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This  work  investigates  the  effects  of 6.5  wt%  Si addition  and  milling  times  on the structural  and  magnetic
properties  of Fe50Co50 powders.  For  this  purpose,  at first the  elemental  Fe  and  Co  powders  were  milled
for  10  h  to produce  Fe50Co50 alloy  and  then  Si  was  added  and  the  new  product  was  milled  again  for  dif-
ferent  times.  The  microstructural  and  magnetic  properties  were  investigated  by  X-ray  diffraction  (XRD),
vailable online 23 April 2011
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scanning  electron  microscopy  (SEM)  and  vibrating  sample  magnetometer  (VSM).  The  results  show  that
the minimum  crystallite  size  of the  as-milled  powders  (∼12 nm)  has  been  achieved  after  introducing  Si
and  milled  for 8 h  (total  milling  time  of  18  h).  Also  an  amount  of  188  emu/g  has  been  achieved  for  Ms. This
amount  of  Ms is  higher  than  most  of those  which  have  been  already  reported  for  Ms of  different  Fe–Si
systems.
oercivity

. Introduction

Magnetic materials have revolutionized our lives. These mate-
ials are used in electronic, computer and telecommunication
ndustries. During the last decades different types of magnetic

aterials have been used including pure iron and its alloys [1].
ure iron is a good ferromagnetic material; however the resis-
ivity of iron is very low, i.e. it experiences high eddy current
osses [2].  When eddy currents are induced in materials two main
ffects are observed: incomplete magnetization of the materials
skin effect) and increase in core losses [1]. However, alloyed iron
rovides higher magnetic permeability and lower total core losses
nd results in devices having higher efficiencies than devices using
ure iron cores [2].  On the other side according to their coerciv-

ty value, the magnetic materials traditionally classified into three
ain groups: soft magnetic materials, recording materials and hard
agnetic materials [3].  Soft magnetic materials are known by sev-

ral characteristics such as: high saturation magnetization (Ms),
igh permeability (�), small coercive field (Hc), small remanence
Mr), small hysteresis loop, rapid response to high frequency mag-
etic fields and high electrical resistivity [4].

Among different iron-based nanocrystalline soft ferromag-
etic alloys, Fe–Si nanocrystalline soft magnetic powders have
 significant potential for applications like electric/magnetic
easurements, information storage, transformer magnets and
agnetic cores [5–8]. The addition of proper amounts of Si to Fe
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oi:10.1016/j.jallcom.2011.04.095
© 2011 Elsevier B.V. All rights reserved.

not only results in decrement of magnetic anisotropy and coercive
force but also increment of electrical resistivity and, thereby, reduc-
tion of eddy current losses [7,9]. 6.5 wt% Si–Fe is a well known alloy
due to its excellent soft magnetic properties such as high satura-
tion magnetization, near zero magnetostriction and high resistivity,
which suggests that the core loss should be reduced compared to
those of comparable alloys with 3–4 wt%  silicon [1,5,10]. Referring
to saturation magnetization definition as the number of mag-
netic moments parallel to the applied field per unit volume of the
material, increasing the Si content of alloys unfortunately leads to
decrement of Fe content as a ferromagnetic component (since Si
is a diamagnetic element) and thereby can reduce the saturation
magnetization [7]. Therefore, it will be useful to have a procedure
which can prevent this function.

As the Fe–Co soft magnetic alloy has low coercive field, low
hysteresis loss, low eddy-current loss, high electric permeability
and high saturation magnetization, it has been extensively inves-
tigated in the previous works on many aspects such as electronic
structures, mechanical properties and structural transformations
[11,12]. Iron–cobalt alloys have the highest saturation magneti-
zation of all known magnetic alloys [13]. Although the maximum
saturation magnetization (Ms) occurs at a concentration of 35 at.%
Co, equiatomic compositions offer a considerably larger permeabil-
ity for similar Ms [13–15].

