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The alternation of dynamic magnetic characteristics with operating temperature and magnetizing fre-
quency in annealed Fe73.5Cu1Nb3Si15.5B7 nanocrystalline alloy core was systematically studied by AC
B-H loop tracer and complex permeability approach. It is found that the operating temperature below
160 �C has little influence on core loss when the induction (B) is less than 1.1 T. As B becomes higher, core
loss measured at higher temperature becomes larger. The B and remanence (Br) at 80 A/m under power
frequency both decline slightly as the temperature goes up. Furthermore, the real part of permeability
(l’) increases at first and then decrease with the rise of temperature. The peaks of the imaginary part
of permeability (l’’) shift to higher frequency side with decreasing l’ over operating temperature. In
addition, the variations of permeability dispersion with the elevated in the operating temperature of
the annealed nanocrystalline core are explained by fitting to Havriliak-Negami (H-N) model, revealing
that temperature impact on the magnetic relaxation time.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

With the rapid development of technology and concerning on
energy saving, modern electronic devices tend to be miniaturized,
lightweight, and high energy efficient. Fe-based nanocrystalline
alloys have excellent combination of soft magnetic properties such
as higher permeability (l), lower coercivity (Hc), lower core loss
(P), and better high-frequency characteristics, compared to con-
ventional soft magnetic materials [1–4]. Therefore, these alloys
are attractive and increasingly used in magnetic electronic devices,
such as common mode chokes, pulse transformers, high frequency
power transformers and sensors [5–7]. Since these devices usually
work on the AC magnetic field with a variety amplitude and mag-
netization frequency (f), it is essential to understand the dynamic
magnetic response of nanocrystalline alloy to the AC field. One of
the most widely used methods to obtain dynamic response, includ-
ing magnetic domain movement and magnetic relaxation for
nanocrystalline alloy driven by AC field is the application of the
complex permeability approach [8,9]. On the other hand, these
magnetic cores always work on the temperature with upper limit
of higher than 100 �C due to the external heating sources and their
own energy losses. The core designers need to choose optimum
magnetic materials to ensure the magnetic function and safety,
including consideration of AC field and operation temperature con-
dition. Therefore, it is important for the magnetic designer to
knowledge the dynamic magnetic performance of magnetic cores
at elevated operating temperatures.

Great efforts have been devoted to exhibit the various factors
which effect on dynamic magnetization of nanocrystalline alloys,
e.g. the amplitude of AC field [8], the magnetizing frequency
[10,11], the cooling rate [12], the slight surface oxidation [13],
the transverse field-induction anisotropy [14], and the annealing
temperature [15,16]. In addition, Several nanocrystalline alloys,
eg. FeCoCuNiSiB alloy [17], Finemet-type nanocrystalline alloy
[18], and FeSiBNbCu alloy [19], have been a subject of investigation
of their magnetic properties varied with temperature. However,
the influence mechanism of operating temperature on magnetic
dynamic performance and dynamic magnetic relaxation for
nanocrystalline alloy core is still unclear. Havriliak–Negami (H-N)
relaxation model is an empirical modification of the Debye relax-
ation model, assuming the broadening and asymmetric distribu-
tions of relaxation time. Despite this model is widely used for
investigation of different relaxations in glassy system [20], bulk
Z-type cobalt hexaferrite [21], soft magnetic bulk cores [22], etc.
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Study of magnetic relaxation behavior for nanocrystalline ribbon-
wound cores from this aspect is not thorough.

In this study, we intend to provide a comprehensive view of the
frequency dependence of magnetic dynamic characteristics includ-
ing magnetic induction (B), remanence (Br), core loss (P) and com-
plex permeability under the operating temperature in an annealed
ribbon-wound core based on an Fe73.5Cu1Nb3Si15.5B7 nanocrys-
talline alloy. We have improved the magnetic properties on this
alloy by utilizing two-step heat treatment process and controlled
the formation of Cu clusters to further optimize the nanocrystalline
structure [23]. Here, based on the optimum magnetic properties of
this alloy at room temperature obtained in our previous work. The
relations among the magnetic dynamic properties, magnetization
frequency and operating temperature on the nanocrystalline alloy
core are illustrated. Furthermore, the magnetic relaxation behavior
is explored by using a Havriliak-Negami (H-N) model.
2. Experimental procedure

