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Abstract

Fe–10 wt.% Ni and Fe–20 wt.% Ni alloys were prepared, using a planetary ball mill. The bcc Fe(Ni) phase formation is identified by X-ray
diffraction after 36 h of milling. The higher the shock power, the larger the bcc lattice parameter and the lower the grain size. In the friction
mode, the lower the crystallite size (11.1± 1.5 nm for Fe–10% Ni and 10.9± 1.5 nm for Fe–20% Ni), the lower the lattice strain (0.42±
0.05% for Fe–10% Ni and 0.43± 0.05% for Fe–20% Ni) for the following milling conditions: (Ω = 300 rpm/ω = 400 rpm) (Ω andω being
the disc and the vial rotation speeds, respectively). In the shock mode (corresponding roughly to the lowest� values), the lower the crystallite
size (10.2± 1.5 nm for Fe–10% Ni and 10.0± 1.5 nm), the higher the lattice strain (0.60± 0.05% for Fe–10% Ni and 0.67± 0.05% for
Fe–20% Ni) for the following milling condition (424 rpm/100 rpm). The highest values of the coercivity have been found in the shock mode.
Such highest values, have been found to be equal to 1600 A/m and 1420 A/m for Fe–10% Ni and Fe–20% Ni, respectively. The milling
performed in the friction mode has been found to lead to the formation of alloys exhibiting a soft magnetic behavior for both Fe–10 wt.% Ni
and Fe–20 wt.% Ni alloys.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Over the past several decades, amorphous and more
recently, nanocrystalline materials have been investigated
for applications in magnetic devices requiring magneti-
cally soft materials, such as transformers, inductive device,
etc. Most recently, research interest in nanocrystalline soft
magnetic alloys has dramatically increased. This is due,
in part, to the properties common to both amorphous and
crystalline materials and the ability of these alloys to com-
pete with their amorphous and crystalline counterparts.
The benefits found in the nanocrystalline alloys stem from
their chemical and structural variations on a nanoscale,
which are important for developing optimal magnetic
properties[1]. It is well known that the microstructure,
noticeably the crystallite size, essentially determines the
hysteresis loop of ferromagnetic materials. The reduction
of the grain size to the regime of the domain wall width
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increases the coercivity (hereafter notedHc) towards a
maximum controlled by the anisotropies which are present
[2].

Accordingly, fine particle systems have been mostly dis-
cussed as hard magnetic materials[3]. Lowest coercivity,
however, are again found for smallest structure correlation
lengths like in amorphous alloys and in nanocrystalline al-
loys with random anisotropy model (RAM) explained by
Herzer [4]. Indeed, when the grain size of such materials
is comparable to the effective bulk domain wall width, the
magnetization may not follow the randomly oriented easy
axis of each individual grain, and common alignment of the
magnetization in correlated grains may occur. The magne-
tocrystalline anisotropy constant may then be averaged over
several grains with the following consequence; the lower
the grain size, the lower the coercivity[4,5]. The inves-
tigation of the magnetic properties of Fe–Ni alloys has a
long lasting tradition. New technological methods of prepa-
ration and treatment open possibilities to prepare the mate-
rials with well-known chemical compositions but exhibiting
novel physical properties. This concerns also the mechanical
alloying (MA) process, which allows preparing nanocrys-
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talline Fe–Ni alloys characterized by a grain size of a few
nanometers[6–8].

MA is a simple method of the most several mechanical
treatment of materials at a relatively low temperature (Tm
∼0.4) [9]. It is an intensive energy process of mechanical
grinding for the preparation of alloyed powders or compos-
ites in powder form[10,11]. It is known that high energy
ball milling in a planetary mill leads to MA of the con-
stituent powders through a process involving repeated defor-
mation, fragmentation and rewelding[12]. In the past, sev-
eral attempts have been made to simulate the dynamics of
this milling process in terms of ball velocity, frequency of
impact and powder/kinetic energy transferred to the powder
charge during milling[13–18]. Maurice and Courtney[13],
and Courtney[14] have simulated the mechanism of milling
on the basis of Hertzian criterion of perturbed impact to pre-
dict the volume of material affected per impact, impact du-
ration, strain/strain-rate, temperature rise and cooling rate.
Burgio et al.[15] have derived a set of kinetic equations to
compute the velocity and acceleration of ball in planetary
mill, and thereby, estimate the energy transferred to the pow-
der particles. The ball distribution inside the vial is consid-
ered to be independent of the kinematics of the ball motion.
However, the analysis does not provide a governing princi-
ple to predict an optimum milling condition. Abdellaoui and
Gaffet[16], Gaffet[17] and Gaffet et al.[18] have suggested
through more rigorous analyses that the power of ball im-
pact rather than the kinetic energy or frequency may deter-
mine the end products and efficiency of the milling process.
They have introduced the concept of the shock frequency,
the kinetic shock energy and the shock power.

