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bstract

Mechanical alloying (MA) represents a non-expensive versatile route able to produce equilibrium as well as non-equilibrium materials including
morphous, nanostructured composites, and extended solid solution systems. In this work, two nanocrystalline alloys: Fe71Ni14Zr6B9 (A) and
e60Ni14Zr6B20 (B) were developed. The as milled (80 h) alloy consisted primarily of metastable BCC-(Fe, Ni) nanocrystals (6–10 nm). The

pparent activation values obtained are 3.2 ± 0.1 and 2.6 ± 0.1 eV for alloys A and B, respectively. The structural behaviour determined by X-ray
iffraction and Mössbauer spectroscopy indicates that the thermally induced crystallization processes are related to the crystalline growth of the
CC-(Fe, Ni) phase and to formation of FCC-(Fe, Ni) and (Fe, Ni)2-B phases.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In the last decades, the nanocrystalline Fe based materials
ave attracted considerable interest because of their specific
hysical properties, differing from those of polycrystalline and
morphous materials of the same chemical composition [1,2]. A
ide variety of techniques are being used to synthesize nanos-

ructured metallic materials including inert gas condensation [3],
lectrodeposition [4], crystallization of amorphous phases [5],
puttering [6] or mechanical alloying [7].

Our experiments are based in mechanical alloying (MA) as an
lternative technique to obtain metastable materials in powdered
orm. This technique has been described as a complex pro-
ess that involves deformation, fragmentation, cold solder and
icrodifusion in a highly energetic grinding media. The milled

lloys present a similar nanocrystalline structure as quenched
ibbons after annealing at elevated temperatures [8]. However,
he magnetic properties of the mechanically attrited materials

re inferior to rapidly quenched materials. Recently, melt-spun
e–X–B (X = Nb, Zr) based alloys with crystallite sizes less than
00 nm, have attracted attention due to their magnetic proper-
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ies such as effective permeability and saturation magnetic flux
ensity [9–11]. However, the magnetic properties of the mechan-
cally attrited materials are inferior to rapidly quenched materials
12,13] because of the stress generated by the process. Neverthe-
ess, the use of melt-spun materials in power transformers and
ther energy-conversion devices has been limited by their small
hickness [14]. It has also, over the years, proved that MA to be
uperior to rapid solidification processing as a non-equilibrium
rocessing tool [15].

In this work we have investigated the structural, compo-
itional and thermal evolution of the alloy structure during
he milling process of two Fe–Ni–Zr–B alloys. The formation
f non-soft magnetic compounds as Fe2B limits their thermal
tability.

. Experimental

Mechanical alloying was carried out in a planetary high-energy ball mill
Fritsch Pulverisette P7) starting from pure elements and compound powders
Fe of 99.7% purity, with a particle size under 10 �m; B of 99.6% purity, with a
article size 50 �m and Ni7Zr3 of 99% purity, with a particle size under 100 �m).

ball-to-powder mass ratio of 5:1 was used. Oxidation was reduced by milling

n argon atmosphere. The milling process was performed at a speed of 600 rpm
or 10, 20, 40 and 80 h using stainless steel balls and a vial with a ball-to-powder
ass ratio of 5:1. The alloys produced and analyzed were: Fe71Ni14Zr6B9 and
e60Ni14Zr6B20, labelled as A and B, respectively.

mailto:joanjosep.sunyol@udg.es
dx.doi.org/10.1016/j.jallcom.2006.08.319
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The sample thermal characterization was carried out by differential scan-
ing calorimetry (DSC) under an argon atmosphere in a DSC30 equipment of
ettler-Toledo. The morphology and composition study was performed by scan-

ing electron microscopy (SEM) in a DSM960 A Zeiss equipment with energy
ispersive X-ray microanalysis (EDX) and by induced coupled plasma (ICP)
n a Liberty-RL ICP Varian equipment. X-ray diffraction (XRD) patterns were
arried out in a D-500 Siemens equipment using Cu K� radiation. Mössbauer
haracterization of Fe environments was performed at room temperature with a
onstant acceleration spectrometer employing a 57Co (Rh) source. The spectra
ere fitted employing the Normos-Dist program by Brand [16] assuming that
e environments are involved in Fe–Ni solid solutions. In addition one or more
iscrete environments are proposed. The isomer shift (δ) values are reported
elative to BCC-Fe absorber.

. Results and discussion
The topology of the powders was followed by SEM. As an
xample Fig. 1 shows micrographs of alloy A after 80 h of
illing. As increasing the milling time, the average grain size

Fig. 1. SEM micrographs of alloy A milled during 80 h.

