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INFLUENCE OF Ni CONTENT ON Fe-Nb-B ALLOY FORMATION
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In this work three alloys, Fe;4NbeB,o, FessNijgNbsB,g and FessNiygNbgB,o, were obtained by mechanical alloying to analyze the in-
fluence of Ni content on Fe-Nb-B alloy formation. Structural analysis by X-ray diffraction (XRD) confirms that partial substitution
of Fe by Ni favours the formation during milling of a more disordered structure. Furthermore, thermal stability study was performed
by differential scanning calorimetry (DSC) because thermally induced structural changes can affect soft magnetic behaviour. After
40 h of milling time, all DSC curves show several exothermic effects on heating associated to structural relaxation and crystalliza-
tion. All alloys present a crystallization process with associated activation energy values ranged between 238 and 265 kJ mol ' re-
lated to the crystalline growth of the bee-Fe rich phase. In alloys with Ni, a second crystallization process appears at temperatures
over 500°C with activation energies 397 (10% Ni alloy) and 385 kJ mol™' (20% Ni alloy) probably associated to the nucleation and

crystalline growth of a new phase.
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Introduction

Developed by Benjamin and coworkers, mechanical
alloying (MA) is an alternative technique in produc-
tion of powder particles [1]. Being originally used in
synthesis of oxide dispersion strengthened materials,
mechanical alloying has been reported to be capable
of producing alloys, intermetallic compounds, com-
posites and nanocrystalline and amorphous materials
[2-6]. During MA, powder particles are subjected to a
severe mechanical deformation and are repeatedly de-
formed, cold-welded and fractured. Successive cold
welding and fracturing enable powder particles to be
always in contact with each other, resulting in clean
surfaces and minimized diffusion distance [7].

Over the last decades, amorphous and more re-
cently nanocrystalline materials have been investi-
gated for applications in magnetic devices requiring
magnetically soft materials [8]. Recently, Fe—X-B
(X=Nb, Zr) based alloys with crystallite sizes less
than 100 nm, have attracted attention due to some of
their magnetic properties such as effective permeabil-
ity and saturation magnetic flux density [9, 10]. These
properties indicate that these materials may have ap-
plication in magnetic parts and devices such as
inductors, low and high energy frequency transform-
ers, alternating current machines, motors, generators
and sensors. Furthermore, nanocrystalline alloys with
similar compositions have been obtained by mechani-
cal alloying of elemental powder [11].
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The substitution of small amounts of Co or Ni
for Fe in Fe-based magnetic materials generally re-
sults in an increase of saturation magnetization
[12, 13]. Among the different techniques to develop
these materials, MA allows production of alloys in
large quantities. In addition, MA powders can be
compacted and consolidated to a complex shape [14].
In this study, several Fe(Ni)-Nb-B alloys were ob-
tained and their structure and thermal behaviour were
analyzed, including the influence of partial iron sub-
stitution by nickel. The milling time was chosen to
obtain a disordered structure.

Experimental

Mechanical alloying was carried out in a planetary
high-energy ball mill (Fritsch Pulverisette P7) start-
ing from pure element powders: Fe (99.7% purity,
particle size under 8 um), Ni (99.8% purity, particle
size under 7 pm), Nb (99.85% purity, particle size un-
der 74 pm) and B (99.6% purity, particle size 50 pm).
The nominal compositions of the produced and ana-
lyzed alloys WwWere Fe74NbéBzo, F664Ni1()Nb6B2() and
Fes4NiygNbgB,g. The labels were 0% Ni, 10% Ni and
20% Ni, respectively. All the samples were milled at
the same mill operation velocity (700 r.p.m.), in CrNi
steel vials, and for 10, 20 and 40 h. The ball diameter
was 12 mm, the ball-to-powder mass ratio was fixed
at 5:1. The containers were sealed in a glove box with
a stationary argon atmosphere.
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The MA powders were thermally characterized
by differential scanning calorimetry (DSC) in a Mett-
ler-Toledo DSC822 equipment. Thermal evolution
was performed under Ar atmosphere (flow rate:
40 mL min ") in isochronal scans. Furthermore, crys-
tallization kinetics studied by working at different
heating rates. X-ray diffraction (XRD) measurements
were performed using a D-500 Siemens equipment,
with CuK, radiation, for phase identification and
crystallite size determination.

Results and discussion

Thermal study was performed by differential scanning
calorimetry. Figure 1 shows the DSC curves of the
0%-Ni alloy milled for 10, 20 and 40 h, respectively.
Milling process was performed until 40 h in order to
obtain a nanocrystalline or highly disordered alloy.
X-ray diffraction patterns of the 0%-Ni alloy were
given in Fig. 2. The peaks of bce-Nb structure disap-
pear after 20 h of MA indicating the formation of a
bee-Fe rich solid solution. Amorphous elemental B
was introduced in the alloy in order to favour alloy for-
mation and thermal stability. It is known that in Fe-B
alloys with increased boron content an amorphous
phase can be obtained at lower milling time [15]. Fur-
thermore, in Fe—B rapidly solidified alloys, the higher
the boron concentration the higher the crystallization
temperature becomes [16]. This means that the thermal
stability of the nanocrystalline phase increases when
increasing boron concentration. After 40 h of milling
time the nanocrystalline size of the bee-Fe rich phase,
as determined by X-ray diffraction analysis using the
Rietveld method, was 8.1 nm. In essence, this
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Fig. 1 DSC curves corresponding to the 0%-Ni alloy milled
for: 10, 20 and 40 h. Heating rate: 10 K min
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Fig. 2 XRD patterns of the 0%-Ni alloy: 0, 10, 20 and 40 h
of MA

nanoparticle size is close to where single-domain
magnetic properties come into play [17].