In our previous work, attention has been paid on the ef-
fect of the milling duration on the structure and the mag-
netic properties[19]. Based on the just mentioned results,
an optimized milling duration has been determined.

The given paper is focused on the effect of the ball milling
conditions (the rotation speed of the disc and the rotation
speed of the vials) of planetary ball mill (P4 vario mill
from Fritsch) on the structure and the magnetic properties
for nanocrystalline Fe–10% Ni and Fe–20% Ni for the op-
timized milling duration (i.e., 36 h).

2. Experimental procedure

Elemental Fe powder, with an average particle size of
7�m and elemental Ni powder of purity 99.5% with max-
imal particle size of 250�m were used. The milling was
carried out using a planetary high-energy ball mill P4 vario
ball mill that is the Fritsch commercialized version of the
G5 prototype. The planetary ball-milling equipment (G5)
was designed by Gaffet[17], which allows the independent
choice of the values ofΩ andω (R = 75 mm,r = 20 mm,Ω
≤ 1000 rpm, |ω| ≤ 1200 rpm), whereΩ is the rotation speed
of the disc on which the vial holders are fixed. The vial hold-
ers turn at a rotation speed ofω. R is the radius of the disc

Table 1
Shock power and friction energy of P4 planetary ball mill for various
ball milling conditions

Ball milling conditions
Ω(rpm)/ω(rpm)

Shock power (W) Friction energy (%)

212/200 0.7 8.2
212/50 1.1 4.5
212/100 1.2 14.4
212/400 1.4 50.1
300/200 1.6 3.2
300/400 2.6 20.8
300/50 3.0 3.6
300/100 3.3 8.6
424/200 3.9 1.3
424/400 5.5 8.2
424/50 8.4 2.2
424/100 8.8 6.1

andr is the internal radius of the vials. 20 mm diameter steel
balls and 50 ml volume vials were used. The total weight of
powders was 10 g and the ball-to-powder weight ratio was
10:1. The duration of the milling process is equal to 36 h.
In summary, each milling condition is characterized by two
important parameters (Ω/ω). In Table 1, the shock power,
and the friction energy component (the friction compound,
expressed in percentage of total injected power) have been
reported. These values are based on the kinematics studies of
the G 5 ball mill by Abdellaoui and Gaffet[16]. According
to the (Ω/ω) rotation speed choice, we can have the shock
mode process (SMP) whenΩ � ω, and the friction mode
processes (FMP) whenΩ � ω.

X-ray investigations are performed by the way of a Philips
X’Pert MPD diffractometer working in a continuous scan-
ning mode using the Cu K� radiation (λ = 0.154056 nm).
The changes of the lattice parameters are calculated from
the shift of the high angle diffraction line (several lines used
(1 1 0), (2 0 0), (2 1 1), (2 2 0)). To calculate the crystallite
sizeD and the lattice strainε, the Williamson–Hall method
is adopted[20]. The crystallite sizeD and the lattice strain
ε are determined with an accuracy of±1.5 nm and 0.05%,
respectively. The lattice parameters are determined with an
accuracy of 5× 10−5 nm.

Differential scanning calorimetry (DSC) measurements
are carried out using Shimadzu DSC-50 within the temper-
ature range 293–998 K at continuous heating rate of 20 K
per min.