The experimental results were performed on toroidally wound
cores of nanocrystalline alloy with nominal composition Fe73.5Cu1-
Nb3Si15.5B7 (at.%). The precursor of nanocrystalline alloy was amor-
phous ribbon obtained by rapid quenching at a cooling rate of one
million �C/s. The as-quenched ribbon with 21 lm thick, was cut
into 15 mm wide, and then was wound automatically into the tor-
oidal core with an inner diameter and outer diameter of 20 and 31
mm, respectively. Before measuring the dynamic magnetic charac-
teristics, these core samples were subjected to two-step annealing
progress to achieve uniform nanocrystalline structure and opti-
mum magnetic properties at room temperature. During this heat
treatment, the cores were isothermally pretreated at 400 �C for
1 h and then nanocrystallized at 560 �C for 1 h without applying
an external magnetic field. A holder was used to protect the
annealed toroidal core sample from vibration and from wire wind-
ings tightening. Coated copper wire which can bear the measure-
ment temperature was chosen for the winding coil. The variation
of dynamic magnetic properties with temperature were measured
from room temperature (20 �C) to 160 �C regulated by putting the
core in a muffle furnace.

In situ measurement for the operating temperature dependence
of dynamic hysteresis loops and core loss in the nanocrystalline
wound core were carried out by using AC B-H loop tracer under
the different frequency of 50 Hz, 400 Hz and 1 kHz. The coated cop-
per wire was 20 turns for the primary coil and provided with wind-
ings of 2 turns for the secondary coil, respectively.

Complex permeability, l = l’ � i l’’, at a frequency range from
50 Hz to 10 MHz and under elevated operating temperature of
the nanocrystalline core with 20 turns of insulated copper wire
in situ measured by means of an impedance analyzer (Agilent
4294) equipped with a test fixture (16047E). The amplitude of
applied AC magnetic field was kept at very small value of about
0.1 A/m to ensure the regime of initial permeability. The measured
frequency was swept with 501 discrete frequencies.

The complex permeability as a function of angular frequency is
predicted by the Havriliak-Negami (H-N) relaxation model
[22,24,25]. The H-N model is expressed as the following relations:
Fig. 1. Dynamic hysteresis loop (a), magnetic induction B80 and remanence Br (b)
for annealed Fe73.5Cu1Nb3Si15.5B7 nanocrystalline alloy core measured at various
temperature and at a frequency of f = 50 Hz. The inset illustrates the variation of B
as a function of applied field H from 70 A/m to 80 A/m. Here, B80 is magnetic
induction under the applied magnetic field of 80 A/m.
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In this expression, l̂ðxÞ ¼ l0ðxÞ � il00ðxÞ is the complex per-
meability, x = 2pf is the angular frequency, i is the unit imaginary
number, l1 is the permeability at high frequency limit, ls is the
static or low frequency permeability, and sr is the relaxation time,
a is related to the width of the loss peak, b controls the asymmetry
of the loss peak. The exponents a and b can take on values between
0 and 1.
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H-N model has been widely used to characterize the dynamic
mechanical behaviors of polymers, transition metal and other
materials. This study intends to investigate the dynamic magneti-
zation processes of annealed Fe73.5Cu1Nb3Si15.5B7 nanocrystalline
alloy by using H-N model.

3. Results and discussion

The magnetic hysteresis loop is one of the most useful sources
of information on magnetic properties from the application point
of view. Fig. 1(a) shows the dynamic hysteresis loops of the
annealed Fe73.5Cu1Nb3Si15.5B7 nanocrystalline alloy ribbon-wound
core at a frequency of 50 Hz were measured under operating tem-
perature range from room temperature to 160 �C. As reported, the
curie temperature of this alloy is 570 �C, which is significantly
higher than the operating temperature. It can be observed from
the AC hysteresis loops that the applied field (H) increases with
increasing operating temperature when the magnetic induction
(B) achieve same values, and the magnetic induction at 80 A/m
decreases with increasing temperature. The temperature depen-
dence of magnetic induction (B80) and remanence (Br) at the
applied magnetic field of 80 A/m and a frequency of 50 Hz are pre-
sented in Fig. 1(b). It can be observed that the B80 and Br both
decline as the operating temperature goes up. The B80 decreases
1.2% at 50 �C, 4.3% at 70 �C, 5.3% at 100 �C, 7.1% at 130 �C, and
10% at 160 �C compared with that at room temperature, respec-
tively. In many electronic application, nanocrystalline alloy cores
are not operated near the saturation in order to keep the low core
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loss. The magnetic designers need to set suitable magnetic induc-
tion to meet the tolerable core losses and enough small core. It
indicates that the application magnetic induction should be lower
with operating temperature rises.

