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Abstract
In this work, the effects of the thermal heating on an as-cast Fe-based amorphous ribbon treated in a conventional furnace 
are reported. We used thermogravimetry, differential scanning calorimetry, X-ray diffraction and MvsH measurements to 
characterize the samples. The transition temperatures of magnetic phases (amorphous residual matrix and  Fe3Si nanoparti-
cles), which were estimated from thermogravimetric measurements, are thermal heat dependent. Besides, the analysis of the 
DSC data allows us to evaluate the crystallized fraction. From Rietveld refinement of the XRD diffraction patterns carried 
out after the DSC measurement, we confirm that the crystallized grains consist of  Fe3Si (suessite) nanocrystalline phase. 
The suessite phases should be embedded inside the residual amorphous matrix. Furthermore, we synthesized a  Fe3Si bulk 
sample using an arc furnace in order to compare its magnetic behavior with those  Fe3Si nanoparticles. Finally, the magnetic 
anisotropy also shows to be thermal heat dependent.

Introduction

It is well-known that, in amorphous materials, the long-
range atomic order is not present. However, if these materi-
als are formed by atoms with permanent magnetic moments, 
a long-range magnetic order can arise. A very important 
feature of amorphous magnetic materials is the possibility 
of manipulating their magnetic properties. Such manipula-
tion can be achieved through the induction of specific ani-
sotropies or heat treatments, either by conventional furnace 
or heating Joule [1–4]. The heating aims to reduce internal 
stresses induced during the growth process. In addition, in 
the case of Joule heating, the circular magnetic field gener-
ated by the passage of the current may promote the induc-
tion of a circular anisotropy. However, it is important to say 
that the heat treatment carried out through Joule heating 
is not homogeneous along the length of the sample [4]. 
From a point of view of technological applications, the soft 

magnetic properties of amorphous metallic alloys have been 
the subject of intense studies during the last decades [5–9].

Among the wide varieties of amorphous alloys, the Fe-
based amorphous compositions stand out [10–14], in which 
the soft magnetic properties are easily tunable. In particular, 
as we have said, the soft magnetic properties of amorphous 
alloys can be improved for submitting them to an anneal-
ing in conventional furnace or for using the joule heating 
[4, 11, 15]. Previous works argue that the outstanding soft 
magnetic properties in Fe-based amorphous compositions 
appear due the growth of noncrystalline grains, which are 
embedded inside the residual amorphous matrix [16–18]. 
The high magnetic permeability, which is usually found in 
these materials, can be related with the negligible magne-
tocrystalline anisotropy. Such interplay occurs due to the 
ultrafine structure, composed by ferromagnetic grains (aver-
age crystallites sizes 10 nm), embedded in the residual ferro-
magnetic amorphous phase. Noteworthy, most applications 
of such systems are based on their magnetic softness [19, 
20], and thus it is very useful to determine the role of such 
fine particles in the high permeability behavior.

In this work, we study the magnetic properties as a 
function of crystallization of an amorphous magnetic 
 Fe76.5Cu1Nb3Si13.5B6 ribbon using thermal analysis, X-ray 
diffraction and magnetization measurements. Our data show 
that the Curie temperature increases as a function of the time 
of thermal heat. We argue that this fact can be associated 
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with the growth of  Fe3Si phase inside residual amorphous 
matrix. Also, in this same sense, there is a change in mag-
netic anisotropy as a function of crystallized fraction of 
particles.

Experimental

A sample of the  Fe76.5Cu1Nb3Si13.5B6 amorphous ribbon 
(kindly supplied by Unitika Ltd) obtained by melt spinning 
was used in our experiments. Once  Fe3Si nanoparticles are 
grown during the recrystallization of the ribbons, for com-
parison, we also have obtained a  Fe3Si polycrystalline sam-
ple from stoichiometric amounts of the high purity iron and 
silicon elements melted in an arc furnace. After that, this 
pre-heated polycrystalline sample was annealed at 800 °C in 
a conventional furnace for two weeks to ensure its homog-
enization [21]. Thermogravimetry data using a TGA Q50 
TA Instruments were taken in the range 120 ≤ T ≤ 650 °C. 
Besides the determination of the recrystallization tempera-
tures, which is obtained using the temperature calibration 
procedure TG equipment, we were also able to estimate the 
Curie temperatures of the as-cast and annealed ribbons at t