Compared to their polycrystalline counterparts, the nanos-
tructured materials have showed superior magnetic properties

due to single domain configuration [16]. Magnetic nanocrystalline
materials are formed by an assembly of regions of coherent crys-
talline structure (the grains), having an average dimension of the
order of nanometer, exhibiting magnetic order and embedded in a

dx.doi.org/10.1016/j.jallcom.2011.04.095
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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agnetic or nonmagnetic matrix. The matrix can be corresponded
o either the grain boundary regions or a phase having structure
nd/or composition different from that of the main one and being
morphous or nanocrystalline [3]. These materials are fabricated
hrough various methods including inert gas condensation, electro-
eposition, sol–gel process, mechanical alloying (MA), chemical
apor condensation (CVC) and heat treatment of rapidly solidified
elts [6,15,16]. Among these, MA  is one of the useful methods due

o relatively inexpensive equipment and readily to produce nano-
tructure materials and with this method there is the potential
o scale-up production for commercial quantities [17]. Therefore,
his method has been widely used to synthesize a variety of
on-equilibrium materials such as supersaturated solid solution,
etastable crystalline, quasi phases, nanostructure and amorphous
aterials [2,18,19]. In this study, nanocrystalline Fe50–Co50 alloy

owders (which has the maximum value of saturation magnetiza-
ion among the Fe–Co alloys) were prepared by mechanical alloying
nd then Si was added and the effects of Si addition and milling
imes on structural and magnetic properties are investigated.

. Experimental

The starting materials used in this study included high purity Fe, Co and Si pow-
ers with particle size of <100, <3 and <10 �m, respectively. Mechanical alloying was
tarted by milling Fe50Co50 mixed powder composition up to 10 h. Then in order to
nvestigate the effects of milling times and addition of Si, Si was  added to make the
lloy  with composition of [Fe50(Co50)]–6.5 wt%  Si and was milled for 1, 4, 8, 10, 20,
5  and 45 h. The milling process was performed under argon atmosphere (99.9%
urity) by using Fritsch planetary ball mill with 250 ml  steel container that was

oaded with a blend of steel balls (m1 = 4 g and m2 = 30.9 g) and rotated at 400 rpm.
he ball to powder weight ratio (BPR) was about 20:1 and milling was  carried out
sing a sequence of 30 min  milling and 15 min  resting. To determine crystallite size,

attice micro-strain, lattice parameter and phase analysis of powder particles, the
owder specimens were analyzed by an X-ray diffractometer (Bruker’s D8 system,
ermany) using Cu K� (� = 0.15405 nm)  radiation over 20–140 2�. The crystallite
ize and lattice micro-strain were estimated by Williamson–Hall method and to
etermine full-width at half maximum (FWHM) precisely, both Xfit and Sigmaplot
oftware were used. A scanning electron microscope (Camscan mv2300) was  used to
nvestigate the powder morphology and magnetic properties were estimated using

 magnetometer VSM.

. Results and discussion

.1. Morphology

During mechanical alloying, powder particles are subjected to
evere mechanical deformation and are repeatedly deformed, cold
elded, fractured and rewelded [19]. Fig. 1 shows the SEM micro-

raphs of powder mixtures for various conditions. The starting
owders (Fig. 1a) have both spherical and flake shapes of iron
ith tiny cobalt particles. After 10 h of milling time, the powders

orm particles with irregular shape and size (Fig. 1b) due to the
uccess of the cold welding. Fig. 1c illustrates the morphology of
ervious product after introducing the Si powders without any
urther milling. The agglomerated particles can be observed after

 h additional milling (Fig. 1d) and after 4 h the size of particles
s diminished and there is no evidence of agglomerated particles
Fig. 1e). Milling up to 20 h has led to more uniform particle size
istribution, but still some large particles can be seen around the
mall size particles (Fig. 1f). Excess milling (up to 35 h) has produce
ore uniform size distribution of particles (Fig. 1g) and prolonged
illing (up to 45 h) does not remarkably affected the size distri-

ution (Fig. 1h). Comparing Fig. 1g with Fig. 1h indicates that the
teady state for size distribution of particles has been achieved

fter 35 h of milling due to the balance between cold welding and
racturing processes. It is generally known that high-energy ball

illing processes reach a steady state in which the particles have a
omogeneous size and shape [6].
d Compounds 509 (2011) 7729– 7737

