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Abstract

In this paper we present the structural and magaetalysis of a nanocrystalline
Fe/sNb;0SisB1o alloy produced by mechanical alloying. The effatsilling time on
microstructure, thermal behavior and magnetic pitoggewere studied by X-ray
diffraction (XRD), differential scanning calorimgt(DSC) and vibrating sample
magnetometry (VSM). By controlling the milling aadnealing conditions an

improvement in the magnetic properties was found.



1. Introduction

Mechanical alloying (MA) is a process able to preppowdered alloys. Solid state
reactions occur when materials are processed iallarhll. Nanostructured Fe-based
soft magnetic materials as a new class of engingematerials (whit enhanced
properties and crystalline size between 1 and ¥Paan be produced by mechanical
driven forces by MA [1,2]. These materials have adages in applications like:
electric and magnetic measurements, transformemetsginformation storage and
magnetic cores [3].

One of the main problems of the MA powders is thatially exhibits low soft
magnetic properties that the melt-spun ribbons led same composition [4,5].
Furthermore, the thermal stability of the amorphand/or nanocrystalline phase is also
lower in the MA alloys [6]. Nevertheless, appropeianilling conditions can minimize
this effect. Final alloy properties were influendadmilling conditions, i.e. the use of a
process control agent (PCA). A PCA is a surfacatagdnormally used in the milling
processes in order to control the balance betwéenfracture and welding. The
mechanism lies in the modification on the surfacedition of the deformed particles
by impeding the clean powder to powder contact seay for cold welding [7]. The
type and amount of PCA also plays an important nol¢he balance. Likewise, it is
possible to modify the final microstructure as wa#l the functional properties of
materials. A crystallite size reduction and higlerthal stability can be found [8,9],
minimizing differences with as quenched alloys.

In this work we have investigated the evolutiontleé alloy structure during the
milling process and the magnetic properties of ErgNb,¢SisB1o alloy. It is the first
time that this alloy has been developed by mechéaitoying. The Fe-Nb-B system it

has been shown that exhibits the smallest graie sizthe Cu free Fe-M-B alloys



(where M = Zr, Nb, Hf) [10]. Moreover, the introdian of Si favors higher electrical

resistivity in Fe-Si alloys in comparison with pu¥e powder [11].

2. Experimental

Mechanical alloying was carried out in a planetaigh-energy ball mill (Fritsch
Pulverisette P7) starting from pure elements: Fe7® purity and particle size under
8um); Nb (99.85% purity and particle size under M3uSi (99.9 % purity and particle
size under 45um) and B (99.6% purity and partide S0um). Mechanical milling was
carried out at 700 rpm under Ar atmosphere, usargidned steel balls and vials. The
ball to powder weight ratio was 5:1. The millingheés were: 5h, 20h, 40h, 100h and
200h. Cyclohexane was used as PCA.

Thermal stability of milled samples milled was aizald by differential scanning
calorimetry (DSC). The grain size reduction and fbemation of nanocrystalline
structure and soft magnetic properties of mechépicloyed FesNb;oSisBio were
evaluated by X-ray diffraction (XRD) using CuKradiation, scanning electron
microscopy (SEM) operating at 15 KV and vibratimgnple magnetometry (VSM) with
applied field of 1 T. Contamination was followed k@nergy dispersive X-ray
spectroscopy (EDX) using a Si-Li detector, by inttut coupled plasma (ICP) and by

chemical analysis to determine the C content.

3. Resultsand discussion

Thermal study was performed by differential scagnacalorimetry. Stability, an

important factor on metastable structures is helated to the relaxation phenomena



and crystallization. Figure 1 show DSC curves apoading to alloys milled from 5 to
200h. All DSC scans show several exothermic reastan heating. At low temperature,
beginning at about 430 K, a broad hump for millitnges higher than 5h. This is a
signature of stress recovery, that is, deformatmergy stored during the milling
process. Since it occurs in a wide temperatureeahgs often overlapped at high
temperatures with exothermic peaks characteridticrgstallization processes. In a
previous work in the Fe-Nb-B system, the broad leewhic peaks were related to the
crystalline growth of different environments of thec Fe rich phase [12]. In our study,
after 200h of milling only one main crystallizatiggeaks remains indicating a more
homogeneous alloy than samples milled at lower gim&he reported second
crystallization stage (>900 K) associated to thenfition of intermetallic phases [13] in

Fe-Nb-B alloys was not here analyzed.
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The apparent activation enerdy, for the main crystallization process of alloys
milled 200h was evaluated using the Kissinger e'qnaln(B/sz) versus 1/ with 8
the heating rate and, The peak temperature [14] of the assumed peakigoselected
as the maximum value of the DSC curve. The cryz#dibn data were obtained from
DSC scans at different heating rates: 2.5, 5, D0ad 40 K mift. The activation
energy, 302 28 kJ mof, is associated with a grain growth process. Frueriterature,
the grain growth activation energy of pure Fe igt k3 mol® for grain boundary
diffusion and 251-282 kJ miblfor lattice diffusion [15] but the introduction @fther
elements may increase/decrease this value. Enasfji238 and 290 kJ midlhave be
found in other Fe-B based nanocrystalline alloys 17].

