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In the current work, a new variation of the FeSiBPCu system with good glass forming ability and soft
magnetic properties was developed and investigated. The effect of copper addition on the FeSiBP
base alloy was studied in the system (Fe, ;;Sig 05Bo.1P0.05)100-xCUx With x=0, 0.25, 0.5, 0.75 and 1.0 at%.
Microstructural evolution upon the annealing process was evaluated by XRD and TEM, revealing

the formation of a-Fe(Si), Fe,B and Fe;(B,P) crystalline phases. VSM allowed to determine that the
combination of chemical composition and microstructure with the best soft magnetic properties
after the annealing corresponds with the alloy with 0.75% Cu. In addition, activation energy for glass
transition and the first crystallization event were calculated using the Kissinger method. The research
findings demonstrated that maintaining the relationship between the main elements, it is possible to
keep the good glass forming ability with the possibility of developing a nanocrystalline structure with

soft magnetic performance.

Since their appearance, amorphous iron-based alloys have
aroused considerable interest for various types of electrical and
electronic devices, such as sensors, motors, power transformers,
and reactors, among others, replacing traditional silicon steels
that have relatively inferior magnetic properties, such as high
coercivity and high losses, although they have a high saturation
magnetization, superior to those of amorphous alloys [1].

The search for amorphous iron-based alloys with better
performance, good mechanical properties and magnetic prop-
erties superior to silicon steels has attracted attention during
the last decades in different sectors of science and technology.
This search led to a new generation of magnetically soft mate-
rials, which emerged with the discovery of the Finemet alloy
[2], with a composition Fe; :Si,; sByNb;Cu,, whose structure is
composed of nanometer-sized grains of the a-Fe(Si) crystalline
phase immersed in a residual amorphous phase after anneal-
ing for one hour at 550 °C [2, 3]. In this alloy the grain size did
not exceed 20 nm and soft magnetic properties were achieved

©The Author(s) 2023

that have not been surpassed so far. This type of nanocrystal-
line alloys is produced by the controlled crystallization of amor-
phous precursors; they break the classical rules that state that
the best soft magnetic properties are obtained with large grain
sizes and the adverse effect that crystallization has on the mag-
netic softness of amorphous alloys [4, 5]. Other nanocrystalline
alloys have been developed, including NANOPERM and HIT-
PERM, whose systems are FeZrBCu [6] and FeCoZrBCu (7],
respectively. It is well known that the addition of metals such
as Nb, Ga, Y and Co significantly improve the glass-forming
ability of Fe-Si-B alloys but reduce their soft magnetic proper-
ties [8], moreover, these elements are scarce, costly and limit
productivity due to the extreme care that must be taken to avoid
oxidation. For the above reasons, The FeSiBPCu alloy system
has proven to be one of the most studied for its excellent soft
magnetic properties, ideal for the study of the mechanism of
crystallization and formation of a nanocrystalline phase[9]. As a
result of those studies, different alloys were developed in a wide
range of compositions in the FeSiBPCu system; of this group of
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alloys, the NANOMET alloy with a saturation magnetization of
1.94 T and a coercivity of 10 A/m stands out [8, 10-14]. With the
addition of Cu to the FeSiBP system, new alloys were developed
with improved mechanical properties [15, 16] and capable of
developing a nanocrystalline structure by heat treatment. The
presence of Cu and P determine the crystallization behavior of
the alloy, Cu atoms act as nucleation site for the a-Fe(Si) phase
grains and P stabilizes the amorphous phase by restricting the
formation of Fe, B and P crystalline phases, while limiting the
growth of a-Fe(Si) phase grains, the resulting structure is com-
posed of nano-sized grains embedded in an amorphous matrix.

