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Fe;7.7SigB10P4Cug 3 amorphous powder compacts with high relative density (p, = 94%), high saturated magnetic
induction (Bs = 1.34 T), and high permeability (» = 163 at 20 kHz) were fabricated by spark plasma sintering. In
this work, Fey77SigB10P4Cug 3 spherical amorphous powders with good amorphous forming ability were pre-
pared by regulating the material composition and the particle size distribution by gas atomization at first. The
effect of sintering temperature (Ts) on the structure and magnetic properties of powder compacts was system-

atically investigated. The powder compacts sintered at Ts of 696-712 K were found to remain amorphous
structure and exhibit optimal structural and magnetic performance, due to the high temperature and high
pressure employed in SPS with high heating rate. These results are promising for the applications of Fe-based
amorphous powder alloys in soft magnetic devices requiring tens of kilo-hertz frequency.

Introduction

Since the second industrial revolution, soft magnetic materials have
been widely used in electronic devices for power generation and dis-
tribution [1]. Non-oriented electrical steel is still dominating the market
owing to its excellent saturated magnetic flux density (Bs) and inex-
pensive process costs [2]. However, electrical steel cannot easily adapt
to the high-frequency electronic devices in the 5G era due to its
extremely high core loss (W) [3-5]. Soft magnetic ferrites have very low
core loss in high frequency applications owing to their low electrical
conductivity [6]. However, the applications of soft magnetic ferrites are
limited because of its low Bg (below 0.5 T) [7].

Fe-based amorphous alloys characterized by the disordered atomic
arrangements have high permeability (1) and low W. Their disordered
atomic arrangements reduces the mean free path of electrons and hence
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resulting in a 2 to 3-fold higher resistivity than the crystalline alloys,
which helps reduce the eddy current loss. In addition, a high concen-
tration of Fe would result in a high Bs. Therefore, Fe-based amorphous
alloys have received increasing attention as an alternative material to
traditional silicon steel and soft ferrites [8-13].

Mass-produced high Bs Fe-based amorphous materials are often in
thin ribbons prepared by the melt spinning process due to the undesir-
able amorphous-forming ability (AFA). However, the machinability of
thin ribbons is challenging, which cannot meet the application re-
quirements and the shape conformations of electronic devices [14,15]. It
can be addressed through the preparation of Fe-based amorphous alloy
powders in powder compacts by powder metallurgy processes [16-19].
Fe-based amorphous alloy powders practically used in powder metal-
lurgy processes mainly include (i) flake powders obtained by mechanical
crushing [20] or ball milling [21] and (ii) spherical powders
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manufactured by atomization [22]. Among these, powder compacts
prepared from flake powders are typically characterized by high density
and saturated magnetic flux density. However, the orientation of flakes
often occurs during the pressing process, resulting in anisotropy of the
bulk sample [23,24]. This phenomenon can be prevented by using
spherical powders due to the isotropic particle shape [25]. Additionally,
the application of spherical powders is also challenging. The atomiza-
tion preparation process of spherical powders places high demands on
the AFA of the alloy and the three-dimensional isotropy of the spherical
powders makes it difficult to be fully compacted [26,27]. Previous works
have overcome these challenges by regulating material composition
with good AFA and improving the powder compacting processes. Zhao
et al. [28] prepared gas atomization amorphous alloy powders by
partially replacing Si in the FeSiBNbCu composition system with P to
improve the AFA. Huang et al. [29] enhanced the density of powder
compacts made of spherical powders by using a warm pressing process.
This was achieved by using high temperature to soften the magnetic
powders and the surface insulation layer, which allows the powder to
move easily and fill the pores.