Owing to core loss is another critical parameter for designers,
the temperature dependence of core loss at different frequency
as a function of magnetic induction are also measured. As shown
in Fig. 2(a), the effect of operating temperature on core loss is
not obvious when the induction (B) is less than 1.1 T. As B becomes
higher, core loss measured at higher temperature becomes larger.
The temperature dependence of core loss for annealed Fe73.5Cu1-
Nb3Si15.5B7 nanocrystalline alloy toroidal core at frequency of
400 Hz and 1 kHz under the induction of 1.1 T is illustrated in
Fig. 2(b). Measured under the same temperature, the core loss
shows a progressive increasing as the ascending frequency. The
increment of core loss with frequency is due to the change of the
effective field in the nanocrystalline core caused by generating an
eddy current reaction field [26].It is interesting that at the fre-
quency of 400 Hz and 1 kHz, the variations of core loss with oper-
ating temperature both reveal similar trends toward reduce at first
and then rise at a frequency of 50 Hz.

Table 1 also shows the temperature dependence of coercivity
(Hc) at 400 Hz and core loss (P) at 50 Hz for the annealed Fe73.5Cu1-
Nb3Si15.5B7 nanocrystalline alloy. It is observed that the Hc at 1 T
and P at 1.1 T both decline slightly at first and consequently
increase as the temperature goes up. For example, The Hc1/400

and P1.1/50 both reduce 1.5% and 2.3% at 50 �C compared with room
temperature, respectively. On the other hand, the Hc1/400 and P1.1/50
both increase 5.9% and 9.8% at 160 �C compared with room
temperature.
Table 1
Dynamic magnetic properties of annealed Fe73.5Cu1Nb3Si15.5B7 nanocrystalline alloy toroid

Operating Temperature T (�C) B80/50 (T) B

20 1.26 0
50 1.25 0
70 1.21 0
100 1.19 0
130 1.17 0
160 1.13 0

Here, B80/50 is magnetic induction intensity at 50 Hz under the applied magnetic field o
Hc1/50 is coercivity at 400 Hz under the induction of 1 T, and P1.1/50 is core loss at 50 Hz

Fig. 2. Temperature dependence of core loss (a) at a frequency of f = 50 Hz as a
function of magnetic induction intensity and (b) at frequency of 400 Hz and 1 kHz
under the induction of 1.1 T for annealed Fe73.5Cu1Nb3Si15.5B7 nanocrystalline alloy
toroidal core.
In order to evaluate the thermal evolution of complex perme-
ability for the annealed Fe73.5Cu1Nb3Si15.5B7 nanocrystalline alloy
ribbon-wound core, the real part l’ and imaginary part l’’ of com-
plex permeability spectrums have been measured at the frequency
range from 50 Hz to 10 MHz and temperature interval from room
temperature to 160 �C. Fig. 3a depicts the frequency dependence
of real permeability, l’ for the Fe73.5Cu1Nb3Si15.5B7 alloy core at
selected operating temperatures. Take into account the l’ mea-
sured under an applied magnetic field with a low amplitude,
Hm = 0.1 A/m, we can regard these l’ as the initial real permeabil-
ity. As the frequency goes up, the l’measured at all operating tem-
peratures exhibits similar dispersive behavior, where the values
keep high and nearly constant in a wide frequency range from
50 Hz to 20 kHz at first, and subsequently decline to small values.