Although it is reported that copper in FeSiBP alloys favors
crystallization and can lead to obtaining a heteroamorphous
structure with bcc iron clusters of about 2-3 nm [17, 18], in
this work a method of obtaining FeSiBPCu ribbons by the melt
spinning method in air is developed. Under the established
conditions, ribbons with completely amorphous structure were
obtained in the whole range of compositions. The correlation
between composition, thermal stability, annealing temperature
and the soft magnetic properties of this nanocrystalline alloy

systems is discussed in detail.

The alloy design was mainly focused on the fact that the alloy
should have a good glass-forming ability [19, 20]. The base alloy
of the (Fe ;,Si; 9sBg 1P.05)100-xCuy, system, which for simplic-
ity will be referred to as (FeSiBP),,, xCuy from this point on,
was chosen based on one of the criteria for the formation of
an amorphous material, i.e., the proximity to a eutectic point
[21]. The Fe-B system exhibits an eutectic at 1448 K (1175 °C)

with an iron concentration of 83%, this being a good starting

Fe-Si-B-P
(a) Si/Z (mol/mol) = 0.08, P/Z (mol/mol) = 0.05,
Z=(Fe+Si+B+P), 1 atm
T

point to extrapolate the alloy to a multicomponent system.
Figure la shows the Fe-B phase diagram constructed using
FactSage™ 7.1 [22], in this figure it can be seen that silicon and
phosphorus addition shifts the Fe-B eutectic towards a concen-
tration of 10% atomic B. The P content was set at 5% because,
although it increases the glass-forming capacity of the alloy,
above this value it increases the coercivity of the amorphous
alloy [23]. Varying the Fe content moves the final composition
away from the eutectic point, so an iron content of 77% is set
as the concentration that best satisfies the criterion of close-
ness to a eutectic. Thus, the final composition of the alloy is set
as Fe,,SigB, P, indicated by the dotted line. Besides the crite-
rion of proximity to eutectic points, a series of empirical rules,
derived from experience and research over decades, have been
proposed to design alloys with good glass-forming capacity
from the stabilization of the material in the molten state [24].
These rules, developed by Inoue, state the following: the alloy
must be multicomponent, with at least 3 alloying elements; the
ratio of atomic radii between the alloys and the main element
must be greater than 12% and negative heats of mixing between
the constituents. In the FeSiBP system the elements Si, B and P
have size differences of 14, 39 and 29%, respectively, also char-
acterized by negative mixing heats with iron as illustrated in
Fig. 1b [25, 26].

The results of the XRD analysis of the as-spun ribbons
are presented in Fig. 2, in it the diffraction patterns of the
samples obtained with the different compositions of the
(FeSiBP), o.xCuX system can be observed; in all cases patterns
typical of amorphous samples were obtained, characterized
by having a wide and low intensity hump centered at 26=52°
indicating the formation of a homogeneous phase without the

presence of crystalline phases.
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Figure 1: (a) Phase diagram of the base alloy and (b) values of AHy;, (kJ/mol) calculated for the atomic pairs of elements that make up the alloy system.
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Figure3: DSC curves for the (FeSiBP)100-xCux (x=0, 0.25, 0.5, 0.5, 0.75
and 1.0) amorphous alloy system at a heating rate of 20 K/min.

The influence of copper on the thermal stability of the base
alloy can be evaluated from calorimetric measurements. It is
worth mentioning that characteristic temperatures such as the
onset exothermic peak of crystallization (T, and T,,) and the
peak temperature (T, and T,) are distinguished as the vertical
up arrows in the DSC scan shown in Fig. 3. In this figure it can
be noticed that in the base alloy there is a single exothermic
event characterized by a crystallization peak in which a small

shoulder is seen on each side of the main peak, representing

the formation of several crystalline phases simultaneously
during heating, where the high entropy amorphous phase is
transformed into more stable crystalline phases. The addition
of 0.25% Cu does not represent a significant variation in the
peak, however, the addition of Cu from 0.5% onwards causes a
two-stage crystallization process to occur. In the samples with
higher Cu content, two exothermic reactions can be observed
in the material, which are represented by two crystallization
peaks (T, and T,,) starting at 747 and 822 K, respectively. As
shown in Table 1, increasing the Cu content to 0.75 and 1% does
not generate significant changes in the variation of crystalliza-
tion temperatures. This type of multistage thermal behavior is
desirable when precipitation of the primary crystalline phase is
desired without the presence of undesirable secondary phases.