The powder microstructure of the mechanically alloyed
Fe–10% Ni and Fe–20% Ni nanocrystalline alloys are char-
acterized by Scanning electron microscopy (SEM) (stereo
scan 120, Leo 120), with IDIFIX program coupled with en-
ergy dispersive spectrometer (EDS). The standard deviation
of the chemical composition of samples from the nominal
ones is less than 1%. No contamination is found in sample
of Fe–20% Ni.

The magnetic measurements are realized, using an hys-
teresimeter Bull M 2000/2100.
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3. Results

3.1. Structure

X-ray diffraction measurements are performed for all the
mixed powders at various conditions milling. The obtained
diffraction patterns allow controlling the process of alloy
formation.

In Fig. 1, X-ray patterns for Fe–10% Ni and Fe–20%
Ni samples are given for different milling conditions
(Ω/ω/36 h), Ω ∈ {212, 300, 424 rpm}, ω ∈ {50, 100,
200, 400 rpm}. The higher the shock power, the lower the
Ni peak intensity and decay for shock power larger than
2.56 W. Furthermore, an obvious shift of the bcc peak posi-

Fig. 1. X-ray diffraction patterns of MA: (a) Fe–10% Ni, (b) Fe–20% Ni for various P4 milling conditions. (Ω (rpm)/ω (rpm)) (milling time 36 h,λ
= 0.154056 nm).

tion is also observed. Such a shift is attributed to the Fe(Ni)
solid solution bcc phase formation.

In order to analyse the bcc Fe(Ni) formation, the depen-
dence of the bcc lattice parameter as a function of the shock
power is shown inFig. 2for nanocrystalline Fe–10% Ni and
Fe–20% Ni after 36 h of milling.

The following results have been obtained, the larger the
shock power, the larger the bcc lattice parameter. Consid-
ering the shock power equal to 8.83 W, the lattice param-
eter value has been found to increase froma = 0.28658
± 0.00005 nm for unmilled powder toa = 0.28695 ±
0.00005 nm for Fe–10% Ni alloy and froma = 0.28659±
0.00005 nm for unmilled powder to 0.28697± 0.00005 nm
for Fe–20% Ni alloy. The lattice parameter for pure iron
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Fig. 2. Dependence of the lattice parameter for nanocrystalline Fe–10% Ni and Fe–20% Ni after 36 h of milling vs. shock power (SP expressed in W).

was 0.28662± 0.00005 nm (lattice parameter of pure iron
in JCPDS file is 0.28664 nm). Such a slight variation for the
various determined lattice parameters related to the pure Fe
phase may be attributed to the overlapping of Fe peak and
Ni peak contributions.

In Fig. 3, the evolution of the crystallite size and of the
lattice strain as a function as the shock power are shown for
the mechanically alloyed Fe–10% Ni and Fe–20% Ni alloys.
Considering the shock power equal to 8.83 W, theD value
of the crystallite size has been found to decrease fromD
= 54.5± 1.5 nm for unmilled powder toD = 10.2± 1.5 for
Fe–10% Ni alloy and fromD = 51.2± 1.5 nm for unmilled
powder toD = 10.0± 1.5 nm for Fe–20% Ni alloy. Theε
value of the internal strain increase fromε = 0.10± 0.05%
for unmilled powder toε = 0.60± 0.05% for Fe–10% Ni
alloy and fromε = 0.11± 0.05% for unmilled powder toε
= 0.67± 0.05% for Fe–20% Ni alloy (for a shock power).
The authors would like to emphasize that the initial value
of the grain size is only given by the instrumental width of
the X-ray diffraction peaks.

Fig. 3. Evolution of the crystallite size (full line) and of the lattice strain
(dashed line) for nanocrystalline Fe–10% Ni and Fe–20% Ni after 36 h
of milling vs. shock power (SP expressed in W).

It is observed for the mechanically alloyed Fe–10% Ni
and Fe–20% Ni powders that, the higher the shock power,
the lower the crystallite size. It is noticed that the lowest
values of the crystallite size with the highest values of the
lattice strain are found in SMP, whereas, the lowest values
of the crystallite size with the lowest values of the lattice
strain are found in FMP.