Fig. 2a depicts the lamellar structure that has been achieved after
10 h milling of Fe50–Co50. This type of structure has been seen after
milling of the most metallic systems [2].  After adding Si (Fig. 2b)
and additional milling for 1 h (Fig. 2c), the Si particles are fractured
(Si is brittle compared with Fe and Co) and small size Si particles
have diffused to the lamellar particles and formed agglomerated
particles with different sizes and shapes. As shown in Fig. 2d, further
milling up to 8 h again has led to lamellar structure. This can be due
to the dissolution of Si in the structure, and the second stage of the
alloying might be taken place. Prolonged milling has caused the
work hardening of particles and fracturing to occur (Fig. 2e). In this
stage, cold working has been dominated by fracturing.

3.2. Structural properties

X-ray diffraction pattern of the initial Fe50–Co50 powders (Fig. 3)
shows the presence of bcc-Fe peaks and those of Co with two  struc-
tures fcc and hcp. After milling for 10 h (Fig. 4a) the diffusion of Co
into the bcc-Fe structure has led to the formation of disordered
bcc-Fe50(Co50) solid solution [14]. During this interval, as fcc-Co
phase is metastable at room temperature, it becomes unstable and
transforms to the hcp one [14,20]. With the introduction of Si to
bcc-Fe50(Co50) solid solution and without any further milling, both
characteristic peaks of Si and solid solution is observed (Fig. 2b).
By milling the new system (bcc Fe50(Co50)–6.5 wt%  Si) for 4 h, the
reflection corresponding to Si has disappeared which might be due
to the dissolution of Si in the bcc Fe50(Co50) solid solution and a
new bcc-Fe(Co,Si) solid solution has been formed.

Fig. 5 shows the 3D X-ray diffraction patterns of powders at
different conditions. The peaks of pure Fe (Fig. 3a) have high inten-
sities and their width are narrow, but with introduction of Co and
subsequent milling up to 10 h, the intensities of diffraction pat-
tern have diminished and the peaks have become broadened due
to the refinement and the existence of heterogeneous strains [21].
On the other hand the milling of bcc Fe50(Co50)–6.5 wt% Si up to
8 h (total milling time 18 h), causes further decreasing of intensi-
ties and broadening of peaks and after that the intensities have
increased slightly.

Fig. 6 shows the effect of milling times on crystallite size.
The crystallite size and internal micro-strain evolutions for milled
powders were carried out by Williamson–Hall method [14]. The
crystallite size of pure iron before milling process was  about
130 nm,  with the addition of Co and milling for 10 h, a rapid
decrease of crystallite size (less than 20 nm)  is observed. With the
introduction of Si and continuing the milling for another 8 h, further
refinement occurs slowly to about 12 nm and for extended milling
time (45 h), the crystallite size increases to about 16 nm which
might be due to the raising powder temperature. The decreasing
of crystallite size after milling can be explained by the mechanism
proposed by Cantor [22]. Nanocrystallization by ball milling occurs
in the following steps. In the early stages of ball milling, work-
hardening occurs, the dislocation density increases and a cellular
structure develops. In the middle stages of ball milling, a dras-
tic transition from work-hardened to layered nanostructures takes
place near the powder surfaces. The layered nanostructure has a
well developed granular structure with thickness less than 100 nm
and is almost dislocation free. A clear boundary exists between
the layered nanostructure and the work hardened regions. It has
been suggested that when the dislocation cell size reaches a small
critical value as a consequence of the severe and high strain rate
deformation, continuous recrystallization takes place and results in
the layered nanocrystalline structure. By further milling, the thick-

ness of the layered nanostructure decreases and the layers become
subdivided by the rotation of equiaxed region. In the final stages
of ball milling, randomly oriented equiaxed regions are produced,
containing about 10 nm diameter grains [7,22,23]. The ultimate
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rystallite size is reported to be two times larger than the lower
quilibrium distance between dislocations, Lc. This distance is given
y:

3Gb

�(1 − �)
(1)
here G is the shear modulus, b the Burgers vector, � the Pois-
on ratio and h the hardness of the material [24]. It is worthy
o note that although the grain sizes have been reduced to a

ig. 1. SEM micrographs for various powders: (a) as-received Fe50–Co50 mixture, (b) F
e50–Co50 (10 h milled)–6.5 wt% Si milled for 1, 4, 20, 35 and 45 h, respectively.
d Compounds 509 (2011) 7729– 7737 7731

nanometer scale, the size of powder particles are still in the
micrometer scale.

The actual lattice parameter was obtained by plotting the cal-
culated lattice parameter for each Bragg’s angle (especially at high
angles) on the y-axis with the corresponding value of cos2�/sin �
on the x-axis and extrapolating to obtain the intercept on the

y-axis. The variation of the lattice parameter is represented in
Fig. 7. The lattice parameter reported for the pure bcc-Fe is
0.2866 nm [7].  This parameter for bcc-Fe50(Co50) powder mixtures

e50–Co50 milled for 10 h, (c) Fe50–Co50 (10 h milled)–6.5 wt% Si mixture, (d)–(h)
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Fig. 1. 

iminishes from 0.2866 nm to 0.2862 nm after milling for 10 h
ue to the alloying of iron with Cobalt and probably to the cobalt
llotropic transformation (fcc-hcp) and/or to the triple defect disor-
er [14]. With progress of the milling process without any Si [14,20],

attice parameter decreases slightly but when Si is added to bcc-
e50(Co50) solid solution and for milled for 8 h, lattice parameter
ecreases remarkably to a minimum value of 0.2852 nm and after
hat it increases suddenly for 10 h milling. The increasing evolu-
ion of lattice parameter continues for extended milling time. There
re two justifications for these variations of lattice parameter after
he addition of Si. Firstly since Si has a smaller atomic radius than
e and Co, dissolution of Si in bcc-Fe50(Co50) solid solution causes
rastic decreasing of lattice parameter, also milling for longer time
up to 8 h) leads to the dissolution of more Si in the solid solution
nd probably a supersaturated bcc-Fe(Co,Si) solid solution will be
ormed. At the same time the crystallite size decreases from 16 nm
o a minimum size of 12 nm and production of lattice defects such
s dislocations and grain boundaries can increase the energy of the
ystem. Therefore existence of a supersaturated solid solution with
igh volume fraction of grain boundaries and dislocations and exis-
ence of very small grains all together provide a condition in which
he Si atoms will be able to leave the grains towards the grain
oundaries. This will reduce the energy of the system and therefore
he lattice parameter increases. Secondly with decreasing the grain
ize, the volume fraction of grain boundaries increases. On the basis
f the coherent polycrystalline model, the volume fraction of the
rain boundaries fgb was estimated by the formula

gb = 1 − fg (2)

here fg denotes the volume fraction of the grains given by

g = (D − d)3

D3
(3)

nd D is the crystallite size, d is the effective grain-boundary thick-
ess. In most of the nanostructured alloys, the estimated thickness
f the interfaces was roughly found at 2–3 atomic layers that
s physically consistent with the thickness of the surface layer
ncountered in non-interacting nanoparticle systems [11]. Conse-
uently, the less dense structure of grain boundaries can result in
ome negative pressure on the interfaces and this can lead to an
ncrease in the lattice parameter.
Fig. 8 shows the changes of internal micro-strain with milling
ime. Milling Fe and Co powders up to 10 h (formation of bcc-
e50(Co50) solid solution) will increase the internal micro-strain
emarkably. The increase of residual strains inside the material
inued .