Figure 4a shows the diffraction patterns of the base alloy
isothermally annealed at different temperatures. The samples
annealed at 723 and 763 K continue with their amorphous char-
acter, while at 798 and 828 K a small, crystallized fraction cor-
responding to the a-Fe phase begins to be observed. At 973 K
the complete crystallization of the material can be appreciated,
with a mixture of three crystalline phases, a-Fe(Si), Fe,B and
Fe;(B,P), which are formed in a single crystallization event. The
phase mixture is dominated by the a-Fe(Si) phase, which exhib-
its a slight shift to higher 26 values with increasing annealing
temperature due to the diffusion of Si atoms into the bcc a-Fe
crystal lattice, forming a solid solution. The lattice parameter of
the a-Fe(Si) phase identified in the XRD analysis (ICSD 98-015-
9353) is 2.8420 A while that of pure a-Fe is 2.8660 A, evidenc-
ing how the increase of the content of the small Si atom in the
a-Fe(Si) phase reduces the lattice parameter a,,.

The patterns obtained in the XRD analysis of the alloys
with small additions of Cu and annealed are shown in
Fig. 4b-e. In Fig. 4b where the patterns belonging to the sam-
ple with 0.25% Cu are observed, it can be seen that at 798 K
a small amount of the a-Fe(Si) phase begins to crystallize;
the increase in annealing temperature causes other second-
ary phases to precipitate, mainly composed of different iron
borides. With annealing at 828 K the Fe;B phase is formed,
which at higher annealing temperatures will transform to
more stable phases such as Fe,B and Fe;(B,P) [27, 28]. This
crystallization mechanism occurs in several stages in a narrow

temperature range as in the base alloy because like the latter,

TABLE1: Characteristic
temperatures (K) of the as-spun

ribbons of the (FeSiBP), 4., Cu,
amorphous alloys system.

Alloy Ty Ty T Ty T2 ATy
Base—Fe,,SigB;oPs 733 793 828 - - 60
(FeSiBP)gg 75Clig 25 726 788 826 - - 62
(FeSiBP)g.5CUq 5 719 747 760 822 828 28
(FeSiBP)gg 55Clig 75 713 748 765 817 827 34
(FeSiBP)goCu, 700 748 761 817 826 48
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Figure 4: Diffraction patterns of (FeSiBP),,.,Cu, system alloys annealed at different temperatures. (a) x=0, (b) x=0.25, (c) x=0.5, (d )x=0.75 and (e)

x=1.0.

the sample with 0.25% Cu presents only one crystallization
event in the DSC analysis. It is evident that copper facilitates
the initial precipitation of the a-Fe phase because as observed
in Fig. 3, there is a reduction in T, and an incipient separa-
tion at the crystallization peak.

©The Author(s) 2023

The samples with 0.5, 0.75 and 1% copper exhibit a simi-
lar behavior towards annealing as shown in Fig. 4c-e. In all of
them it can be observed at 763 K the beginning of the crys-
tallization of the a-Fe(Si) phase, as the annealing temperature

increases this peak becomes higher evidencing the progress of
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the crystallization process and slightly shifts towards higher val-
ues at 26. This shift, as mentioned above, is due to the diffusion
of silicon atoms within the iron crystal lattice. Finally, in the
curve corresponding to the annealing at 973 K, it is possible to
observe the secondary phases Fe,B and Fe,(B,P) that are formed
during the second stage of crystallization.