a
 

= 540 °C for 1, 5, 10 and 20 minutes. In addition, differen-
tial scanning calorimetry (DSC) curves in isothermal and 
non-isothermal modes were obtained using a DSC Q20 TA 
Instruments. In this case, the non-isothermal measurements 
have been carried out in a wide range of temperature (30 
≤ T ≤ 620 °C). In order to avoid the oxidation process of 
samples, argon atmosphere with a flow of 50 mL  min−1 was 
used in both isothermal and non-isothermal measures. The 
structural properties of the annealed ribbons were studied by 
X-ray diffraction (XRD) in a PANalitycal Empyrean diffrac-
tometer using the Bragg-Brentano geometry in the angular 
range of 35 ≤ � ≤ 85° with an angular step of 0.013° and a 
 CuKα radiation. The X-ray patterns were refined using the 
Rietveld method. Magnetization as a function of the mag-
netic field (− 60 ≤ H ≤ + 60 kOe) was performed using 
a Lake Shore Cryogenics Vibrating Sample Magnetometer 
(VSM). It is important to note that once samples used in 
magnetization measurements have been heated in a conven-
tional furnace, to avoid the oxidation, they were vacuum 
sealed in quartz tube.

Experimental results and discussion

Figure 1 shows the mass loss recorded in the temperature 
range from 120 to 650 °C at 10 °C  min−1 under an argon 
atmosphere for as-cast and heated ribbons at t

a
 = 540 −1C 

for 1, 5, 10 and 20 min. These measurements were per-
formed following the calibration procedure described in 
Refs. [22–24]. It is important to note that the derivatives of 

the TG curves (top inset) were taken in order to estimate the 
Curie temperatures, T

C
 (bottom inset), and the re-crystaliza-

tion temperatures of as-cast and heated samples. It is evident 
that for the as-cast and heated samples with t

a
 = 1 min, the 

first (T ≈ 340 °C) and second (T ≈ 540 °C) abrupt mass 
losses should be associated with the magnetic transition 
temperature of the amorphous phase and the growth of the 
 Fe3Si nanoparticles, respectively. Noticeable, Lovas et. al. 
[25] and Valenzuela et. al. [10] have reported similar results 
of the Curie temperature of as-cast  Fe76.5Cu1Nb3Si13.5B6 rib-
bons using conventional magnetic techniques. For samples 
heated during 5, 10 and 20 min, the increase of the number 
of particles inside of residual amorphous matrix (described 
below in DSC analysis) changes the magnetic properties of 
samples. Besides, for all samples, the decreasing in the mass 
loss curve at ≈ 600 °C must be related with the Curie point 
of  Fe3Si phase. Finally, one must note that T

C
 of residual 

amorphous phase increases as a function of the annealing 
time. Interestingly, once the  Fe3Si phase is formed, there 
should be an increasing of mean Fe-Fe distance inside the 
residual amorphous phase, weakening the magnetic interac-
tion strength. On the contrary, the experimental data show 
that the transition temperature of residual amorphous phase 
shifts to higher temperatures. Valenzuela et. al. [10] and 
Ponpandian et. al. [26] argue that this result can be related 
with the appearance of the cubic face centered phase �-Fe3Si 
due to heat treatment.

Figure 2 presents the normalized DSC measurements for 
as-cast  Fe76.5Cu1Nb3Si13.5B6 ribbons at two different experi-
mental conditions. Figure 2a shows the crystallized fraction 

/

/

/

/

Fig. 1  (Color online) Mass loss data for the  Fe76.5Cu1Nb3Si13.5B6 
ribbons: as-cast and heated at t

a
 = 540 °C for 1, 5, 10 and 20 min. 

