-ray diffraction and Mossbauer
studies performed in alloys with similar composi-
tion [18, 19]. The two exothermic peaks over 600 K
at 80 h MA correspond to the crystallization processes.

Exo—
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Fig. 1 DSC scans corresponding to alloy A milled for: a — 10,
b—20, ¢ — 40 and d — 80 h. Heating rate: 10 K min™

Figures 2 and 3 show the DSC scans of alloys B
and C, respectively. In these alloys, the low tempera-
ture relaxation process is less exothermic and the
crystallization processes are more complex. The calo-
rimetric data of alloy B milled for 80 h reveal a broad
hump overlapped with a crystallization process in the
temperature range of 500-750 K. The exothermic
process over 750 K corresponds to the main crystalli-
zation process. As shown in Fig. 3, during heating the
sample C milled for 80 h has also a complex crystalli-
zation shape, consequent with an inhomogeneous dis-
tribution of Co in the alloy. On increasing the Co con-
tent the first crystallization process shifts to lower
temperatures and becomes less exothermic. On the
contrary, the main crystallization process becomes
more exothermic and is displaced to higher tempera-
tures and complex in shape.

To perform an evaluation of the activation en-
ergy, the crystallization data have been collected from
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Fig. 2 DSC scans corresponding to alloy B milled for: a — 10,
b—20, c—40 and d — 80 h. Heating rate: 10 K min~!
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Fig. 3 DSC scans corresponding to alloy C milled for: a — 10,
b—20, ¢ — 40 and d — 80 h. Heating rate: 10 K min™'

DSC curves, obtained at different heating rates: 2.5,
5,10, 20 and 40 K min™'. The apparent activation en-
ergy, E, for the main crystallization process of alloys
milled 80 h can be evaluated using the Kissinger
equation [20] by linear fitting of In(B/ T pz) vs. 1/T,,
with B the heating rate and 7, the peak temperature.
The activation energy values are given in Fig. 4. In
the case of the first crystallization process, the values
vary between 1.4 and 1.5 eV at"'. This broad exother-
mic process might be due to crystalline growth of the
bee Fe(Co,Ni) phase favored by the relief of internal
stress [21, 22]. The main exothermic process over val-
ues, between 3.7 and 3.1 eV at ' can reasonably be as-
sociated with a nucleation and grain growth process.
Values between 3.1 and 3.9 eV at ' were found in the
bibliography of FeCo based alloys [23]. Similar be-
havior was found in nanocrystalline mechanically al-
loyed Fe—(Zr,Nb)-B—(Cu) alloys [19, 24]. In short,
the introduction of Co induces the appearance of a
complex crystallization behavior and a higher thermal
stability against the main crystallization process.
Complementary structural analysis is under study.
The thermomagnetic apparent mass (TGM) and
their derivative (DTGM) of alloys milled for 80 h are
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Fig. 4 Apparent activation energies obtained from Kissinger
fits of the crystallization processes detected in DSC
scan of alloys milled for 80 h
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Fig. 5 The thermomagnetic apparent mass (TGM) and their
derivative (DTGM) as a function of temperature

given in Fig. 5 as a function of temperature. The low
temperature process produces a diminution of the ap-
parent mass due to the microstructure rearrangements
at the atomic level and to the strain relaxation. At
higher temperatures (at about 900 K) the ferromag-
netic-paramagnetic transition appears as a broad and
complex process, as shown in the DTGM curve, indi-
cating the transformation of different Fe-rich environ-
ments. The main result of the process is the change of
the magnetic behaviour of the alloy provoked probably
by the formation of the FCC paramagnetic phase.
Since in experiments performed at high temperature
the transition related to Co was not detected, it is con-
cluded that Co is present in solid solution in the bcc
Fe-rich phase.

The morphology of the powders was analyzed by
scanning electron microscopy. Figure 6 shows three
micrographs that correspond to the alloys after 80 h of
milling. The as-milled powder has a relatively broad
distribution of particle size, and most particles are
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Fig. 6 SEM micrographs that correspond to the alloys milled
during 80 h

found in the range of 2-40 um, where higher particles
corresponds to alloy with higher Co content. EDX
microanalysis shows that big particles have the higher
Co content (~12%) indicating the non-complete homo-
geneity of the alloy. The heats of mixing between Fe
and Ni, Zr, B and Co are —3, 25, —38 and —1 kJ mol ',
respectively [25]. Therefore, the mixing of Fe and Co
at the atomic level is expected to be difficult in the
solid-state [26] favoring the formation of different
crystalline environments. When dealing with produc-
tion of alloys by MA, it is necessary to control and
evaluate the potential for significant contamination
from the milling media (balls and vial) or atmosphere.
In this sense, we have found traces of oxygen from ox-
ides. This contamination is favored by the high sur-
face/volume ratio of the small particles. The contami-
nation measured by EDX and ICP in the powdered al-
loy increases with the milling time but remains always
lower than 1.1 at%. Respect to the contamination by
the milling tools (Fe, Ni and Cr), the results show only
slight (<1.2 at%) contamination after 40—80 h of MA.
As evaluated here, this influence is probably negligible
when compared with the effect of Co addition.

Conclusions

Three nanocrystalline alloy, Feso xCoyNij4ZrsBig
(x=0, 10 and 20), have been produced by mechanical
alloying. The alloy milled for 80 h, consisted of
metastable bce-Fe(Co,Ni) nanocrystals. The calori-
metric data reveal a broad hump beginning at about
400 K and two crystallization zones at higher temper-
ature. The hump is associated with the relief of inter-
nal stresses. The first crystallization process, with ac-
tivation energy (~1.4—1.5 eV at ') is associated to the
growth of the bee-Fe(Co,Ni) phase. The exothermic
peak over 700 K corresponds to the main crystalliza-
tion process. The apparent activation energy values,
between 3.7 and 3.1 eV at™' can reasonably be associ-
ated with the nucleation and grain growth process of a
new phase. The partial substitution of Fe by Co pro-
duces higher thermal stability of the nanocrystalline
alloy with respect to the main crystallization process.
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