The TGA analysis in the presence of a magnetic field shows
the dependence of the magnetization on temperature. The result
of this analysis is presented in Fig. 5, where it can be observed
that with increasing temperature the magnetization decreases
until reaching the Curie temperature, that is, the temperature
where the amorphous phase reaches its paramagnetic state. As
can be seen in the same figure, the Curie temperature is approxi-
mately 673 K for all alloys. Heating above this temperature
causes the curves to establish zones where there is an increase
in mass, i.e., an increase in the magnetization of the material.
The first crystallization peak observed in the DSC associated
with the a-Fe(Si) phase is found at 747 K, which explains why

at temperature Tx1 in the TGA analysis curve the alloys with

Normalized Mass (%)

b b b

T T T T T T T T
500 550 600 650 700 750 800 850
Temperature (K)

Figure 5: TGA measurements for all samples at a heating rate of 10 K/min.
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higher Cu content (0.5, 0.75 and 1% at.) present an increase in
their mass, it is also observed that the higher the content of the
fraction of crystallized a-Fe(Si), the higher its mass. Similarly, a
change in the mass of all the alloys is observed at a temperature
close to 820 K; this change coincides with the onset of crystal-
lization of the base alloy, the alloy with 0.25% Cu and the second
stage of crystallization in the alloys with 0.5, 0.75 and 1% Cu
ie., Tx2.

The hysteresis loops obtained in the VSM analysis are pre-
sented in Fig. 6. In Fig. 6a it can be observed that the sample
with the highest saturation magnetization corresponds to the
base alloy with 171 emu/g; this Ms value reduces as a function
of the Cu addition, reaching a value of 153 emu/g with the addi-
tion of 1% Cu. It should be noted that the inset in the graph of
Fig. 5a presents a smooth change of slope when the Cu content
reaches 0.5%, becoming less steep. This result is in agreement
with that observed in the thermal analysis, where the addition of
Cu between 0.5 and 1% stabilizes the amorphous phase.

Figure 6b displays the VSM results of the alloys annealed
at 798 K. In the hysteresis loops, a behavior similar to that of
the as-spun samples can be observed, where Ms decrease with
increasing Cu content, until its concentration reaches a value of
0.5%. Nevertheless, with the increase of Cu content to 0.75%,
a considerable increase in Ms is obtained, reaching a value of
177 emu/g, which is higher than that of the base alloy. This
behavior is due to the structure of the material annealed at
798 K; it has been shown that an amorphous precursor with
a large temperature interval between two crystallization peaks
can be transformed into a nanocrystalline structure with a large
magnetocrystalline anisotropy by annealing at an intermediate
temperature between the two peaks. [18].

The magnetic behavior of the annealed samples can be
attributed to the microstructure obtained in both alloys. Fig-
ure 7 shows the TEM analysis of the base alloy and the 0.75%
Cu sample with their respective SAED patterns. Figure 7a—c
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Figure 6: (a) Hysteresis loops for amorphous alloys, (b) Hysteresis loops for samples annealed at 798 K.
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Figure 7: The TEM results related to (a) As-spun base alloy, (b) base alloy
annealed at 798 K, (c) as-spun (FeSiBP)yq 55Cu, ;5 and d) (FeSiBP)gg 55CuU 75
annealed at 798 K.

exhibit pepper-salt type images typical of an amorphous state.
In addition, SAED patterns corroborates that there are no extra
diffraction spots which confirms that the obtained samples are
consistent with a glassy structure. In these figures it can be seen
how, by annealing the ribbons at 798 K, structures with grains of
different morphology and size embedded in a remanent amor-
phous matrix are developed. While in the base alloy grains with
a wide size distribution can be found, some of them reaching
60 nm, in the sample with 0.75% Cu there is a narrow size dis-
tribution, with an average size of 27.6 nm calculated accord-
ing to the Scherrer equation from the XRD data. In both alloys
the combined effect of B and P limits the excessive growth of
the grains, however, the presence of Cu favors heterogeneous
nucleation, thus generating a large number of nucleation sites
which, added to the inhibitory effect of the remaining amor-
phous phase and the intermediate layer rich in the metalloid
elements B and P results in the refinement of the structure. This
structure of nanometer grains composed of the a-Fe(Si) phase is
responsible for the soft magnetic properties of this type of alloys.
The insets in Fig. 7b and 7d correspond to the SAED patterns

