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Nanocrystalline Fejgo_xCoyx (x=20, 35, 50, 60) alloys have been prepared by mechanical alloying of Fe and
Co powders via high energy ball milling. The alloy formation process and microstructure evolution of the
samples have been investigated. Energy filtered transmission microscopy (EFTEM) observations revealed
the strip formation of the Fe and Co phases at an initial stage of milling. The final grain size of the equiaxed
grains in the obtained alloys reached 8 nm upon milling for 20 h. The saturation magnetization of the
mixtures of Fe and Co increases with milling time, indicating an increasing homogeneity in composition
and the phase formation. It is found that the saturation magnetization is also dependent on the Co content,
which reaches the highest value of 240 emu/g at FegsCoss. The phase transformation of the as-prepared
FeCo alloys was also studied using differential scanning calorimetry.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Nanocrystalline materials exhibit unique magnetic, electric and
optical properties due to the ultrafine crystallite grains and the
significant fraction of atoms in grain boundaries [1-3]. These
properties are extremely sensitive to the materials morphology.
FeCo nanocrystalline materials with controlled morphology have
potential applications in advanced materials and devices, such
as ultrahigh-density magnetic recording media, exchange-coupled
nanocomposite magnets, and microwave devices due to the high
saturation magnetization, high permeability, and high Curie tem-
peratures [4-9]. Nanostructured FeCo alloy powders have been
synthesized through various techniques including chemical syn-
thesis, rapid solidification, inert gas condensation, and ball milling
[4-6,10-12]. High-energy ball milling has been proven to be one
of the most efficient methods for preparing nanocrystalline mate-
rials and alloys [9,13]. It has been reported that for long enough
milling time, mechanical alloying can be successfully used for the
synthesis of various metal-metal systems [13,14] including FeCo
[15-17]. However, the morphology evolution due to the intensive
ball milling has not been investigated in detail. In this paper, we
report the correlation between morphology and the magnetic prop-
erties of nanostructured FeCo alloys prepared by high energy ball
milling as a function of milling time.
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2. Experimental procedures

The starting elemental powders of particle sizes from ~10 to 45 jum are commer-
cially available Fe with 98% purity and Co with 99.5% purity. The elemental Fe and Co
powders were milled in a SPEX 8000 M Mixer/Mill (60 Hz model) sealed under a pro-
tective argon atmosphere using 440C hardened steel balls vial. The compositions of
the initial powder mixtures were Fe;go_xCox (x=20, 35, 50, and 60). The weight ratio
of powder to balls was around 1:20. The milling time was varied from 0.5 to 20 h.
The ball milling process has two purposes: to make FeCo alloys and to reduce the
grain sizes via severe plastic deformation. The morphology and crystalline structure
were characterized by transmission electron microscopy (TEM), energy-filtered TEM
(EFTEM), and X-ray diffraction (XRD) by Rigaku Ultima IV using Cu Ka radiation. The
EFTEM was carried out in a FEI scanning transmission electron microscope operated
at 200 keV. The energy filtered imaging was performed using a Gatan Tritium GIF
system. The Co and Fe were imaged at their respective 13 edges of 708 and 779 eV.
Magnetic properties were measured in a superconducting quantum interference
device (SQUID) magnetometer with a maximum applied field of 70 kOe. Differential
scanning calorimeter (DSC) measurement were carried out by NETZSCH-DSC-404C
at the temperature range of 20-1100°C at a continuous heating rate of 20°C per
minute under the flow of argon gas.

3. Results and discussion

Fig. 1 shows the XRD patterns of FeCo powder mixtures (a)
Fe40Cogg, (b) FesoCosg, (c) FegsCoss and (d) FeggCoyg respectively,
milled for up to 20h. The peaks of bcc Fe and hcp Co phases
are observed when the milling time is less than 2h. Upon fur-
ther milling, the peaks were broadened, reflecting the grain size
refinement and the strain increase during the milling process. The
Rietveld refinement results show that during the first 5 h of milling,
the grain size decreases rapidly from micrometers to the nano-
meter range. Further grain size reduction proceeds slowly and the
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Fig. 1. XRD patterns of FeCo alloys: (a) Fe4Cogo, (b) FesoCosg, (c) FegsCoss and (d) FeggCoyo milled for different milling time.

final average grain size is 8 nm when milled up to 20 h as shown in
Fig. 2(a). In addition, the complete disappearance of the Co peaks
occurs in the powders milled for more than 3 h, suggesting diffusion
of Co atoms into the Fe matrix. The decrease in the lattice parameter
is consistent with interdiffusion of Co into the Fe forming a bcc FeCo
solid [17] (see Fig. 2(b)). The decrease of the lattice parameter is due
to the so-called triple-defect disorder [15]. A triple defect consists
of one anti-site Co atom with two vacancies on the Co sublattice.
Anti-site disorder can be introduced, since no vacant lattice sites
are available in the structure suggesting that there is an exchange
of Co and Fe atoms during milling leading to a variation of the Co
atom neighboring.

