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Abstract

The correlation between the thermodynamic and magnetic properties of mechanically alloyed (MAed)(Fe1−xNix)70Zr10B20 (x =
0.1–0.4) amorphous alloy powders was investigated. The activation energy (Ea) for primary crystallization of the b.c.c.a-Fe phase
decreased significantly from 356.7 to 139.7 kJ/mol with increasing Ni/Fe ratio from 0.11 to 0.43 and then increased to 304 kJ/mol for the
alloy with a Ni/Fe ratio of 0.67. The Curie temperatures of the(Fe1−xNix)70Zr10B20 (x = 0.1–0.4) alloy powders milled at 18 h were
found to be in the range 425–625 K. The room temperature coercivity of the as-milled amorphous powders was in the range 37–44 G.
However, they were dramatically reduced to values in the range 11–24 G after annealing at temperatures from 250 to 575 K. The minimum
coercivities obtained after in situ annealing of amorphous powder were 8 G for(Fe0.6Ni0.4)70Zr10B20 and 10 G for(Fe0.8Ni0.2)70Zr10B20,
respectively. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Melt-spun Fe-based amorphous materials have already
been recognized as good soft magnetic materials. Recently,
more and more attention has been paid to the mechani-
cally alloyed Fe-based soft magnetic material, especially
nanostructured Fe–Co and Fe–Zr–B–Cu alloy systems
[1–3]. It was found that the coercivity for mechanically
alloyed (MAed) nanocrystalline alloy powders is much
higher than that of traditional melt-spun soft magnetic
materials.

The amorphous phase in(FeCoNi)70Zr10B20 alloy sys-
tems can be obtained by a mechanical alloying process [4].
The influences of annealing temperature and alloy composi-
tion on the magnetic properties for this alloy system are still
unclear. In this paper, we discuss the effects of annealing
temperature on the magnetization and coercivities of amor-
phous alloy powders. In addition, the effects of alloy compo-
sition on the Curie temperatures and minimum coercivities
are presented in this paper. Finally, a correlation between the
activation energy, magnetization and phase transformation
is established.
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2. Experimental methods

Amorphous alloy powders were obtained by mechanical
alloying of the elemental or pre-alloyed crystalline powders
[4]. Differential scanning calorimetry (Perkin Elmer, Pyris
1) was used to anneal the amorphous powders at different
heating rates in order to use Kissinger [5] analysis to deter-
mine the apparent activation energies of the crystallization
reactions. Pendulum and vibrating sample magnetometers
(VSM) (Oxford Maglab) were used to obtain the magne-
tization and coercivities for a variety of amorphous alloy
powders as a function of annealing temperature.

3. Results and discussions

3.1. Activation energy for crystallization reaction

The crystallization of the MAed multicomponent
(Fe1−x−yCoyNix)70Zr10B20 (x = 0.1–0.4, y = 0, 0.1, 0.3)

amorphous alloy powders involved a two-stage process: (1)
the formation of b.c.c.a-Fe followed by (2) the formation
of other crystalline phases, such as(Fe, Ni)23B6 and f.c.c.
g-FeNi [14]. The activation energies for these two crys-
tallization reactions can be determined by Kissinger [5]
analysis.

Kissinger analysis gives the following equation:

Ln
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T 2

)
= −Ea

RT
+ constant (1)
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Fig. 1. Kissinger plots for the peak temperature (Tp1) of primary crystal-
lization of b.c.c.a-Fe and the peak temperature (Tp2) for the formation
of complex compounds, respectively.

wheres is the heating rate,T the specific temperature, be-
ing Tp1 (the peak temperature for the formation of b.c.c.
a-Fe) andTp2 (the peak temperature for the formation of
other crystalline phases) in this paper,Ea the apparent acti-
vation energy andR the gas constant. Fig. 1 shows graphs
of Ln(s/T 2) against 1/T for the peak temperature (Tp1, the
formation of b.c.c.a-Fe) and the peak temperature (Tp2, the
formation of other crystalline phases) in DSC traces.