F
2

d
a
t
i
(
m
D

m
F
B
p
p
f
a
b
c
u
[
a

F
2

ig. 2. X-ray diffraction patterns of alloy A milled during: (a) 0 h, (b) 10 h, (c)
0 h, (d) 40 h and (e) 80 h.

iminishes, but high agglomerates were produced with smooth
ppearance. EDX microanalysis of localized zones shows also
he oxygen contamination due to the oxide formation. The
nductive coupled plasma (ICP) and energy-dispersive X-ray
EDX) results show slight (<2.0 at.%) contamination from the
illing tools (Fe, Ni and Cr) and from the atmosphere (oxygen).
etected contamination increases with the milling time.
The formation of the nanocrystalline structure during

echanical alloying was followed by X-ray diffraction.
igs. 2 and 3 correspond to the XRD spectra of alloys A and
, respectively. As increasing the milling time, the BCC iron
eaks broaden and their intensity decrease while the FCC nickel
eaks disappear. The resultant diffraction spectra were corrected
rom the K�2 effects prior to the collection of peak location
nd full width at half-maximum data. Following instrumental
roadening correction, the data were separated into broadening

omponents attributed to fine crystallite size and to plastic strain
sing a Warren–Averbach method employed by different authors
17,18]. The lattice strain observed, between 0.2 and 0.8%, is in
ccordance with typical values of distorted lattices but in contrast

ig. 3. X-ray diffraction patterns of alloy B milled during: (a) 0 h, (b) 10 h, (c)
0 h, (d) 40 h and (e) 80 h.
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ith the grain size, we found that the lattice strain increase as
function of the milling time. A maximum value of above 1%
as reached in multicomponent Fe–Co–Ni–Zr–B alloys [19].
he nanocrystallites formed after 80 h of milling were about 10
nd 6 nm average size for alloys A and B, respectively. Usually
i enhances the amorphyzation process [20,21].
For each milled powdered sample, lattice parameter values

ere calculated from the high angle peak positions and were
ffectively corrected for systematic error due to displacement of
he powder sample from the diffractometer analysis using the
rocedure described in Ref. [22]. The lattice parameter, after
0 h MA, are higher, 0.2875(4) and 0.2871(4), than that of the
ure bcc Fe structure indicating the presence of other elements
n solid solution. A value of 0.2879 was found in Fe70Zr10B20
owder milled [23]. Furthermore, the lattice parameter increases
ith increasing milling time. However, XRD analysis shows that
anocrystallite size and lattice parameter becomes nearly stable
fter 40 h MA.

Thermal study was performed by differential scanning
alorimetry (DSC). Fig. 4 shows constant heating rate
β = 10 K/min) DSC curves corresponding to alloys A and B
espectively after 80 h of milling. At low temperature, about
90 K, an exothermal process begins. This is a signature of
ecovery of stress, that is, mainly deformation energy stored
uring the milling process. As increasing the temperature, one
r two crystallization processes appear related with the crystal

rowth, reordering and formation of the crystalline phases. The
hape of the DSC scans of alloy A milled for 10–80 h are similar
nd it is was also found in other Fe–Ni based alloys obtained
y MA [24,25]. The exothermic peaks are wider and less sharp

r
3
l
F

ig. 5. Mössbauer spectra and distribution of hyperfine magnetic fields (Bhf) of alloy
ig. 4. DSC at constant heating rate (β = 10 K/min) curves corresponding to
lloys A and B after 80 h of milling.

or powder than those for melt-spun or bulk materials. This is
ue to the fat that the powder has a particle size distribution
19,21]. Furthermore, as increasing the milling time the recov-
ry becomes more energetic.

The apparent activation energy, E, for the main crystalliza-
ion process of alloys milled 80 h can be evaluated using the
issinger equation: ln(β/T 2

p ) versus 1/Tp with β the heating

ate and Tp the peak temperature [26]. The values obtained are
.2 ± 0.1 and 2.6 ± 0.1 eV for alloys A and B, respectively. Simi-
ar energy values were found for Fe87Zr7B6, Fe86Zr7B6Cu1 [27],
e85.5Zr4Nb4B5.5Al1 [28] and multi-component FeNiZrB [19].