All measurements were done with heating rate of 10 °C  min−1 
(argon atmosphere) in the calibration mode of TGA. In the top inset, 
we show the TG and DTG for the as-cast sample. The bottom inset 
exhibits the T

C
 value of residual amorphous phase as a function of 

heating time



2919The effect of the thermal heating on the magnetic properties of a high permeability amorphous…

1 3

and the correspondent heat flow for non-isothermal curves 
carried out with a rate of 15 °C  min−1 in the temperature 
range from 30 to 580 °C. Figure 2b shows the crystallized 
fraction and the isothermal measurement performed at T = 
540 °C. The crystallized fraction, � , was obtained through 
of the equation

where ΔHC is the enthalpy of crystallization, which is calcu-
lated through the area of the heat flow, � , curve as a function 
of time. The crystallized fraction shown in Fig. 2 is char-
acteristic of the reaction profile sigmoid. The peak in DSC 
corresponds to an exothermic transformation confirming that 
the crystallization process is associated with grain growth.

Figure 3 displays the room temperature X-ray diffraction 
patterns for  Fe76.5Cu1Nb3Si13.5B6 amorphous ribbon after 

(1)� =
1

ΔH
C
∫

t

0

�dt

DSC measurement and  Fe3Si polycrystalline sample in its 
bulk form. The solid curves means the calculated pattern 
from the structural model used in the Rietveld refinement 
to fit the experimental data. The solid line in the bottom of 
the measurement is the difference between experimental and 
calculated data. In the inset, the XRD for the as-cast sample 
is presented. The broad peak ≈ 2 � = 45° is likely indicat-
ing that some degree of short-range atomic order is pre-
sent. The analyzed XRD patterns are consistent with the fcc 
global symmetry, which crystallize in a DO

3
-type structure 

(ICSD 412838). Moreover, the analysis of the XRD pattern 
of heated ribbon sample allows us to estimate the mean sizes 
of the crystallized grains via Scherrer equation, which was 
approximately 13 nm.

Figure  4 shows magnetization as a function of the 
applied magnetic field (MvsH loops) at 300 K for the 
 Fe76.5Cu1Nb3Si13.5B6 ribbon heated for 2 min and the arc 
melting  Fe3Si sample. The magnetic field was applied paral-
lel to the ribbon surface and, in the case of the bulk  Fe3Si, a 
thin rectangular sample was cut and the magnetic field was 
also applied parallel to its surface. It is worth to note that in 
both cases the saturation magnetization is ≈ 156 emu  g−1, 
which is close to the bulk  Fe3Si sample [27]. This result 
reveals that despite the small heating time, the high field 
magnetization must be dominated by  Fe3Si nanoparticles 
for heated ribbon. Furthermore, MvsH loops do not present 
coercivity and remanence indicating the low anisotropy of 
both samples.

If one calculates the effective anisotropy, which must be 
proportional to the area between the MvsH and the M-axis 
[28], there is clearly an anisotropy enhancement. Once  Fe3Si 
nanoparticles embedded inside the residual matrix change 

(a)

(b)
/

/

Fig. 2  (Color online) Normalized DSC curves for the as-cast 
 Fe76.5Cu1Nb3Si13.5B6 ribbons carried out to a heating rate of 15 °C 
 min−1 in argon atmosphere. (a) Non-isothermal curves and (b) iso-
thermal ( � ) curves and their respective crystallized fractions ( � ). The 
isothermal curves were taken at T = 540 °C

/

/

/

Fig. 3  (Color online) X-ray diffraction patterns using  CuKα radiation 
for the  Fe76.5Cu1Nb3Si13.5B6 amorphous ribbon after TGA measure-
ment. Moreover, for comparison, the XRD for  Fe3Si sample in bulk 
form is also shown
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with the thermal heat, crystallized fraction can play an 
important role in determining the magnetic anisotropy, that 
is, � is a determinant factor behind the magnetic softness of 
the ribbon.