The activation energies for the primary crystallization
of the b.c.c.a-Fe phase and the formation of the com-
plex compounds are listed in Table 1. The activation en-
ergy for the primary crystallization is the main concern in
this paper and it is maximum for the alloy with a compo-
sition of Fe63Ni7Zr10B20 (356.7 kJ/mol) and minimum for
Fe49Ni21Zr10B20 alloy (139.7 kJ/mol). The typical activation
energies for primary crystallization for Fe-based amorphous

Table 1
Activation energies for the primary crystallization of b.c.c.a-Fe and the formation of complex compounds, respectively, for all MAed amorphous alloy
powders milled for 18 h

Alloys Slopes for Kissinger plots Activation energy (kJ/mol)

Primary crystallization
of b.c.c.a-Fe

Formation of complex
compounds

Primary crystallization
of b.c.c.a-Fe

Formation of complex
compounds

Fe63Ni7Zr10B20 42.9 41.8 356.7 347.5
Fe56Ni14Zr10B20 34.7 45.6 288.5 379.1
Fe49Ni21Zr10B20 16.8 39.1 139.7 325.1
Fe42Ni28Zr10B20 36.6 48.9 304.3 406.6

alloys were found to be around 300 kJ/mol which includes
the contributions from both nucleation and grain growth
[6–8]. The activation energy for pure grain growth in nanos-
tructured Fe was determined by Malow and Koch [9] to be
178 kJ/mol. Therefore, in this study, the activation energy
for primary crystallization for the alloy of Fe49Ni21Zr10B20
is only comparable to the grain growth case. According to a
previous study [4], there is a considerable fraction of possi-
ble nanocrystals in MAed Fe49Ni21Zr10B20 amorphous ma-
trix. Therefore, the activation energy for crystallization is
strongly dependent on the degree of amorphous phase (e.g.
fraction of crystalline phase in the amorphous matrix) and
is significantly reduced where there exists a high degree of
nanostructured crystalline phases in the amorphous matrix.
This suggests that the other three types of MAed alloy pow-
ders appeared to be free of detectable crystalline phase in
the amorphous matrix. The degree of amorphous phase in
this study has also been detected by measuring the magnetic
moment as a function of annealing temperatures.

3.2. Annealing temperature dependence of magnetization

Fig. 2 shows plots of the magnetization (M) of amorphous
alloy powders milled for 18 h as a function of annealing tem-
perature. It shows that the ferromagnetic–paramagnetic tran-
sition gives a good indication of the phase transformation

Fig. 2. Normalized magnetization as a function of annealing temperature
for all amorphous alloy powders milled for 18 h. The magnetization was
normalized to the value at room temperature. This data was collected
using a Pendulum magnetometer in an applied field of 2500 Oe.
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which occurs during the annealing process of the amorphous
alloy powders. Generally, the amorphous phase has a lower
Curie temperature (Tc) than the corresponding crystalline
phase. The b.c.c.a-Fe phase is ferromagnetic phase. The
broad ferromagnetic–paramagnetic transition in the magne-
tization vs. temperature plot usually indicates the presence
of chemical inhomogeneity [10]. When the amorphous al-
loy powders were heated up to the Curie temperature, there
is a significant drop in the magnetization as the ferromag-
netic amorphous phase is changed to the paramagnetic amor-
phous phase if the Curie point is below the crystallization
temperature. In this study, the crystallization temperatures
for Fe56Ni14Zr10B20 and Fe63Ni7Zr10B20 amorphous alloy
powders are 600.6 and 579.1 K, respectively [4]. The Curie
temperatures of the amorphous phases can be determined
from Fig. 2 to be 495 and 425 K for Fe56Ni14Zr10B20 and
Fe63Ni7Zr10B20 alloy powders, respectively. The temper-
ature window between the crystallization temperature and
the Curie points for Fe56Ni14Zr10B20 and Fe63Ni7Zr10B20
amorphous alloy powders can be seen to be 105 and 154 K,
respectively. When the annealing temperature reaches the
crystallization temperature of the amorphous phase, the for-
mation of ferromagnetic crystalline b.c.c.a-Fe phase makes
a contribution to the magnetization of the annealed sample
and the magnetization increases with increasing annealing
temperature. This was caused by the gradual increase in the
volume fraction of ferromagnetic b.c.c.a-Fe phase precip-
itated from the remaining paramagnetic amorphous matrix.
A further increase in annealing temperature accelerated the
crystallization rate and eventually a maximum magnetiza-
tion is reached reflecting a saturation in the formation of
the b.c.c.a-Fe phase. Subsequently, a paramagnetic drop
in magnetization appears when the annealing temperature
reaches the Curie point of crystallized b.c.c.a-Fe phase and
the material becomes paramagnetic. Hence, a broad peak ap-
pears in the plot of magnetization against annealing temper-
ature for Fe56Ni14Zr10B20 and Fe63Ni7Zr10B20 amorphous
alloy powders.