Based on the above ideas, we investigated new pressing processes
and composition design methods. The spark plasma sintering (SPS)
process is useful for rapid heating and sintering of samples under direct
current pulses. The fast heating and cooling during SPS can inhibit the
crystallization of amorphous powders [19,30-32]. Meanwhile, the high
temperature and high pressure employed in SPS can effectively enhance
the density of powder compacts [33,34]. Atomized spherical amorphous
powders can be prepared by improving the AFA of powders via reducing
the concentration of iron, which is negatively correlated to the AFA, and
by increasing the proportion of amorphous-forming elements (B, P) [35,
36]. Based on this scheme and the overall goal of preparing powder
compacts with high B, the Fe-Si-B-P-Cu alloy system with high B and
abundant amorphous-forming elements has been reported to be suitable
[37,38].

Herein, Fe-Si-B-P-Cu spherical powders were prepared by gas at-
omization process. By modulating the composition and particle size to
improve the AFA, spherical powders with an amorphous structure were
obtained. A series of bulk amorphous powder compacts were then pre-
pared by the SPS process. The magnetic properties and structures of the
resulting compacts were regulated according to the sintering tempera-
ture. The results revealed high relative density and saturated magnetic
flux density for the powder compacts prepared by SPS.

2. Experimental
2.1. Sample preparation

Alloy ingots (Fe77,7Si8B10P4Cu0,3, Fe79_7SingP3Cuo,3, and F681.7S-
igB7P2Cug 3), with nominal compositions, were prepared by high-
frequency induction melting technique. Briefly, a mixture of high-
purity metals (99.9 mass% pure Fe and Cu), metalloids (99.9 mass%
Si and 99.5 mass% B), and pre-melted FesP (99.9 mass%) was melted
under high-purity argon gas atmosphere after evacuation at a pressure of
up to 102 Pa. Metallic magnetic powders with a particle size of up to 75
pm were prepared by gas atomization. To this end, three kinds of
powders with different average particle sizes of ~20, 20~38, and
38~75 pm were obtained after sieving. Disk shape magnetic powder
cores (diameter of 12 mm) were compacted by a spark plasma sintering
machine (DR..SINTER(R) SPS-3.20MK-IV machine) consisting of a
pressure system with two tungsten carbide press bars and a sintering
system for providing a vacuum environment and rapid heating. The
coated powders were then applied at a molding pressure of 800 MPa
from room temperature to the sintered temperature (T, 636-783 K)
under vacuum at a heating rate of 100 K/min. After reaching the T, the
heating process was stopped abruptly, with almost zero holding time
and the sample was left to naturally cool to room temperature. The
sintering pressure was released at a sample temperature below 573 K.
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The obtained toroidal powder alloy compact was processed and trans-
formed from a disk shape to a toroidal shape by a perforation process,
with an out diameter of 12 mm and an inner diameter of 8 mm.

2.2. Characterization

The thermal stability and phase transformation temperatures were
studied by differential scanning calorimetry (DSC, NETZSCH 404C). The
nano-crystallization behavior of the as-quenched and bulk cores sintered
at different sintering temperatures (Ts) was explored by X-ray diffraction
(XRD, Bruker D8 Advance) with Cu Ko radiation. The magnetic
permeability (u) was measured by a precision impedance analyzer
(Agilent 4294A). The saturation magnetization (M) was determined by
a vibrating sample magnetometer (VSM, Lakeshore7410) under a
maximum magnetic field of 800 kA/m. The saturated magnetic flux
density (Bs) was calculated by the formula:

4mpM;
Be="0e

The coercivity (H.) of each toroidal compact sample was measured
by a Rikken Denshi DC B-H loop tracer with a maximum magnetic field
of 8 kA/m. The core loss (W) was estimated using an AC B-H analyzer
(Linkjoin MATS-2010SA). The density was determined by measuring the
weight and physical volume of each compact sample.