The effect of milling time on the microstructure of the FegsCoss
alloy was monitored by the TEM as shown in Fig. 3. Initially, milling
of the equiaxed Fe and Co mixture with micron powders leads to
the formation of narrow and elongated strips (layered structure) of
bcc Fe and hep Co as seen by bright field TEM images in Fig. 3(a).

The selected area diffraction pattern (SADP) inset shows more dis-
crete bcc pattern and weak hcp diffraction spots. The 3 h milled
sample shows a smaller separation of the layers than for the initial
milling stage as seen in Fig. 3(b) (the light dark contrast is due to
diffraction). The SADP inset shows very little hcp Co and the gaps
in the ring indicate some grain alignment in this region. With fur-
ther milling, the nanoscale strips began to break up into isolated
equiaxed nanoscale particles. After 20 h, the layers are finer and
grains are smaller as seen in Fig. 3(c). The SADP inset shows no
indication of an hcp Co phase.

The progressive formation of a layered microstructure and
the subsequent break-up of layers into equiaxed particles can be
attributed to a system involving two ductile components with dif-
ferent deformation behavior. Benjamin et al. first observed the
formation process of alloying in a system involving two different
ductile components [19]. In the early stages of milling, the aspect
ratio of the ductile powder particles increases and the particles
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Fig. 2. (a) Grain size and (b) lattice parameter change with milling time for FeCo
alloys.

develop into platelets by a micro-forging process. In the next stage,
these flattened powder particles cold weld together and form a
composite layered structure (strips) of the constituent metals. With
increasing milling time, the strips break into particles with more
equiaxed shapes. The details of the morphology change from strips
into particles are not entirely understood. Several factors could play
arole, including the formation and propagation of shear bands dur-
ing the high strain rate deformation of the layered particles and the
formation of multiple necks. The morphology evolution of elemen-
tal layers during cold rolling depend on the adjacent layers and their
mechanical properties. Very high aspect ratios can be achieved if
the flow stresses of adjacent layers are comparable, but the ten-
dency for necking and rupture increase with diverging flow stresses
of adjacent layers [20]. The formation of strips during the initial
milling, followed by a break-up of the strips could be caused by
comparable mechanical properties of the Co and Fe layers during
the initial phase and a divergence of the flow stresses after some
milling time. This divergence could be associated with the alloy-
ing and the strains that develop, but further work is necessary to

clarify these factors. The combination of decreased diffusion dis-
tances (interlayer spacing), increased lattice defect density, and
the heating that occurred during the milling process promote
the intermixing kinetics. With further milling, alloying occurs
at the atomic level resulting in the formation of the FeCo solid
solutions.

Recently, we reported the self-nanoscaling of the soft mag-
netic phase in SmCo/Fe nanocomposites with brittle/ductile system
induced by severe plastic deformation that was similar to the obser-
vation presented in this study [9,18]. In particular, energy filtered
TEM can be used to produce composition maps with nanometer res-
olution showing distinct two elements regions. As shown in Fig. 4,
the EFTEM analysis revealed a morphology that developed in sam-
ples milled for different time. With increasing milling time, Fe and
Co powders, which started off as equiaxed micrometer-sized parti-
cles, became narrow and elongated and Co atoms mixed into the Fe
layers (see Fig. 4(a) and (b) for 1 h milled sample). After 3 h milling,
the layering is finer and the grains are more obvious. EFTEM still
shows some weak chemical segregation as seen in Fig. 4(c) and (d).
Forlonger milling times, imaging of the microstructure required the
higher magnification of the TEM. Samples milled for 20 h showed
improved homogeneity (as seen in Fig. 4(e) and (f)) due to the dif-
fusion of Co atoms into the Fe phase leading to the formation of the
disordered bcc FeCo solid solution. It should be noted that the com-
position contrast in Fig. 4(e) and (f)) for Fe and Co maps are almost
the same (the dark contrast in Fe map is also dark in Co map and
the bright area is bright in the both). This suggests that the contrast
might be attributed to the thickness effect of the observed sample.
This is consistent with observation of very rough surface in bright
field TEM image as seen in Fig. 3(c). The morphology change with
milling time of samples with different content of Co by EFTEM is
under study which will be reported elsewhere.