could be due to stress fields associated with the multiplication of
the dislocations [7].  Micro-stress in crystallites comes from a num-
ber of sources such as vacancies, defects, shear planes, thermal
expansions and contractions. Residual stresses in a material pro-
duce a distribution of both tensile and compressive forces, which
cause peak broadening about the original position in the XRD pat-
terns [2].  After adding Si and doing further milling for additional 1 h,
still we  observed the increase of strain with time. The micro-strain
has continued to increase by increasing milling time and after 8 h
of additional milling, the maximum amount of strain is achieved.
This behavior is due to the presence of Si, as Si atoms induce more
distortion in the lattice. However, further milling up to 10 h leads
to decrement of strain. This decrement can be due to diffusion of
Si atoms to the grain boundaries and the release of lattice distor-
tion which was induced by the Si solute atoms. After this stage, the
strain has increased a small amount. In fact the strain is affected by
two different parameters. The first parameter is the migration of Si
atoms which decreases the amount of strain and the second one is
the severe plastic deformation due to milling process which induces
defects. At the end, we observe a small reduction in the amount of
strain due to the raising temperature. Generally, the temperature
of the powders during milling can be high due to two different rea-
sons. Firstly, it is due to the kinetic energy of the grinding medium.
Secondly, it is possible that exothermic processes occurring during
the milling process generate heat [21].

3.3. Magnetic properties

In general, some magnetic properties can be improved when
the crystallite size is reduced to the nanoscale, while the pres-
ence of stresses and defects introduced by mechanical alloying
impairs the magnetic property; the overall magnetic property is
affected by a competition between decrease in crystallite size
and increase in strain [2,14].  Herzer has reported the relationship
between magnetic properties and grain size [6] according to ran-
dom anisotropy model: when the grain size is smaller than the
magnetic exchange length the origin of the soft magnetic proper-
ties in nanocrystalline materials is ascribed to the averaging out the
magneto crystalline anisotropy due to random distribution of the
nanoscale grains [25]. The variations of saturation magnetization
(Ms) with milling time are shown in Fig. 9. The measured Ms for

pure iron is about 186 emu/g, after the addition of Co and milling
for 10 h, Ms has increased remarkably and reached to a maximum
value of about 225 emu/g. The sharp increment of the Ms suggests
that a true alloying process has occurred. The increase of Ms of the
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ig. 2. High magnification SEM micrographs of lamellar structure and agglomerat
illed  for 0, 1 and 8 h, respectively, (e) fracturing of large particles to the small one

ggregates during milling can be ascribed to the completion of
lloying and the diminishing of magnetocrystalline anisotropy

ue to the grain refinement, which leads to an easier rotation
f the magnetic vector. The grain refinement diminishes the
agnetocrystalline anisotropy due to averaging the effect of mag-

etization over randomly oriented nano-sized grains [2,14,19].
ticles for: (a) Fe50–Co50 milled for 10 h, (b)–(d) Fe50–Co50 (10 h milled)–6.5 wt% Si

Introduction of Si and continuance of milling process lead to the
decrement of Ms so that after 8 h milling it reaches to a minimum

value and then increases and almost fix at 188 emu/g. The decrease
of Ms suggests a remarkable change of magnetic moment during
the alloying process due to the modification of the nearest neighbor
configuration of the magnetic elements Fe and Co. This is consistent
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Fig. 3. X-ray diffraction pattern of unmilled Fe50–Co50 powder.
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ig. 4. X-ray diffraction patterns for various conditions: (a) Fe50–Co50 (10 h mille
espectively.

ith the existence of diamagnetic Si atoms in the vicinity of Fe ones
hich reduced the magnetic moment [26]. Smooth increase of Ms

t prolonged milling time may  be due to the increase of the lattice
arameter [2] and/or completion of alloying process. The saturation
agnetization achieved in this work (about 188 emu/g) is reason-

ble in comparison with the Ms values reported by the other works
between 150 and 175 emu/g) for Fe–Si systems [7,9,26].