3. Results and discussion

The amorphous powders were first screened by customized modu-
lation of composition and particle size. In Fig. 1, the phase structure
identification and evaluation of the AFA of Feg; 7SigB;P2Cuy 3, Feyg 7S-
igBgP3Cuy 3, and Fey7 7SigB1oP4Cug 3 were given as a function of atom-
ized powder with gradient particle size. Since no significant glass
transition temperature (Tg) was found, the AFA is evaluated by
analyzing the degree of crystallization of the powder. In all the curves
shown in Fig. 1(a), two sharp and tall diffraction peaks were observed at
20 around 45.6 and 65.7°, while an inconspicuous diffraction peak was
seen at 43.0°. The two sharp peaks correspond to the a-Fe(Si) solid so-
lution phase, and the inconspicuous peak can be assigned to the Fe(B,P)
compound phase according to the PDF card. In the DSC curve of the
Feg; 7SigByP2oCug 3 sample (Fig. 1(b)), only one exothermic peak was
present at the crystallization temperature (Tx) of about 828 K in all three
curves. Additionally, the peak area decreased as a function of the par-
ticle size. DSC and XRD data indicated a completely precipitated a-Fe(Si)
solid solution phase with the presence of small amounts of Fe(B,P) phase
precipitation in all particle-sized Feg; 7SigB7P2Cug 3 powder samples.
This is the result of high Fe and low B and P concentration. It is generally
believed that Fe in the material system tends to deteriorate the AFA,
while B and P promote it [35,36].

Fey9 7SigBgP3Cug 3 powders was obtained by partial replacement of
Fe by B and P. As shown by the XRD patterns (Fig. 1(c-d)), the charac-
teristic peaks corresponding to o-Fe(Si) solid solution and Fe(B,P)
compound are still present. However, they show lower intensity
compared with the Feg; 7SigB;PoCuq 3 powders. The diffuse scattering
peak which is typical for amorphous phase is observed near 45° in
samples of size 20~38 pm and ~20 pm and can be used as evidence for
AFA improvement. The presence of a new exothermic peak at Tx; =~ 778
K and the increase in the enthalpy of the exothermic peak at Ty2 ~ 832 K
reflects less crystallinity of the as-quenched powders. This also reflects
an improvement in AFA. Although the powders are still not fully
amorphous, it has been proved that it is feasible to further enhance the
AFA of Fe-Si-B-P-C powders via replacing Fe by B and P.

The desirable phase structure was determined from the phase
structure characterization of the Feyy 7SigB;oP4Cug 3 powders (Fig. 1(e-
). From the XRD patterns in Fig. 1(e), a clear diffuse scattering peak,
typical for an Fe-based amorphous material can be observed between 26
of 40-50°. Two overlapping and exothermic peaks (Tx; ~ 795 K, Ty =~
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Fig. 1. XRD patterns of powders (a) Feg; 7SigB7P2Cug 3, (c) Fezq 7SigBoP3Cug 3, and (e) Fey7 ;SigB1oP4Cug 3 with gradient particle size. DSC curves of powders (b)
Feg1.7SioB7P2Cug 3, (d) Fezq 7SigBoP3Cug 3, and (f) Fey7 7SigB1oP4Cuo 3 with gradient particle size.

823 K) can be seen in the DSC curves (Fig. 1(f)). These results imply that
Fey7 7SigB19P4Cug 3 exhibited a higher AFA than the other two compo-
sitions. Typical diffuse scattering peaks were visible in the XRD pattern
of the samples (~20 pm), which can be corroborated by the large
exothermic peak area in the DSC curve and overlapped two exothermic
peaks. Therefore, the Fe;7 7SigB10P4Cug 3 powder with an average par-
ticle size below 20 pm was identified as the optimal powder for subse-
quent SPS sintering experiments.