in the micrographs. In Fig. 6b a ring describing the remanent

amorphous phase is observed, in this one a series of dots are
found corresponding to the planes of the a-Fe(Si) phase. The
dots observed around the ring are equivalent to the Fe,B and
Fe,(B,P) phases that precipitate simultaneously with the a-Fe(Si)
phase in the single crystallization event present in the base alloy.
The SAED pattern in Fig. 7d is characterized by the disappear-
ance of the halo observed in Fig. 7c and the appearance of two
rings formed by multiple dots revealing only the presence of the
nanocrystalline a-Fe(Si) phase.

The overall activation energy for a thermal event such as
the crystallization of an amorphous alloy under constant heat-
ing rate conditions can be calculated using Kissinger’s method
[29-31], which relates the temperature dependence to the heat-
ing rate 3 through the following equation:

E
In b = ——— + Const. (1)

T2~ RT

where f3 is the heating rate, R is the ideal gas constant and T is
the temperature of the evaluated event. By plotting -In(B/T?)
vs. 1/T, a straight line is obtained, and the value of the activa-
tion energy for a characteristic event can be calculated using the
slope (m = E/R).

Table 2 summarizes the characteristic values of the thermal
events observed in the alloys with x=0 and 0.75%Cu at different
heating rates. As can be realized, these events are thermally trig-
gered and are dependent on the heating rate, leading to a shift
to higher temperatures while the heating rate is increased from
5 to 40 K/s. In this table.

The plots of -In(/T2) vs. 1/T used in the calculation of the
activation energies are shown in Fig. 8 and the results of this
analysis are presented in Table 2. During heating, the atoms of
the amorphous alloy overcome the energy barrier required to
form clusters of atoms that will lead to the formation of the vari-
ous crystalline phases present in the equilibrium [29, 32]. In this
analysis, a slight increase in E, is evidenced with the addition
of Cu, revealing that Cu stabilizes the amorphous phase, on the
other hand, the addition of 0.75% Cu to the base alloy reduces
by 37% the crystallization activation energy, i.e., it reduces the
energy required to overcome the thermal barrier and recon-
struct the atomic configuration of the atoms of the a-Fe phase.
In addition, it improves the thermal stability of the residual

amorphous phase against crystallization, as a more far-reaching

TABLE2: Glass transition

Activation energy (kJ/
temperature (Ty), onset of 5 K/min 10 K/min 20 K/min 40 K/min mol)
crystallization (T,,), first
crystallization peak (Tj,,) for the X 0 0.75 0 0.75 0 0.75 0 0.75 0 075
(FeSiBP);40..Cu, system alloys
with x=0 and x=0.75 at different T, - - 717 692 733 711 760 730 E, 133 141
heating rates and activationenergy 1, 781 731 783 739 793 748 798 758 3 543 341
according to Kissinger's method. Ty 810 742 819 752 828 764 839 776 393 278
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Figure 8: Kissinger plots to calculate the activation energies Eg, Ex and Ep for (a) the base alloy and (b) the 0.75%Cu alloy.

rearrangement of atoms is required to form the structure of the
Fe,(B,P) and Fe,B phases. [33].

The effect of copper addition on glass forming ability, ther-
mal properties, crystallization, and magnetic behavior of
Fe,,SigB, P; base alloy was studied by several analytical tech-
niques. According to the obtained results, the following conclu-
sions can be made:

In spite of the fact that copper favors crystallization, DSC,
XRD and TEM analyses showed that it is possible to obtain com-
pletely amorphous alloys, with good glass-forming ability in the
whole range of compositions while maintaining the proportion
of the base alloy elements.

