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a b s t r a c t

Magnetic iron–nickel alloys generally called permalloys are of great interest due to their magnetic prop-
erties. Fe–45%Ni alloy is one of the major iron–nickel compositions, well-known for high flux density, low
coercivity and their responsiveness to the magnetic annealing. In this study, nanocrystalline Fe–45%Ni
alloy powders were prepared by mechanical alloying process using a planetary high-energy ball mill
under an argon atmosphere. The synthesized powders were heat treated at different temperatures using
eywords:
ermalloy
anostructure
echanical alloying
eat treatment

a vacuum furnace. The structural properties of the as-milled and the post-heat treated powders were
studied by means of X-ray diffraction (XRD) technique and transmission electron microscopy (TEM). The
magnetic measurements on the powders were carried out using a vibrating sample magnetometer (VSM).
The results showed that the lattice strain decreases and the crystallite size increases with annealing tem-
perature. It was also found that the variation of coercivity is dominated by the removal of residual stress
at low annealing temperatures, whereas the value of coercivity depends on the crystallite size at higher
agnetic properties annealing temperatures.

. Introduction

It has been known that large-grained polycrystalline ferromag-
etic materials (grain sizes D typically ranging from ∼10 �m to
mm) can be magnetically soft, with coercivity below approxi-
ately 1 Oe. When a grain is large enough to contain multidomain,

riction to domain motion (domain pinning) arises from inclu-
ions and residual stresses rather than from grain boundaries.
s the grain size decreases, the main contribution to the coer-
ivity arises from grain boundaries. Thus, fine-grained materials
re usually magnetically harder than coarse-grained materials
f the same composition [1]. As a consequence, the coercivity
ecreases when the grain size increases according to the well
nown 1/D law [2].

Nanocrystalline soft magnetic materials do not follow the
bove mentioned domain pinning model in such away soft fer-
omagnetism with as low as possible coercivity was found in

anocrystalline alloys. This phenomenon has been described
y random anisotropy model (RAM). The random anisotropy
odel was originally developed by Alben et al. [3] to describe

he soft-magnetic properties of amorphous ferromagnets. Herzer

∗ Corresponding author. Tel.: +98 913 3715597; fax: +98 611 3336642.
E-mail addresses: khgheisari@scu.ac.ir, ahledel227@yahoo.com (Kh. Gheisari).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.09.159
© 2010 Elsevier B.V. All rights reserved.

[4] modified this model to explain the soft magnetic proper-
ties of nanocrystalline alloys. According to the Herzer’s random
anisotropy model, whenever grain size is smaller than the magnetic
exchange length Lexch ≈ 40–50 nm [5], the coercivity of nanocrys-
talline soft magnetic materials can be expressed as [2]:

Hc = K1
4D6

JsA3
(1)

where K1 is the anisotropy constant, D is the average crystallite size,
A is the exchange constant and Js is the saturation polarization as
an intrinsic characteristic of the material.

Mechanical alloying is a powerful and relatively simple tech-
nique which allows the preparation of nanostructured Fe–Ni based
alloys [6]. In spite of this fact that the grain size of the mechan-
ically alloyed Fe–Ni nanostructure powders is smaller than the
magnetic exchange length, their coercivity does not follow the ran-
dom anisotropy model [7,8] because of the high level of structural
defects such as residual strain [1].

In this study, nanostructured Fe–45%Ni powders were syn-

thesized by the mechanical alloying process. The effect of heat
treatment at elevated temperatures on the structure and magnetic
properties is examined. The magnetic properties are discussed with
respect to the internal strain and the grain growth behavior of the
material.

dx.doi.org/10.1016/j.jallcom.2010.09.159
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. X-ray diffraction pattern of the as-milled Fe–45%Ni powder. Experimental
ed dots. The difference between experimental data and fitted simulated pattern i
eferences to color in this figure legend, the reader is referred to the web version of