The DSC curves performed for mechanically alloyed
nanocrystalline Fe–20% Ni are shown inFig. 4. The studied
milling conditions were (424 rpm/50 rpm/36 h). An exother-
mic effect in the temperature range 723–973 K is observed.
Up to 973 K, the total exothermic heat is about 30 J/g. Fur-
ther, X-ray diffraction investigations are now undertaken to
fully analyse the thermal stability of the bcc Fe(Ni) phase.
Based on our very preliminary results, the annealing has
been found to induce a fcc phase formation, still under study.

3.2. Magnetic characterization investigations

In Fig. 5, hysteresis magnetic loops are exhibited of
nanocrystalline mechanically alloyed Fe–10% Ni and
Fe–20% Ni corresponding to the following milling condi-
tions (424 rpm/100 rpm), (212 rpm/400 rpm), respectively.
In SMP, the higher the value of coercivity, the higher the

Fig. 4. DSC curve for mechanically alloyed Fe–20% Ni for
(424 rpm/50 rpm) milling conditions× heating 20 K/min, 36 h of milling.
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Fig. 5. Series of hysteresis loops: nanocrystalline mechanically alloyed Fe–10% Ni and Fe–20% Ni for 36 h of P4 milling: (a) Fe–10% Ni for
(212 rpm/400 rpm) milling conditions (FMP); (b) Fe–20% Ni for (212 rpm/400 rpm) milling conditions (FMP); (c) Fe–10% Ni for (424 rpm/100 rpm)
milling conditions (SMP); (d) Fe–20% Ni for (424 rpm/100 rpm) milling conditions (SMP).
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Fig. 5. (Continued ).
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Fig. 6. Evolution of saturation magnetization after 36 h of milling vs. crystallite size for various ball milling.

Fig. 7. Evolution of the coercivity after 36 h of milling as function as shock power conditionsΩ (rpm)/ω (rpm).

Table 2
MagnetizationMs and coercivityHc for different bcc Fe alloys

Sample Ms (Am2/kg) Hc (A/m) Techniques References

Fe–10% Ni 213± 2.0 420± 30 Mechanical alloying for (212 rpm/400 rpm) milling conditions This study
Fe–20% Ni 200± 2.5 400± 25
Fe–10% Ni 226.0± 1.5 1600± 35 Mechanical alloying for (424 rpm/100 rpm) milling conditions This study
Fe–20% Ni 217.0± 2.0 1420± 30
Fe–10% Ni 227.0± 2.0 200± 20 Mechanical alloying after 96 h of milling [19]
Fe–20% Ni 219.0± 2.0 110± 20
Fe–10% Ni ∼203–210 ∼571–1143 Mechanical alloying after 60 h of milling and at different milling intensities [25]
Fe–20% Ni ∼167–201 ∼571–1143
Fe–10% Ni 209 2590 Mechanical alloying after 36 h of milling [11]
Fe–10%Si 199 2390
Fe–10%Al 205 1750
Fe–25% Ni – 320 Electrodepositon [23]
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value of the saturation magnetization. In comparison with
FMP, the lower the value of coercivity, the higher the value
of the saturation magnetization (see below). For unmilled
Fe–10% Ni and Fe–20% Ni powder, the coercivity values
have been found to be equal to 1220, 1100 A/m, respec-
tively and the saturation magnetization value are equal to
198, 188 Am2/kg, respectively.

In Fig. 6, the saturation magnetization evolution versus the
crystallite size is shown for mechanically alloyed Fe–10%
Ni and Fe–20% Ni. The lower the crystallite size, the higher
the saturation magnetization.

In Fig. 7, the evolution of coercivity versus the shock
power is exhibited for the mechanically alloyed Fe–10% Ni
and Fe–20% Ni powders. It is observed that in SMP, the
higher the shock power, the higher the coercivity. In FMP,
the higher the friction energy, the lower the coercivity (see
Table 1). The combination between the SMP and the FMP,
whenΩ ≥ ω (i.e., for milling conditions corresponding to the
(Ω/ω) sets equal to (212 rpm/200 rpm), (424 rpm/400 rpm)),
has been found to lead the coercivity exhibiting the lowest
values.