The findings revealed that the a-Fe(Si), Fe,B and Fe;(B,P)
are simultaneously formed during the decomposition of the
amorphous phase in the base alloy. Nevertheless, the addition
of copper starting at 0.5% encourages the crystallization of the
a-Fe(Si) phase in a first independent thermal event.

Compared to Cu-free alloys, the GFA for Cu-containing
alloys is unimproved. This reduction in GFA is compensated by
obtaining alloys with tunable soft magnetic properties by con-
trolled crystallization of nanometer-sized grains of the a-Fe(Si)
phase through heat treatment, with potential application in the

fabrication of soft magnetic cores.

Master alloy ingots with nominal compositions of
(Feg 77510 05Bo.1Po.0s) 100.xClly With x=0, 0.25, 0.5, 0.75, 0.75
and 1 at. %, were prepared by induction melting in a vacuum
chamber under argon atmosphere, starting from stoichiomet-
ric mixtures of Fe (Aldrich Chemistry—=>99%), Si (Aldrich

©The Author(s) 2023

Chemistry—99%), FeB (American Elements—99%), Fe,P
(Alfa Chemistry—99%) and Cu powders. Each ingot was
melted three times to ensure chemical homogeneity. Ribbons
were then prepared by using a homemade single-roller melt-
spinning in air at atmospheric pressure conditions. Argon was
used as ejection gas with an overpressure of 200 mbar, the
wheel speed was 35 m/s, the gap between the wheel and de
crucible was 400 pum, and the ejection temperature employed
was 1480 K. Ribbons about 1.2 mm wide and 22 - 35 pm thick
were obtained.

The structural characterization of the as-spun and annealed
ribbons was carried out by Xray diffraction (XRD) using a PAN-
alytical X’pert Pro diffraction system with Co-Ka (1=1.789010)
radiation. Differential Scanning Calorimetry (DSC) was
employed to evaluate the thermal behavior of the as-spun rib-
bons in a TA Instruments Q600 thermal analyzer. The glass tran-
sition temperature (Tg) was measured using the TA Instruments
Universal Analysis 2000 software. In the curves obtained by DSC
Tg it is not easily visible, however, by means of the software it
is possible to zoom in and using the tool to examine T, a tem-
perature range can be established in which it detects the inflec-
tion point where the glass transition occurs. Thermomagnetic
Analysis (TMA) was used to estimate the Curie Temperature
by means of a TGA Q500 thermogravimetric analyzer in the
presence of a magnetic field at a heating rate of 10 K/min under
a constant argon flow of 100 mL/min. In this method, when the
sample is placed in the crucible, the apparent weight W of the
sample represents the weight due to the contribution of grav-
ity and magnetic force. Once the heating of the sample starts,
changes in the measured weight could be observed, in this work,
as the temperature approaches the Curie point, the apparent
weight decreases. Thus, TGA in the presence of a magnetic field
is a technique by which ferromagnetic events involving phase
transformations and precipitation of secondary phases can be
detected [34].
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Based on the DSC results, the obtained ribbons samples
were annealed at different temperatures to evaluate the struc-
tural evolution during heating. The annealing between the two
crystallization events was considered to precipitate only the
a-Fe(Si) phase, avoiding the appearance of secondary phases
and to evaluate the structure, morphology and magnetic prop-
erties of the resulting structure, expecting a distribution of
nanocrystalline grains in an amorphous matrix with a soft mag-
netic behavior. Isothermal annealing was carried out in a fur-
nace under an argon flux of 100 mL/min for 1800s into a quartz
tube. Samples were introduced in the preheated furnace at the
annealing temperature. Temperature rise time is not considered.

Magnetization Vs Applied Field (M vs H) hysteresis loops
were recorded with a vibrating sample magnetometer (VSM)
Versalab of Quantum design at 300 K between — 20 kOe and
20 kOe.
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