. Experimental method

The initial powders of Fe and Ni (purity >99%, average particle size <100 �m)
ere weighed and mixed to give the composition of Fe–45%Ni, and then introduced

nto a cylindrical tempered steel vial of the capacity of 100 ml. The ball-to-powder
atio was 15:1. In order to minimize oxidation, the entire operation was performed in
dry argon atmosphere, and the vial was sealed with a Teflon O-ring. The mechan-

cal alloying process was carried out at ambient temperature by a planetary ball
ill at the vial rotation speed and milling time of 350 rpm and 24 h, respectively.

he synthesized powders were heat treated at different temperatures varying from
50 ◦C to 550 ◦C for 60 min followed by furnace cooling to the room temperature.
he annealing process was performed in a vacuum of 10−5 Pa.

The phase analysis and structural parameters were characterized with X-ray
iffraction (XRD, Shimadzu XRD-6000 diffractometer Cu Kalpha-1 radiation). The
tructural parameters were determined from Rietveld’s powder structure refine-
ent analysis of the X-ray powder diffraction data. The Rietveld calculations were

erformed by TOPAS 3 software (from Bruker AXS). In the TOPAS software, the
ouble–Voigt approach [9] is used for obtaining the crystallite size and strain com-
onents. This method is based on the broadening of the diffraction lines. In addition
o the crystallite size and lattice strain, diffraction line broadening includes an
nstrumental broadening which is caused for different reasons [6]. For instrumen-
al broadening correction, a specially processed Si standard was used. Correction
oefficients were estimated and incorporated in the TOPAS software as instrumen-
al broadening. The crystallographic model of FCC FeNi (Fm−3m, a = 0.35975 nm)
as used as a starting model for the refinements. For each refinement, the follow-

ng variations were applied: the background parameter, scale factor, cell parameter,
ero point correction, Lorentzian crystal size and Gaussian lattice strain. In order to
udge the quality of fitting on the structure model, the Bragg reliability factor (RBragg)
as used. The refinements resulted in accurate fits to the experimental data and the
verage RBragg value was less than 5%.

Transmission electron microscopy (TEM, JEOL-JEM 2010) was used to study
he microstructure of the powder particles. Magnetic measurements were obtained
t the room temperature with a vibrating sample magnetometer (VSM, Lakeshore
404) with a saturating field of ±10 kOe, field increment of 404 Oe and a field ramp

Fig. 2. (a) HRTEM image and (b) SAED pattern of a Fe–45%Ni
are shown as continuous black line and refined simulated patterns are shown as
n as continuous gray line under the diffraction pattern. (For interpretation of the

rticle.)

rate of 40.4 Oe/s. The average value of saturation magnetization and coercivity was
determined by an accuracy of ±3 emu/g and ±2 Oe after three times of measurement.

3. Results and discussion

3.1. Structure

The XRD diffraction pattern of the as-milled powder after 24 h
of milling time is shown in Fig. 1. To estimate structural parameters
such as crystallite size and lattice strain, the XRD pattern is analyzed
by employing Rietveld’s powder structure refinement analysis. In
the Rietveld method, the least squares refinements are carried out
until the best fit is obtained between the calculated patterns, which
is based on the refined structure models and the observed diffrac-
tion patterns [9,10]. It is shown from this figure that the observed
diffraction pattern (I0; continuous black line) is fitted well with the
refined simulated pattern of the crystallographic model of FCC FeNi
(Ic; small red dots), because the residue of fitting (I0 − Ic) is negli-
gible. In addition, the characteristic Fe reflections are disappeared.
These evidences prove that FCC �-(Fe, Ni) phase (called taenite)
has been completely formed. The formation of FCC �-(Fe, Ni) phase
(i.e., taenite) was also confirmed by Guittoum et al. [7] after 24 h of
milling time.
The diffraction lines broadening, which is clearly observed from
this figure, indicates a decrease in the crystallite size and the intro-
duction of lattice strain. This broadening is due to the second-order
internal stress which acts as a macroscopic level of the crystallites
and produces a broadening of diffraction lines [7]. The Rietveld

alloy powder particle obtained after 24 h milling time.
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ig. 3. X-ray diffraction patterns of mechanically alloyed Fe–45 wt.% nanostructured
owders as a function of annealing temperature.