The DSC scans of the 20h milled samples performed up to
1100°C confirmed the solid solution formation as shown in
Fig. 5(a). The broad exothermic peaks occur for all samples that
spread over the temperature range 100-550 °C. This behavior orig-
inates from recovery, strain relaxation, and grain growth. In the
DSC traces of the milled samples, two main peaks were observed.
The first peak is broad, endothermic and has a peak maximum of
about 717 to 725 °C, which indicates the disordered a-bcc(A1) to
ordered o’-CsCl(B2)-type structure transformation for milled sam-
ples of Fe1gg_xCox (x =35-60), except for the FegyCo,o9 composition,
which has a fcc structure (y-Fe and a-Co) (see Fig. 5(a)). This is in
accordance with the Fe-Co phase diagram where the a-Fe-Co solid
solution phase transforms from a disordered to an ordered phase
for compositions x =40-60% Co [21]. The second endothermic peak
in the continuous heating DSC curve is in the temperature range
from 968 to 992 °C (for all milled samples) and is related to the
o/-bcc transformation into y-fcc FeCo and with the change from
ferromagnetic to a non-ferromagnetic phase.

Fig. 3. Bright field TEM images of FegsCoss alloy milled for (a) 1h, (b) 3 h and (c¢) 20 h. Insets show the selected area diffraction patterns.
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Fig. 4. EFTEM of Fe and Co maps for the same areas showing the distribution of Fe (left column) and Co (right column) with different milling times. The FeCo samples were
prepared by milling (a) and (b) for 1h, (¢) and (d) for 3 h and (e) and (f) for 20 h with FegsCoss.
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Fig. 5. (a) DSC traces of the as-milled FeCo alloys: (i) Fe4oCogo, (ii) FesoCosp, (iii) FegsCoss and (iv) FeggCoz and (b) saturation magnetization of FeCo alloys with different
compositions milled up to 20 h (inset gives the dependence of coercivity on milling time of FeCo alloys).
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The progress of alloying process between elemental Fe and Co
powders during the milling process was also monitored by mea-
suring the change in saturation magnetization as given in Fig. 5(b).
The magnetization increases monotonically with the milling time
up to 5h and then slightly decreases afterwards. The highest sat-
uration magnetization values of Fejgg_xCox with x=20, 35, 50 and
60 were found to be 232, 240, 236 and 224 emu/g, respectively,
for samples milled for 5 h. The increase in the magnetization upon
milling should be related to reduction of grain size that facilitates
diffusion of Co into Fe leading to improved homogeneity in FeCo as
observed from TEM analysis. The decrease in saturation magneti-
zation of FeCo samples milled longer than 5 h might be attributed
to an increment of induced structural defects and disordered bcc
phase owing to severe plastic deformation of powders. The inset in
Fig. 5(b) shows the variation of the coercivety (H,) of FeCo powder
mixtures with different content of Co as a function of milling time.
It can be seen that the maximum value of H is observed after 3h
of milling and H. decreases with decreasing grain size for extended
milling time. The H. enhancement for short milling time may be
related to the presence of hcp Co phase at the initial stage of milling
and to the decrease of grain size of Co as observed by XRD and TEM,
since the hcp structure has larger magnetocrystalline anisotropy
than the fcc phase. Additionally, H. increases with increasing Co
content for a given milling time. The coercivity value ranges from
80 to 115 0e for FeggCoyg and FeygCogg, respectively, when they
were milled for 3 h.

4. Conclusion

In conclusion, nanocrystalline Fejggo_xCox (x=20, 35, 50, 60)
alloys have been synthesized via mechanical alloying of the Fe
and Co powders by high energy ball milling. The microstructure
and magnetic properties development of the samples with milling
time have been investigated. EFTEM observations showed strip for-
mation of the Fe and Co phases at an initial stage of milling. On
further milling Co dissolves into the Fe matrix and forms a disor-
dered FeCo solid solution with equiaxed grains of about 8 nmin size
upon 20 h of milling. Both coercivity and saturation magnetization
of the as-milled FeCo alloys increase with increasing milling time at
initial stage and reach at the maxima at around 3 h and 5 h milling
time respectively before slightly decrease upon further milling. The

coercivity and saturation magnetization of the as-milled FeCo
alloys are also dependent on the Co content. A maximum magne-
tization value of 240 emu/g for Feg5Co35 is obtained.
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