Fig. 3b displays the temperature variation of imaginary perme-
ability, l’’ for the Fe73.5Cu1Nb3Si15.5B7 alloy core at operating tem-
peratures up to 160 �C. Unlike real permeability, the l’’ measured
at all selected temperature exhibit low values in a wide frequency
range from 50 Hz to 1 kHz, but they then grow up with further
increasing frequency and show peaks for various temperatures at
particular frequencies. The single peak of l’’ at a particular fre-
quency, can be identified as relaxation frequency, fr. In fact, beyond
this relaxation frequency, the value of l’’ falls rapidly.

For the annealed Fe73.5Cu1Nb3Si15.5B7 nanocrystalline alloy
ribbon-wound core, these changes of the real part l’ and imaginary
part l’’ of complex permeability with frequency under all selected
temperatures can be interpreted in terms of the dynamic magneti-
zation process and magnetic relaxation [27,28]. At low frequencies,
domain walls are pinned, and these pinning sites are most proba-
bly on the surface of the nanocrystalline alloy ribbon. On the other
hand, the dominant magnetization process is that domain walls are
bulging and these motions are reversible. Thus, the l’ and l’’ are
almost constant at low frequencies. Since eddy current loss
increases and magnetic relaxation appears with increasing fre-
quency. Therefore, as frequency goes up, the l’ decreasing toward
very small values and the l’’ rising toward peak can be ascribed to
the eddy current damping and magnetic relaxation dispersion.
When the frequency goes up to fr, the domain walls bulging can
no longer follow the external applied field, the l’ drops and l’’ ele-
vates on account of the relaxation dispersion.

Inset of Fig. 3a illustrates the relative change in real permeabil-
ity normalize to its room temperature value versus operating tem-
perature at different frequencies. For all three AC frequencies, the
relative rates of change in l’ are positive and negative when the
temperature below and beyond 130 �C, respectively. The highest
positive relative rate of change in real permeability, about 15.9%
under 50 Hz, 6.4% under 1 kHz, and 3.4% under 10 kHz, are both
observed at 50 �C, respectively. The negative relative rate of change
in real permeability, about 12.1% for 50 Hz, 10.4% for 1 kHz and
�9.7% for 10 kHz, are all located at 160 �C, respectively. Further,
it is noticed from Fig. 3 that the peaks of l’’ shift to higher fre-
quency side with decreasing l’ over operating temperature, which
accord with Snoek’s relation [29].
al core measured under different operating temperatures.

r80/50 (T) Hc1/400 (A/m) P1.1/50 (W/kg)

.55 3.37 0.064

.53 3.32 0.063

.52 3.43 0.065

.48 3.45 0.067

.47 3.51 0.070

.45 3.57 0.071

f 80 A/m, Br80/50 is remanence at 50 Hz under the applied magnetic field of 80 A/m,
under the induction of 1.1 T.



Fig. 3. The real part (l’, a) and the imaginary part (l’’, b) of the complex permeability as a function of frequency for the annealed Fe73.5Cu1Nb3Si15.5B7 nanocrystalline alloy
ribbon-wound core at selected operating temperatures and the constant magnetic field amplitude Hm = 0.1 A/m. The inset illustrates the relative change in real permeability
normalize to its room temperature value vs. operating temperature at frequency of 50 Hz, 1 kHz, and 10 kHz.

Fig. 4. Evolution of Cole-Cole Plots of the complex permeability for the annealed
Fe73.5Cu1Nb3Si15.5B7 nanocrystalline alloy toroidal core under selected operating
temperatures and the magnetic field amplitude Hm = 0.1 A/m.
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Fig. 4 shows the Cole-Cole plots of the complex permeability of
nanocrystalline Fe73.5Cu1Nb3Si15.5B7 alloy core under various oper-
ating temperature. The alternation of l’’ with l’ has been depicted
at different temperatures and under the magnetic field amplitude
Hm=0.1 A/m. The corresponding frequency for each point increases
from right to left. It can be observed from Fig. 4 that the shape of
Cole-Cole plots is temperature dependent and semicircle. The
smallest curvature is observed at the temperature of 160 �C. All
these semicircles merge and terminate on the l’ axis at higher fre-
quency side. There is no second semicircle observed indicating
there is only nanocrystalline alloy core resistance exist. In addition,
the domain wall movement displays a clear relaxation behavior, as
affirmed by the semicircles in the Cole-Cole plots. The radius of
semicircles variation with the growth of temperate indicates the
change in relaxation time [30].