For Fe42Ni28Zr10B20 MAed alloy powders, the Curie
point for the amorphous phase of this alloy is around
600 K, which is slightly lower than the crystallization tem-
perature of 619 K. However, there is only slight increase
in magnetization above 600 K. This might be due to the
smaller volume fraction of crystallized b.c.c.a-Fe phase
and the primary f.c.c.g-Fe Ni phase compared to that for
Fe56Ni14Zr10B20 and Fe63Ni7Zr10B20 alloy powders. This
is confirmed by a further XRD analysis [14].

For MAed Fe49Ni21Zr10B20 alloy powders, a different
result is seen as shown in Fig. 2. As the annealing tempera-
ture increased, an initial decrease in magnetization occurred
in the temperature range from room temperature to 650 K.
This is then followed by a second decrease in magnetization
at a higher temperature (>750 K). This two-step change in
magnetization reflects the fact that two ferromagnetic phases
exist in the alloy powders. The first ferro–paramagnetic
transition indicates the Curie temperature of the amorphous

Fig. 3. Annealing temperature dependence of magnetization by in situ
annealing of Fe49Ni21Zr10B20 alloy powder milled for 18 h. (1) Heating
trace for as-milled alloy powders; (2) Cooling trace for the same powder
sample having already been crystallized in the heating trace.

phase in this as-milled alloy powder is about 625 K, which is
slightly higher than its crystallization temperature of 611 K.
The decrease in magnetization at the first step was found to
be less distinct as compared to other three amorphous alloys.
This might be due to the chemical inhomogeneity in this
alloy powder. The second ferro–paramagnetic transition is
associated with the formation of ferromagnetic b.c.c.a-Fe
phase from the amorphous matrix. Since the Curie point
of amorphous phase is higher than its crystallization tem-
perature for this alloy, the crystallization started before the
amorphous phase had reached its Curie point. This results in
a saturated value in magnetization in the temperature range
from 650 to 750 K. This has been further confirmed by in situ
heating in a higher resolution VSM as shown in Fig. 3. It can
be seen that on heating the Fe49Ni14Zr10B20 alloy powder
milled for 18 h there is a rapid increase in the magnetic mo-
ment that occurs above 650 K after the initial drop in mag-
netization of the amorphous phase. The Curie temperature is
about 625 K which is in good agreement with that obtained
using the Pendulum magnetometer. The high magnetic mo-
ment of the Fe49Ni21Zr10B20 alloy powder at around 650 K
suggested that the crystallization of the b.c.c.a-Fe phase had
taken place earlier. The first increase in magnetic moment
for alloy powders milled for 18 h in the temperature range
300–500 K might be due to the decrease of free volume or
some increase of short-range order. This was also found in
other ferromagnetic amorphous alloy systems [11]. In addi-
tion, the increase in magnetic moment above 650 K suggests
that crystallization of the amorphous phase produces a fer-
romagnetic phase which was identified by XRD analysis as
b.c.c. a-Fe phase. Therefore, the change of magnetization
against annealing temperature for the Fe49Ni21Zr10B20 al-
loy powders milled for 18 h indicates the presence of the
amorphous phase in this as-milled alloy powder. The chem-
ical inhomogeneity in this amorphous matrix made a con-
tribution to the low activation energy for the crystallization.
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Fig. 4. Annealing temperature dependence of the coercivities for all the
amorphous alloy powders milled for 18 h.