nalysis of the diffraction pattern reveals that the average crys-
allite size and the lattice strain values of �-(Fe, Ni) phase are
6.2 ± 0.6 nm and 0.258 ± 0.015%, respectively. It is interesting to
ote that Guittoum et al. [7] obtained a crystallite size and lattice
train of 25 nm and 0.25% after 24 h of milling using a high-energy
lanetary ball mill. Also, Lima et al. [11] obtained a crystallite size
f 15 nm for nanostructured Fe50Ni50 alloy prepared by chemical
eduction. It would be worth mentioning that for each material,
here is a minimum grain size that is obtainable by milling, and
his value is related to the intrinsic properties of the material, such
s crystal structure [12,13]. In the previous study, it has shown that
he minimum accessible grain size of �-(Fe, Ni) phase obtained by

illing is about 15 nm [8].
The nanocrystalline structure of the as-synthesized powder was

lso confirmed by high resolution electron microscope (HRTEM)
icrographs. Fig. 2(a) and (b) shows the HRTEM bright field

mage and the corresponding selected area electron diffraction
SAED) of the as-synthesized powder, respectively. The corre-
ponding diffraction pattern and the lattice fringes indicate an
lmost completely random orientation of the resultant nanocrys-
alline structure. The average grain size estimated from the HRTEM
mages is about 12 nm, which is relatively consistent with the value
stimated by the analysis of the X-ray diffraction data.

Fig. 3 shows the X-ray diffraction patterns of the mechanically
lloyed Fe–45 wt.% powders obtained after annealing at the vari-

us temperatures. It can be seen from this figure that FCC �-(Fe,
i) phase (i.e., taenite) is stable over the annealing temperature.

t is also evident that the X-ray diffraction patterns of the heat
reated powders are not changed significantly compared to the as-

illed powder, except a progressive narrowing and slightly angular
Temperature (ºC)

Fig. 4. Variation of lattice strain and crystallite size of �-(Fe, Ni) phase with increas-
ing annealing temperature.

shift of the diffraction peaks and an increase in their intensity
with increasing the annealing temperature. The reduction of the
peak broadening is due to the increase of crystallite size and the
decrease of lattice strain during the heat treatment process. The
slightly angular shift is attributed to the first-order internal stress
relaxation induced by the heat treatment. The first order angular
stress acts as a macroscopic level by modifying the lattice param-
eter and consequently produces an angular shift of diffraction
lines [7].

The variation of the lattice strain (e) and crystallite size (D) of
�-(Fe, Ni) phase estimated from the Rietveld refinement of the
X-ray diffraction data is shown in Fig. 4. The value of the crys-
tallite size gradually increases from 16.2 ± 0.6 nm to 52.4 ± 1.4 nm
with increasing the annealing temperature from the room tem-
perature to 550 ◦C. On the contrary, the lattice strain value is
found to fall moderately from 0.258 ± 0.015% to 0.138 ± 0.003%,
when the annealing temperature increases from the room tem-
perature to 550 ◦C. The similar trend is also reported by other
authors for mechanically alloyed powders during heat treatment
[14]. The lattice strain relaxation can be attributed to dislocation
recovery based on dislocation annihilation and rearrangement pro-
cesses. These processes are achieved by glide, climb and cross-slip
of dislocations [15]. As a result, the dislocation density decreases
when the lattice strain decreases at the elevated temperatures.
On the other hand, grain growth occurred by the grain boundary
migration during the heat treatment process. As grains increase
in size, the total boundary area decreases, yielding an attendant
reduction in the total energy, which is the driving force of grain
growth [16].

3.2. Magnetic properties

The magnetic hysteresis loop measurements of the as-
synthesized powder and an example of the annealed Fe–45 wt.%
powder (heat treated at 450 ◦C) are shown in Fig. 5. Saturation
magnetization and coercivity can be obtained from these curves.
These magnetic properties, especially the intrinsic coercivity, are
structure sensitive and dependent on heat treatment.