To further analyze the temperature dependence of dynamic
magnetic processes for the annealed Fe73.5Cu1Nb3Si15.5B7

nanocrystalline alloy, the experimental complex permeability is
theoretical fitted by using the H-N model expressed by Eqs. (2)
and (3). In the nonlinear curve fitting procedure, we consider the
values of ls’ and ls’’ as the experimental real part and imaginary
part of complex permeability measured at a low frequency of
50 Hz, respectively. Since there are no more active magnetization
processes exist at high frequency limit, the value of l1’ and l1’’
are both equal to one [22]. Fig. 5 exhibits the experimental real
part (l’) and imaginary part (l’’) of complex permeability spectra
for annealed Fe73.5Cu1Nb3Si15.5B7 nanocrystalline alloy toroidal
core at selected operating temperature. The solid and dash lines
are the nonlinear curve fits to real part and imaginary part of com-



Fig. 6. Temperature dependence of and exponents a (a), b (b), and relaxation time
sr (c) of H-N model obtained from the best fitting of experimental complex
permeability spectra for annealed Fe73.5Cu1Nb3Si15.5B7 nanocrystalline alloy core.
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plex permeability measured at different temperature by using H-N
model, respectively. It can be seen from Fig. 5 that the theoretical
fitting curves well coordinate with the experimental real part and
imaginary part of complex permeability curves. The goodness of
fits for annealed nanocrystalline alloy at all measured operating
temperatures is 0.998.

H-N model is able to describe relaxation behavior of metals or
alloys. In this fitting, the exponents a, b, and relaxation time sr
are related to the distribution of relaxation behavior and basically
give an estimate of the dynamics of the magnetic relaxation pro-
cess occurring in the sample. The a, b, and sr for the nanocrystalline
alloy core versus temperature are obtained by the best fitting to
experiment complex permeability using H-N model formulas.
The results are depicted in Fig. 6. The values of a are 0.0078,
0.0175, 0.0044, 0.00189, 0.00082 and 0.000427 from room temper-
ature to 160 �C. Accordingly, the values of sr are 1.85 ls, 1.91 ls,
1.86 ls, 1.80 ls, 1.69 ls and 1.45 ls from room temperature to
160 �C. As temperature goes up, a and sr both exhibit increase at
first and then decrease, while b keeps nearly constant. The highest
values of a and sr are both gained at 50 �C. These results indicate
that the increment of investigated operating temperature cause
the variation in the width of loss peak and relaxation time, which
can explain the change of real part and imaginary part of complex
permeability with increasing temperature.
4. Conclusions

The operating temperature and frequency dependence of
dynamic magnetic characteristics including magnetic induction,
remanence, core loss and complex permeability of the annealed
ribbon-wound core based on an Fe73.5Cu1Nb3Si15.5B7 nanocrys-
talline alloy core were systematically investigated. It has been
found that the induction B and remanence Br at 80 A/m both
decline as the operating temperature goes up. The effect of operat-
Fig. 5. Experimental real part (l’, d) and imaginary part (l’’, q) of complex permeabi
selected operating temperature. The solid and dash lines are the nonlinear curve fits
temperature by using H-N model, respectively.
ing temperature on core loss is not obvious when the B is less than
1.1 T. As B becomes higher, core loss measured at higher tempera-
ture becomes larger. The Hc at 1 T and P at 1.1 T both decline
slightly at first and consequently increase as the temperature goes
up.

The complex permeability analysis reveals that high l’ and low
l’’ values are obtained at low frequencies. The l’ rise up at first and
then go down with the elevation in temperature. The peaks of l’’
shift to higher frequency side with decreasing l’ over operating
temperature. Further, the variation of complex permeability with
temperature of the nanocrystalline can be explained by H-Nmodel.
The relaxation time extracted from best fitting to H-N equations is
found to increase firstly and then decrease with increasing operat-
ing temperature.
lity spectra for annealed Fe73.5Cu1Nb3Si15.5B7 nanocrystalline alloy toroidal core at
to real part and imaginary part of complex permeability measured at different
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