Fig. 10 illustrates the variations of coercivity with milling time.
oercivity in general affected by most of defects such as dislo-
ations, grain boundaries and inclusions [13]. The coercivity of
rystalline alloys depends strongly on grain size because the mag-

etic domain walls interact with the grain boundaries. As the grain
pproaches the exchange length, the averaged magnetocrystalline
nisotropy of the random oriented crystallite offers no resistance
o the Bloch walls and the coercivity approaches the low values

Fig. 5. 3D X-ray diffraction patterns for: (a) pure Fe, (b)–(f) Fe50–Co50 (1
)–(i) Fe50–Co50 (10 h milled)–6.5 wt% Si milled for 0, 1, 4, 8, 10, 20, 35 and 45 h,

[3].  Fig. 10 shows the addition of Co and milling for 10 h leads
to higher coercivity. In the early stages, the grain size exceeds
the domain wall thickness and as a result the grain boundaries
act as impediments to domain wall motion. Another reason for
the increment of the coercivity is the introduction of the micro-
strain into the material [11,14]. Also the allotropic transformation
of Co at this stage can have an influence on coercivity, since hcp
structures generally are known to have larger magnetocrystalline
anisotropy than fcc ones [26]. By the introduction of Si and con-
tinuance of milling process (up to 1 h), the coercivity has increased
remarkably. This behavior is due to the increase of internal micro-

strain which has been introduced during milling, also undissolved
Si atoms act as inclusions and hinder the domain walls motion. With
extended milling time up to 10 h, the coercivity has decreased. Since
dissolution of Si atoms (due to 10 h milling) has diminished the hin-

0 h milled)–6.5 wt%  Si milled for 0, 1, 8, 10 and 45 h, respectively.
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Fig. 6. Variations of cry

ering of domain walls motion by undissolved Si atoms. Also due to
he refinement of crystallites, each grain may  act as a single mag-
etic domain and therefore eliminating the influence of magnetic
alls [2].  The increase of coercivity at 8 h may  be due to the high

alues of micro-strain at this stage.
Prolonged milling time leads to the higher amount of coerciv-

ty. It was expected that the coercivity decreases at these stages
ecause the grain size is less than the exchange interaction length.
hen the grain size is larger than the magnetic exchange length,

ex, the coercivity depends on the crystallite size and the saturation
agnetization is given by the relation (4):

c = 3

√
kTck1 1

(4)

aMs D

here D is the crystallite size, Ms the saturation magnetization, k1
he magnetoctystalline anisotropy, Tc the Curie temperature, k the
oltzman constant and a the lattice constant. Lex can be calculated

Fig. 7. Variations of lattice para
e size vs. milling time.

as:

Lex =
√

A

k1
(5)

where A is the exchange stiffness constant. At the grain sizes above
Lex the grain boundaries result in the pinning of the domain walls.
Increasing the volume fraction of grain boundaries through grain
refinement impedes the domain wall movement, thereby increas-
ing the coercivity [15,27]. When the grain size is smaller than the
magnetic exchange length, domain wall effect diminishes and each
grain behaves as a single domain. Based on the random anisotropy
model, the coercivity can be expressed as [15,28]

p k4D6
Hc = c 1

�0MsA3
(6)

where A is the exchange stiffness constant, pc a constant of the order
of unity and �0 the permeability of free space.