DSC analysis was confirmed with complementary stmat study performed by X-
ray diffraction. From the XRD diffraction patterfsee figure 2) the average grain size
and the internal microstrain were estimated by ifiison-Hall method [18] taking into
account the instrumental broadening for the catmrla. Figure 3 shows the values of
crystalline size, microstrain and lattice parameten function of milling time. As usual
in MA powders, when increasing the milling time iurtOOh the crystallite size
decreases and the internal microstrain increaseshdfmore, the lattice parameter
decreases at low milling time and increases at mdlng time indicating the presence
of other elements in solid solution into the bccrigd phase. The lattice contraction is
in good agreement with dissolution of Si atoms ibte Fe structure [19] and lattice
expansion is in good agreement with B dissolutib®].[ After 100h of milling only
minor change was found. The reduction of interrta¢éss is associated to a more

homogeneous alloy.
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Figure 2
Alloy milled for 200h was annealed at two temperasu 600 K and 800 K. XRD
parameters are also given in figure 3. Thermaltrimeats induce the reduction of the
internal microstrain and the nanocrystalls grow#gfter annealing at 600K the
microstrain diminishes whereas the crystallite semains stable. The relatively low
crystallite size increase, from 9 to 23 nm aftenemiing at 800K, confirms the high
thermal stability of the nanocrystalline phase. i&@mbehavior was found in a Fe-Zr

based alloy milled with cyclohexane as PCA [9].
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Figure 3

The magnetic properties of as milled;§b,0SisB1o alloy, i.e. coercivityH. and
saturation magnetizatiods for different milling times and annealing temperas are
given in figure 4.

Saturation magnetization increases, from 138 toeti8/g, after 5 and 200 hours of
milling respectively. Annealing also provokes aorgase of saturation magnetization to
182 emu/g. Coercivity increase with milling timeorin 73 to 125 Oe and diminishes
after annealing at 600K to 57 Oe. The saturatiogrmatzation values are comparable

to Fe-Nb-B alloys developed by melt-spinning whereaercivity is higher [20,21].
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It is worth nothing that the soft magnetic propesti low coercivity and high
saturation magnetization, can be improved by minimg the magnetic domain wall
movement and minimizing the domain wall rotatio][2The magnetic properties are
influenced by internal microstrain that inhibitsettmagnetic domain wall rotation.
Furthermore, the improvement of soft magnetic prige during annealing may be
explained by the decrease in the volume fractiothef residual intergranular highly
disordered phase [20]. For it, the diminution/augtagon of coercivity/saturation
magnetization by annealing is associated to miarogire changes. In order to improve
the magnetic properties of this type of alloys Hert investigations are needed
concerning the optimization of the milling and aal&y regimes.

Contamination was analyzed in sample milled forl20the EDX and ICP analysis

shows a slight increase of Fe contentL 6 at.%)as well as Cr (<0.4 at%) due to milling



tools. The C content as determined by chemicalyaisais lower than 0.2 at%. This
minor contamination prevents the formation of cdebiormation as detected in Fe-Nb-

B milled alloys [21,22].

Conclusions

We have succeeded in the development by mechaalloging of a nanocrystalline
FesNb1oSisB1g soft magnetic material. During milling, saturatiomagnetization and
coercivity increases to 168 emu/g and 125 Oe réispbc Annealing provokes an
increase of saturation magnetization to 182 emiilee coercivity diminishes after
annealing at 600K to 57 Oe. The good magnetic ptigge are influenced by
microstructure, i.e. low microstrain and crystallsize. Minor contamination from

milling tools or process control agent was detected
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Figure captions

Figure 1: DSC scans of the &&b,0SisB1o alloy at different milling times. Heating rate:

10 K/min.

Figure 2: X-ray diffraction patterns of f=sBlb1cSisB1o alloy at different milling times.

Annealing was performed in alloy milled 200 h.

Figure 3: X-ray diffraction parameters: crystallgze, internal microstrain and lattice
parameter as a function of milling time and anmegpliemperature. Annealing was

performed in alloy milled 200 h.

Figure 4: Saturation magnetization and coercivéyaafunction of milling time and

annealing temperature. Annealing was performediay anilled 200 h.