4. Discussion

4.1. Structure

Considering the given results for Fe–10% Ni and Fe–20%
Ni powders obtained by MA, a bcc solid solution Fe(Ni) is
observed (seeFig. 1). Such a solid solution Fe(Ni) formation
have been previously observed by Kuhrt et al.[8]. Kaloshkin
et al. [7] have shown that the concentration range of such
a mechanically induced single bcc phase solid solution is
larger that the one corresponding to the equilibrium phase
diagram.

Such a minor change of the lattice parameter (seeFig. 2)
was due to the small atomic size difference between the
Ni and Fe atoms[6]. Generally, the increase of the lattice
parameters has been attributed to the solid solution formation
preceding the amorphous phase formation as the milling
time increases[21]. Using the G5 planetary ball milling
for mechanically alloying Fe–Ni powders, Hays et al.[22]
have shown that using FMP, the crystallite size decreases
gradually as a function of the milling time with a particle
size varying between 1 and 5�m, whereas, in SMP, the
crystallite size decrease sharply versus the milling time with
a particle size varying between 20 and 100�m.

4.2. Magnetic properties

The magnetic behaviour of Fe–Ni alloys prepared by FMP
agrees with the Fe–Ni nanocrystalline behaviour produced
by electrodeposition which has been reported by Trudeau
et al. [23]. Indeed, our results (i.e., the experiments which
have been performed in the friction mode) are similar (see
Fig. 5) to the just reported paper[23]. In Table 2, the mag-

netic properties (saturation magnetizationMs and coerciv-
ity Hc) have been reported for Fe–10% Ni and Fe–20% Ni
and for the following milling conditions (424 rpm/100 rpm),
(212 rpm/400 rpm) in comparison with those corresponding
to various bcc-Fe alloys[11,19,23,25].

The increase of the magnetization is found to be linked
to the grain size reduction to about 10 nm (seeFig. 6). Each
grain may be considered as being a single magnetic domain
eliminating the influence from magnetic walls[6,19]. On the
other hand, the larger the lattice parameter, the higher the
saturation magnetization. It has been shown by Amils et al.
[24] that the ball milling process produces a high density of
defects, particularly defects of antisite type, which causes a
0.8% lattice parameter expansion in the case of the Fe–Al
alloys. The same authors[24] have previously reported on a
good correlation between the saturation magnetization and
the lattice parameter (increase of the lattice parameters and
the saturation magnetization), which suggests that the ob-
served magnetic transition may be partially related to the
changes in the density of states at the Fermi level. Based on
our results, it is obvious that the magnetization can be mod-
ified by the crystallite size and by the lattice parameter but
not by the used mode (SMP, FMP).

The increase of the coercivity in SMP may be understood
as being the consequence of a considerable introduction of
high internal strains into the material, which is inevitably
related to the process (seeFig. 7). Such an hypothesis is still
under investigation.

Thus, the magnetostriction in combination with the high
internal strain has been identified as the effect dominating
the coercivity by the way of the magnetoelastic interaction
[25]. The low values of the coercivity in FMP can be due
to the low values of the crystallite size and to the depen-
dence of the coercivity and the crystallite size (the lower
the coercivity, the lower the crystallite size) prevails over
the other predominant strain influence in this nanocrystallite
size range[19]. Nevertheless, the resulting nanocrystalline
structure led to the soft magnetic properties (low coercivity
with low grain size) as suggested by Herzer[2]. However
the smallest the structural correlation lengths, the lowest the
coercivities. Such a feature has been previously noticed in
the case of amorphous alloys and of nanocrystalline alloys
for grain size lower than 20 nm[2].

5. Conclusion

Considering our MA results, using the vario mill (P4)
planetary ball mill, a bcc Fe(Ni) phase up to 20% Ni con-
tent is formed. The higher the shock power (8.83 W), the
larger the lattice parameter (a = 0.28695± 0.00005 nm and
a = 0.28697± 0.00005 nm for 10 and 20% Ni contents, re-
spectively) and the lower the crystallite size (10.2± 1.5 nm
and 10.0± 1.5 nm for 10 and 20% Ni contents, respectively).

It has been found that the magnetization is not modified
by milling performed in shock mode process (SMP) nor
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in friction mode process (FMP). Such a magnetization is
only modified by the decrease of the crystallite size and
by the increase of the lattice parameter. The highest values
of coercivity have been found in SMP, i.e.,1600 A/m for
Fe–10% Ni and 1420 A/m for Fe–20% Ni for the following
milling condition (424 rpm/100 rpm). In FMP, MA has been
shown to be suitable for the production of soft magnetic
nanocrystalline Fe–10% Ni and Fe–20% Ni powders.