meter with milling time.
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The unexpected increment of coercivity is due to the fact that
n ferromagnetic materials, the permanent unpaired dipoles easily
ine up with the imposed magnetic field due to the exchange inter-
ction or mutual reinforcement of the dipoles [4].  The exchange
nteraction then occurs over several grains forcing the magnetiza-
ion vectors in each grain to be parallel to each other. This leads
o better soft magnetic properties such as higher permeability and
ower coercivity [29]. The degree of exchange interaction between
he grains depends on the thickness and magnetic structure of the
nterface (grain boundary) [3]. Narrow grain boundary regions orig-
nate a large exchange interaction coupling between neighboring
rains thus in the boundary region limiting two grains a structure
f magnetic moments allowing a gradual transition between the
ocal easy axes direction is formed [3]. But where the ferromagnetic
rains are separated by nonmagnetic or less-magnetic grain bound-

ries thus the coupling between the ferromagnetic grains becomes
ess effective [26]. The coercivity is also determined by the mag-
itude of the exchange and dipolar magnetic interaction, which
etermine the degree of collectiveness of the reversal process [3].

Fig. 9. Variations of saturation mag
ro-stress vs. milling time.

In this work after adding Si and continuance of milling from 10 h
up to 45 h (in fact total milling time is 20–55 h) the concentration
of Si atoms in grain boundaries increases and since Si is a diamag-
netic element, this leads to the decrease of the exchange interaction
between grains and subsequently increasing the coercivity.

On the other hand, it has been suggested that the coercivity
is strongly dependent on particle size. Generally, smaller particle
size can result in higher coercivity [30]. Since the particle size also
decreases with milling time at these stages, it can be expected that
the coercivity also increases. In a soft magnetic random anisotropy
system with high dislocation density (residual stress), the effective
anisotropy constant is given by [27]:

Keff ≈

√
k2

�,ma + 〈k�,mi〉2 + 〈k1〉2

√ (7)

d3

where k1 is the magnetocrystalline anisotropy of the material,
K�,ma and K�,mi are averaged long-range and short-range magneto-
elastic anisotropies, respectively and d is the average particle size.

netization with milling time.
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Fig. 10. Variations of c

his equation shows that with decreasing particle size, effective
nisotropy constant increases and with increasing this, coercivity
ncreases.

Obviously, the amount of the coercivity obtained in this work is
xtremely high. However, these high values of coercivity have been
eported by other researchers [7]. Ding et al. [9] have proposed that
igh values of coercivity in nanostructured Fe–Si powders are due
o strains developed during severe plastic deformation.

. Conclusions

The following points can be drawn from the results of this work:

. In the early stage of ball milling, the Fe(Co,Si) particle size has
increased (due to cold welding), but further milling has caused
a drastic reduction in particle size (cold welding dominated by
fracturing) and prolonged milling has caused steady state (due to
the equilibrium between the rate of cold welding and fracturing).

. The minimum crystallite size achievable by milling process is
more dependent on milling energy rather than on chemical com-
position powders.

. The micro-strain will increase drastically due to the introduction
of crystal defects induced by milling process, but migration of Si
atoms from grains to grain boundaries will reduce the crystal
distortion which leads to lower internal micro-strain.

. Reduction of lattice parameter is due to the dissolution of solute
atoms (Co and Si) which have different atomic size compared
with solvent (Fe) atoms. With increasing the milling time, the
solute atoms will leave the grains and this will lead to the
increase of the lattice parameter. Another reason for the growth
of lattice parameter is the higher volume fraction of grain bound-
aries which induced a negative pressure into the lattice.

. Addition of Si, decreases Ms (since Si is a diamagnetic element).
However the measured Ms for [Fe50(Co50)]–6.5 wt% Si is reason-

able in comparison with those of other Fe–Si systems.

. Increment of coercivity at prolonged milling times could be due
to segregation of Si atoms into the grain boundaries and decre-
ment of the exchange interactions between the grains.

[

[

ity with milling time.
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