3.3. Annealing temperature dependence of coercivities
(Hci)

In situ measurement of the coercivities (Hci) were per-
formed in a VSM during the annealing process. The an-
nealing temperatures were kept below the Curie points for
each amorphous alloy powder since the shape ofM–H loops
changed dramatically above the Curie point. Fig. 4 shows
that the coercivities of the as-milled alloy powders decreased
with increasing annealing temperatures for all the amor-
phous alloy powders. Moreover, it can be seen that Hci val-
ues for all amorphous alloy powders are much higher than
those for the conventional melt-spun soft magnetic amor-
phous materials. Fe49Ni21Zr10B20 has the highest Hci values
whereas the Hci values for Fe56Ni14Zr10B20 are the lowest.

The high Hci values for all MAed amorphous alloy pow-
ders might be due in part to the special microstructure in the
as-milled powder. In contrast to the melt-spun metallic amor-
phous alloy, during mechanically alloying, the alloy powders
experience a repeated cold deformation, welding, fracturing
process. A typical surface topograph of powders for all the
MAed alloys used in this study can be seen in Fig. 5. The
powder has a “cabbage structure” as seen by Schafer et al.
[2] in MAed Fe–Zr–B–Cu nanocrystalline powder. It was
found that such a cabbage structure caused a corresponding
cabbage-like magnetic domain pattern and that a long-range
stress anisotropy existed in the as-milled powder particle.
This produced a high coercivity in mechanically alloyed par-
ticles. In addition, the welded interface between different
layers could act as pinning sites for domain walls or inter-
rupt exchange coupling in the radial direction of the particle.
This might be one of the reasons for the relatively high coer-
civity in the MAed amorphous alloy powder as observed in
the present study. Even for melt-spun Fe40Ni40P14B6 amor-
phous alloy, the coercive force increased from 0.01 Oe be-
fore cold rolling to 20 Oe after 40% cold rolling [12].

The high coercivity of as-milled amorphous alloy pow-
ders may also be a result of chemical inhomogeneity, which
might be due to both the nanocrystalline phase in the amor-
phous matrix and impurities (e.g. Fe and Cr) which came

Fig. 5. A typical surface topograph of MAed amorphous alloy powders
produced by repeated deformation, welding, and fracturing process.

from the milling tools. For instance, the Fe49Ni21Zr10B20
alloy powders milled for 18 h consisted of nanocrystalline
boron-rich and amorphous phases. The amorphous al-
loy powders of Fe56Ni14Zr10B20, Fe63Ni7Zr10B20 and
Fe42Ni28Zr10B20 were found to be more homogeneous than
the Fe49Ni21Zr10B20 alloy powders. Therefore, the coerciv-
ities for Fe49Ni21Zr10B20 as-milled alloy powders are much
higher than the values for the other three amorphous alloys
powder.

The detrimental effects on the coercivity resulting from
the chemically inhomogeneity cannot be effectively elimi-
nated. However, the effects of heterogeneous deformation
anisotropy on coercive force can be significantly reduced for
mechanically alloyed powders [1,13]. In the present study,
the annealing of the amorphous alloy powders below the
Curie temperature reduced the coercivity by as much as
60–80%. An attempt has been made to further decrease the
coercivity by annealing the as-milled powders just below
the onset of crystallization temperatures. The minimum co-
ercivities obtained after in situ annealing of the amorphous
powder were 8 G for(Fe0.6Ni0.4)70Zr10B20 and 10 G for
(Fe0.8Ni0.2)70Zr10B20, respectively.

4. Conclusions

The activation energy, magnetization, magnetic moment
and coercivities for MAed alloy powders are strongly
dependent on the degree of amorphous phase present
within the as-milled alloy powders. The apparent acti-
vation energy for Fe63Ni7Zr10B20, Fe56Ni14Zr10B20 and
Fe42Ni28Zr10B20 amorphous alloy powders are much higher
than that for Fe49Ni21Zr10B20 alloy powder which consists
of nanocrystalline boron-rich phase. Annealing of MAed
amorphous alloy powders below the Curie temperature dra-
matically reduces the coercivities by 60–80%. The nature
of the ferromagnetic–paramagnetic transition can give an
indication of the chemical homogeneity and the short-range
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ordering in the amorphous alloy powders. Low tem-
perature annealing (e.g. below 550 K, close toTg) of
Fe49Ni21Zr10B20 alloy powders caused a gradual increase
in the magnetic moment between 20 and 30% because of a
decrease in the free volume or an increase in the short-range
order.
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