In order to better visualize the change in the anisotropy 
likely produced by the thermal heating, which gives rise 
to a nanocrystals embedded inside a residual amorphous 
matrix, we show in Fig.  5a and b the MvsH curves for 
 Fe76.5Cu1Nb3Si13.5B6 ribbons annealed at 540 °C for 1 and 
10 min as a function of the angle between the applied mag-
netic field and the sample surface. In Fig. 5c, we display the 
in-plane magnetization curves for the same ribbon heated at 
540 °C for 1, 2, 4 and 10 min. The insets display the calcu-
lated magnetic anisotropy.

It is well known that the fabrication processes of the 
amorphous materials in the shape of wire, ribbons and 
glass-coated microwires can introduce peculiar distribu-
tions of magnetoelastic anisotropy [4]. However, previous 
works argue that the magnetoelastic anisotropy can be tuned 
through proper thermal treatments in conventional furnace 
or Joule heating [1, 2, 4, 29].

The crystallized fraction curves extracted from the iso-
thermal measurement (see Fig. 2) allows us to state that the 
low-field magnetic response comes from only the amorphous 
matrix once the crystallized fraction is smaller than 5% to 
annealing times in the ranging 0 ≤ t ≤ 5 min. However, the 
crystallized fraction can play an important role in the mag-
netic response at higher magnetic fields and/or to samples 
submitted to higher heating times. In the latter, the magnetic 
coupling between nanoparticles and the amorphous residual 
matrix can be determinant in the magnetic behavior.

The results shown in Fig. 5 are consistent with the change 
of the anisotropy (likely from magnetoelastic origin) of the 

heated ribbons. Moreover, in the case of angle-dependence, 
the change in the anisotropy can be associated to both mag-
netoelastic and shape anisotropies. Nevertheless, we note 
that the maximum values reached at � = 90° for samples 
heated for 1 and 10 min are 10 and 8 erg cm−3 , respectively. 
This difference can be attributed to the change in the mag-
netoelastic anisotropy contribution, which can be associated 
to nanocrystals grown inside the residual amorphous matrix. 
Furthermore, for the heating time-dependence of the anisot-
ropy, it is possible to see that there is a maximum value at 

–1

–1

Fig. 4  (Color online) MvsH loops taken at T = 300 K for the  Fe3Si 
sample in its bulk form and  Fe76.5Cu1Nb3Si13.5B6 ribbon after a ther-
mal heating at T = 540 °C for 2 min. In both cases, the magnetic field 
was applied parallel to the sample surface

(a)

(b)

(c)

Fig. 5  (Color online) (a) and (b) MvsH loops as a func-
tion of the angle between the applied magnetic field and the 
 Fe76.5Cu1Nb3Si13.5B6ribbon surface for a heating time of 1 and 10 
min, respectively. c MvsH loops as a function of the heating time 
using for the previous field configuration. In the insets, we show the 
effective anisotropy calculated from the MvsH curves
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an annealing time of 2 min. Indeed, previous works [16, 19] 
report that the magnetic softness appears after heating and 
can be interpreted as the dependence of the saturation mag-
netostriction with partial nanocrystallization of the ribbons.

Conclusions

In this work, thermal measurements TGA and DSC were 
used to study the crystallization processes of an amorphous 
 Fe76.5Cu1Nb3Si13.5B6 magnetic ribbon produced by the melt 
spinning technique and submitted to a thermal heating in 
a conventional furnace. The crystallization temperature 
was confirmed by means of an exothermic peak of DSC 
curve. Besides, a temperature calibration procedure of the 
thermogravimetric equipment allows us to determine the 
Curie temperature of both amorphous residual matrix and 
 Fe3Si magnetic phases. X-ray diffraction carried out for 
the heated sample shows the formation of nanocrystals of 
 Fe3Si with sizes of ≈ 13 nm. The MvsH loops performed for 
 Fe76.5Cu1Nb3Si13.5B6 ribbons annealed at 540 °C for 2 min 
and at different annealing times show a change in the effec-
tive magnetic anisotropy. This result seems to be dependent 
on the crystallized fraction of  Fe3Si nanocrystals, which is 
embedded inside residual amorphous matrix.
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