Fig. 6 shows the dependence of the saturation magnetization
as a function of the annealing temperature. Referring to this figure,
the saturation magnetization increases roughly with increasing the

annealing temperature; probably due to the elimination of lattice
strain at the high temperatures (Fig. 4). The result is also consistent
with previous reports [17,18].

The coercivity variations with the heat treatment tempera-
tures are shown in Fig. 7. In order to simplify discussion, the
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ig. 5. Hysteresis curves of the as-synthesized powders with and without a subse-
uent heat treatment.

gure is divided to two stages. At the first stage, the coerciv-
ty initially decreases significantly from 8.4 Oe to 4 Oe when the
nnealing temperature increases from the room temperature to
50 ◦C, and then it remains approximately constant at about 4 Oe
or the higher annealing temperature up to 450 ◦C. Although the
anocrystalline structure of the synthesized powders at this stage
16.2 nm ≤ D ≤ 33.7 nm) is ascertained by the Rietveld analysis of
he X-ray diffraction data, their coercivity does not follow the
erzer’s random anisotropy model (Hc ∞ D6). A possible reason

or this unexpected behavior arises from the high level of resid-
al stress induced by the ball milling process. Since the Herzer’s
andom anisotropy model does not include the effect of resid-
al stress, the model cannot be applied to the as-ball milled
owders.

Shen et al. [1] modified this model to include the effect of resid-
al stress, which is prevalent and unavoidable during ball milling.
hey has assumed that dislocations are the main contributors to

he residual stress; therefore, their model predicts that the coer-
ivity in mechanically alloyed nanocrystalline materials (D < Lexch)
epends on both dislocation density (residual stress) and crystallite
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Fig. 6. Saturation magnetization as a function of annealing temperature.

(

Temperature (ºC)

Fig. 7. Coercivity as a function of annealing temperature.

size. Their model can be summarized and expressed as:

case 1 : |�s| → 0, � → 0, Hc ∝ D6

case 2 : |�s| → 0, � 
 0, Hc ∝ D6

case 3 : |�s| 
 0, � → 0, Hc ∝ D6

case 4 : |�s| 
 0, � 
 0, Hc ∝ √
�

where �s is the saturation magnetostriction and � is the average
dislocation density [1].

The random anisotropy model modified by Shen et al. [1] pro-
vides a satisfactory explanation for the decrease of coercivity at
the first stage. The observed variation of the coercivity suggests
that in this annealing range, the decrease of Hc is dominated by
the removal of residual stress. In the second heat treatment range
(stage 2), the coercivity increases sharply from 3.7 Oe to 8.9 Oe
with increasing the annealing temperature from 450 ◦C to 550 ◦C.
The variation of the coercivity in this stage can be attributed to
the increase of crystallite size, which is explained by the Herzer’s
random anisotropy model.

4. Conclusion

The structure and magnetic properties of mechanically alloyed
Fe–45%Ni nanostructured powders have been carefully studied as
a function of annealing temperature. The important observations
can be summarized as follows:

(i) FCC �-(Fe, Ni) phase (taenite) with the average crystallite size
of 16.2 ± 0.6 nm and the lattice strain of 0.258 ± 0.015% has
been completely formed within 24 h of ball milling.

(ii) Increasing the annealing temperature led to an increase of the
crystallite size (because of the grain growth process) and a
decrease of the lattice strain (due to the recovery process) at
the elevated temperatures.

iii) The saturation magnetization was found to increase with the
annealing temperature as a result of internal strain relaxation
at the elevated temperatures.

(iv) The coercivity decreased with increasing the temperature
at the low annealing temperatures (T ≤ 450 ◦C) due to the
removal of residual stress being the main contributor to the
coercivity. Consequently, the variation of the coercivity was
consistent with the random anisotropy model modified by
Shen. On the contrary, at the higher annealing temperatures

(450 ◦C ≤ T ≤ 550 ◦C) the coercivity increased due to the domi-
nating effect of grain growth on Hc; therefore, the variation of
the coercivity followed from the Herzer’s random anisotropy
model in this annealing range.
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