A as milled for 80 h and after thermal treatments during 1 h at 300 and 600 ◦C.
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the crystallization of a low moment iron rich paramagnetic anti-
taenite (45% area in A and 37% area in B) with δ = −0.02 mm/s.
This transformation, consequence of a thermally activated dif-
fusion process, takes place favored by the annealing conditions.
ig. 6. Mössbauer spectra and distribution of hyperfine magnetic fields (Bhf) of

he highest activation energy and characteristic temperature of
rystallization indicates that higher thermal stability of alloy A
which corresponds to a higher Fe/B ratio). Furthermore, it is
mportant to detect the formation of non-soft magnetic com-
ounds as Fe2B to design annealing treatments of these alloys.

Transmission Mössbauer experiments were performed at
oom temperature on samples milled for 80 h and isothermally
reated at 300 and 600 ◦C for 1 h (Figs. 5 and 6). The samples
re inhomogeneous as revealed by broad hyperfine field distribu-
ions, the same result was found in multicomponent Fe–Ni–Zr–B
23]. For both alloy compositions the BCC-Fe based solid solu-
ion was formed preferably.

In as milled samples, before thermal annealing, the
össbauer spectra were fitted employing a hyperfine mag-

etic field (Bhf) distribution corresponding to solid solutions
f one or more elements in the BCC-Fe phase. In alloy A the
ain contribution (97% of the spectral area) is a Bhf distri-

ution corresponding to BCC-Fe–Ni based solid solution with
Bhfpeak value = 33.7 T and δpeak value = 0.03 mm/s. The resul-

ant quadrupole splitting is Δ = −0.02 mm/s. In alloy B a very
ide Bhf distribution (93 area%) denotes an increasing disorder,

nvolving not only Fe and Ni but also B or Zr atoms. Hyper-
ne parameters Bhfpeak value = 33 T, δpeak value = 0.05 mm/s and
= −0.01 mm/s correspond to a BCC-Fe rich phase. Ni

ncreases the hyperfine field and Zr reduces it [23]. In both spec-
ra, a less important contribution to Bhf about 12 T can be related

o disordered FeZrB environments [29]. In addition, two weak
aramagnetic interactions are observed, one of them, a singlet,
orresponds to a low moment (LM) Fe rich FCC phase named
ntitaenite [30,31] with δ = 0.02 mm/s, the other (1% area) is

F
a

B as milled for 80 h and after thermal treatments during 1 h at 300 and 600 ◦C.

doublet which hyperfine parameters are δ ≈ 0.21 mm/s and
≈ 0.40 mm/s.
Mössbauer spectra obtained from samples A and B previously

eated at 300 ◦C indicate a relief of internal stresses on both
amples whereas the growing of a (Fe, Ni) boride contribution
o the Bhf distribution (Bhf ≈ 23.2 T) was additionally observed
n sample B. The spectra of both samples heated at 600 ◦C show
ig. 7. X-Ray diffraction peaks of alloys A and B milled during 80 h after
nnealing at 600 ◦C.
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erromagnetic BCC-(Fe, Ni) (28% area in A and 12% area in
) with 〈Bhf〉 = 33.5 T, 〈δ〉 = 0.02 mm/s and Δ = 0.00 mm/s and

Fe, Ni)2B (25% area in A and 48% area in B) with 〈Bhf〉 = 21 T,
δ〉 = 0.10 mm/s and Δ = 0.02 mm/s are additionally observed.
he microstructure evolution was followed by X-ray diffraction

XRD). As shown in Fig. 7, the crystallization process is related
o the crystalline growth of the BCC-(Fe, Ni) phase and to for-

ation of FCC-(Fe, Ni) and the (Fe, Ni)2-B phases, in agreement
ith Mössbauer results.

. Conclusions

Two nanocrystalline alloys (6–10 nm), Fe71Ni14Zr6B9 and
e60Ni14Zr6B20, have been produced by mechanical alloying
fter milling during 80 h. The higher thermal stability of alloy
ith the highest Fe/B ratio is determined by activation energy

nd characteristic temperature of the main crystallization pro-
ess values.

Transmission Mössbauer experiments performed at room
emperature on samples milled for 80 h confirms the formation
f solid solutions of one or more elements in the BCC-Fe phase.
pectra after annealing at 300 ◦C indicate a relief of internal
tresses on both samples whereas the growing of a (Fe, Ni)
oride contribution to the Bhf distribution (Bhf ≈ 23.2 T) was
bserved in sample with more boron content. The spectra of
oth samples annealed at 600 ◦C show the crystallization of a
ow moment iron rich paramagnetic antitaenite (45% area in A
nd 37% area in B) related to a thermally activated diffusion
rocess. Ferromagnetic BCC-(Fe, Ni) (28% area in A and 12%
rea in B) and the non soft magnetic (Fe, Ni)2B (25% area in A
nd 48% area in B) are additionally observed.
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