Acknowledgements

We thank Mr J. Craven and Mrs J. Muzard from Nipson
(Belfort France), for their technical assistance concerning
magnetic measurements and differential scanning calorime-
try.

References

[1] M.E. McHenry, M.A. Willard, D.E. Laughlin, Prog. Mater. Sci. 44
(1999) 291–433.

[2] G. Herzer, in: K.H.J. Buschow (Ed.), Handbook of Magnetic Ma-
terials, vol. 10, Elsevier Science B.V, Amsterdam, 1997, pp. 415–
462.

[3] F.E. Luborsky, J. Appl. Phys. 32 (1961) 171–178.
[4] G. Herzer, J. Magn. Magn. Mater. 157/158 (1996) 133–136.
[5] R. Skomski, J. Phy. Condens. Matter. 15 (2003) R841–R896.

[6] E. Jartych, J.K. Zurawicz, D. Oleszak, M. Pekala, J. Magn. Magn.
Mater. 208 (2000) 221–230.

[7] S.D. Kaloshkin, V.V. Tcherdyntsev, Yu.V. Baldokhin, I.A. Tomilin,
E.V. Shelekhov, J. Non-Cryst. Sol. 287 (2001) 329–333.

[8] C. Kuhrt, L. Schultz, J. Appl. Phys. 73 (1993) 1975–1980.
[9] C.C. Koch, O.B. Cavin, C.G. Mckamey, J.O. Scarbrough, Appl. Phys.

Lett. 43 (1983) 1017–1019.
[10] L. Aymard, B. Dumont, G. Viau, J. Alloys Compd. 242 (1996) 108–

113.
[11] J. Ding, Y. Shi, L.F. Chen, C.R. Deng, S.H. Fuh, Y. Li, J. Magn.

Magn. Mater. 247 (2002) 249–256.
[12] E. Gaffet, G. Le Caër, H.S. Nalwa (Eds.), Encyclopedia of

Nanoscience and Nanotechnology, American Scientific Publishers (to
be published).

[13] D.R. Maurice, T.H. Courtney, Metall. Trans. A 21 (1990) 289–303.
[14] T.H. Courtney, Mater. Trans. JIM 36 (1995) 110–122.
[15] N. Burgio, A. Iasonna, M. Magini, S. Martelli, F. Padella, II Nuovo

Cemento 13D (1991) 459–476.
[16] M. Abdellaoui, E. Gaffet, Acta. Metall. Mater. 44 (1995) 1087–1098.
[17] E. Gaffet, Mater. Sci. Eng. A 132 (1991) 181–193.
[18] E. Gaffet, M. Abdellaoui, N. Malhouroux-Gaffet, Mater. Trans. JIM

36 (1995) 198–209.
[19] R. Hamzaoui, O. Elkedim, N. Fenineche, E. Gaffet, J. Craven, Mater.

Sci. Eng. A 360 (2003) 299–305.
[20] G.K. Williamson, W.H. Hall, Acta. Metall. 1 (1953) 22–31.
[21] C. Suryanarayana, Prog. Mater. Sci. 46 (2001) 1–184.
[22] V. Hays, R. Marchand, G. Saindrenan, E. Gaffet, Nanostruct. Mater

7 (1996) 411–420.
[23] M.L. Trudeau, Nanostruct. Mater. 12 (1999) 55–60.
[24] X. Amils, J. Nogués, S. Suriñach, M.D. Baró, J. Magn. Magn. Mater.

203 (1999) 129–131.
[25] C. Kuhrt, L. Schultz, J. Appl. Phys. 73 (1993) 6588–6590.


	Milling conditions effect on structure and magnetic properties of mechanically alloyed Fe-10% Ni and Fe-20% Ni alloys
	Introduction
	Experimental procedure
	Results
	Structure
	Magnetic characterization investigations

	Discussion
	Structure
	Magnetic properties

	Conclusion
	Acknowledgements
	References