The general character of the DSC curves for all
milling times are similar. The broad exothermic pro-
cess starting at ~100—125°C might be due to early sur-
face crystallization (particle surface) and/or internal
stress [17, 18]. In all the curves, the main crystalliza-
tion process is related to the crystalline growth of the
bee-Fe rich phase as detected in other alloys with sim-
ilar composition [17]. The temperature broad effect
detected by DSC corresponds to different Fe environ-
ments indicating the non-complete homogeneity of
the alloy.

Thermal stability of the nanocrystalline phase is
associated to higher activation energy and onset tem-
perature of the crystalline growth process. The appar-
ent activation energy, E, for the main crystallization
process of alloys milled 40 h can be evaluated using
the Kissinger equation [19] by linear fitting of
In(B/T, pz) vs. 1/T,, being 3 the heating rate and T}, the
assumed peak temperature (selected as the maximum
value of the DSC curve). The crystallization data have
been collected from DSC scans, run at different heat-
ing rates: 2.5, 5, 10, 20 and 40 K min . The obtained
value, 238+13 kJ mol ™', can reasonably be associated
with a grain growth process. The error, ~12%, indi-
cates the correction of the peak temperature selection.
We know from the literature, that the grain growth ap-
parent activation energy of pure Fe is 174 kJ mol ' for
grain boundary diffusion and 251-282 kJ mol " for
lattice diffusion [20]. However, the introduction of
other elements to obtain a nanocrystalline alloy may
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Fig. 3 DSC curves corresponding to the 10%-Ni alloy milled
for: 10, 20 and 40 h. Heating rate: 10 K min™"

increase/decrease this value. Energy values of
140 kJ mol ' [21], 230 kJ mol ' [22] and 290 kJ mol "
[23] have been found in Fe—B based nanocrystalline
alloys.

Among the modification of magnetic properties,
it is known that the use of Ni favours the development
of metastable structures at lower milling times [24].
For it, two additional MA processes with a partial Fe
substitution by Ni were performed. Figure 3 shows
the DSC scans corresponding to the 10%-Ni alloy.
The DSC scan shape after 10 h of MA is similar to
that of the alloy without Ni. Nevertheless, when in-
creasing the milling time two clearly differentiated
exothermic peaks appear. Kissinger analysis of the al-
loy milled for 40 h shows that their activation ener-
gies are 244+10 and 397+12 kJ mol ', respectively.
The first process corresponds to the crystalline
growth of the Fe-rich nanocrystalline phase perhaps
favoured by lattice diffusion, and the narrow peak
over 500°C probably corresponds to the nucleation
and growth of a new crystalline phase. This is a typi-
cal behavior of Fe—Ni based alloys [25].

The DSC scans of the 20%-Ni alloy have a simi-
lar shape to those of the 10%-Ni alloy, as shown in
Fig. 4. In this case, activation energies of the 20%-Ni
alloy milled for 40 h are 265+10 and 385+11 kI mol .
We can state that Ni introduction increases the activa-
tion energy associated to the crystalline growth of the
bee-Fe rich phase, but this process is moved to lower
temperatures. In addition, a new crystalline process
appears at temperatures over 500°C. Similar thermal
behavior has been found in alloys with similar com-
position [26], where the last exothermic effect was as-
sociated to the formation of a new phase. Ulterior
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Fig. 4 DSC curves corresponding to the 20%-Ni alloy milled
for: 10, 20 and 40 h. Heating rate: 10 K min™"

structural analysis of annealed samples is needed to
confirm it.

From XRD patterns, see Figs 5 and 6 for the
10%-Ni and the 20%-Ni alloys, respectively, we can
state that Ni introduction favours the formation of a
highly disordered structure. After 40 h of MA, the
10%-Ni alloy is nanocrystalline, with a crystallite size
of 5.3 nm, and the 20%-Ni alloy is like-amorphous.
Nevertheless, from DSC analysis we obtain that at
least a non-negligible amount of the alloy remains
nanocrystalline.
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Fig. 5 XRD patterns of the 10%-Ni alloy: 0, 10, 20 and 40 h
of MA
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Fig. 6 XRD patterns of the 20%-Ni alloy: 0, 10, 20 and 40 h
of MA
Conclusions

Three Fe based alloys, Fesy «Ni,NbsByg (x=0, 10 and
20), has been produced by mechanical alloying. The
calorimetric data reveal a broad hump which starts at
about 100—125°C and one/two crystallization zones at
higher temperature. The hump is associated with the
relief of internal stresses. The first crystallization pro-
cess, detected in all alloys and with activation energy
ranged between 238 and 265 kJ mol ™' is associated to
the crystalline growth of the bce-Fe phase and indi-
cates the prevalence of lattice diffusion over grain
boundary diffusion. A second crystallization process
appears in alloys with Ni at temperatures over 500°C.
The partial substitution of Fe by Ni produces an in-
crease of the activation energy associated to the crys-
talline growth of the bee-Fe rich phase, but this pro-
cess is moved to lower temperatures. Furthermore,
from XRD analysis we can state that Ni introduction
favours the formation of a highly disordered struc-
ture. After 40 h of MA, the 10%-Ni alloy is nano-
crystalline, with a crystallite size of 5.3 nm, and the
20%-Ni alloy is like-amorphous, whereas the 0%-Ni
alloy has a crystallite size of 8.1 nm.
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