The powder compact sintered at different T; were further explored by

DSC and XRD to identify the crystallization and phase structure. The as-
quenched powders were also characterized for phase structure and used
as a control group (Fig. 2). The DSC curves in Fig. 2(a) revealed two
partially overlapping exothermic peaks in the as-quenched powder. For
sintered samples, the peak areas did not change significantly as a
function of the sintering temperature below 712 K. As the T; increased,
the DSC curves showed significant changes. For instance, the bulge on
the right side of the main exothermic peak disappeared rapidly at T;
above 725 K, while all the exothermic peaks vanished at T up to 783 K.
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Although the T chosen were lower than the Tx; of Fe;y 7SigB19P4Cug 3,
obvious crystallization was observed in powder compacts with T; above
725 K. The T; in the experiments was measured by a thermocouple in-
side the mold. On the one hand, there is a temperature difference be-
tween the thermocouple and the powders. On the other hand, the
transient high temperature field generated between the powders by
pulsed energy and Joule heating makes the actual temperature of the
powders higher than the set point [39]. The degrees of crystallization of
the samples sintered at different Ts were quantitatively characterized by
determining the relative enthalpy of crystallization by calculating the
area of the exothermic peak [40]. In Fig. 2(b), the enthalpy of crystal-
lization of the as-quenched powder was considered 100% and used to
estimate the percentage of crystallization enthalpy for each T;. Below
712 K, the enthalpy of crystallization did not change significantly. At
sintering temperatures above 712 K, the enthalpy of crystallization of
the sintered samples decreased rapidly. At temperatures reaching 783 K,
the enthalpy of crystallization declined to 4.2%. The change in the
relative crystallization enthalpy indicates that the rapid sintering pro-
cess of SPS does not lead to obvious crystallization of the sample when
the Ts is below 712 K. Therefore, it is appropriate to sinter below 712 K
for the preparation of amorphous powder compacts.

The changes of crystallization diffraction peak in XRD patterns
(Fig. 2(c)) are consistent with the variations in the area and crystalli-
zation enthalpy of exothermic peak in DSC curves. At T between 662
and 712 K, the XRD curves of all the sintered compact samples showed
basic diffuse scattering peaks like the as quenched powder sample. Small

800

712 K

696 K

Intensity (arb. units)

20 (degree)

Fig. 2. (a) DSC curves, (b) relative crystallization enthalpy and (c) XRD patterns of bulk Fe;; ;SigB1oP4Cug 3 powder cores sintered at different temperatures.

crystallization peaks observed in this temperature band are the precip-
itation of tiny grains on the amorphous matrix. Towering and sharp
crystallization peaks of the a-Fe(Si) solid solution and Fe(B,P) com-
pound phases were found in samples sintered up to 725 K and above.
This corresponds to significant changes in the exothermic DSC peaks of
samples sintered at temperatures greater than or equal to 725 K. The
other phases especially the Fe(B,P) compound phase, precipitated at Ty
of up to 783 K can worsen the magnetic properties of the sample [41,42].
Since the samples sintered at 783 K were almost completely crystallized
and did not meet the needs of this work, the magnetic properties of the
samples sintered at this temperature were not characterized
subsequently.

Density is a key parameter in the pressing process and greatly affects
the magnetic properties of the powder compact. The trend of the density
of the powder compacts prepared by SPS with T is shown in Fig. 3. The
density of the powder compacts increases in an S-shape with the increase
of Ts. At Ts below 712 K, the density increase is mainly due to the
increased plasticity which makes the powders more easily to be com-
pacted [43]. The increase in density with T above 712 K comes from the
disorder-order transition on the one hand [44]. On the other hand,
large-sized grains precipitated at high T exhibit lower hardness and
good plasticity, which makes the powders more compactible.

To identify the optimal T to obtain excellent soft magnetic proper-
ties, the density and magnetic properties of powder compacts obtained
at different T were examined. The critical parameters related to relative
density, saturated magnetic flux density, and coercivity were first
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studied and the results are shown in Fig. 4. The saturated magnetic flux
density of the Feyy;SigB1gP4Cups amorphous powder compacts
measured by VSM revealed high M (above 150 emu/g) at each sintering
temperature. By increasing Ts from 662 to 712 K, the M; gradually
increased from 148 to 161.8 emu/g. Subsequently, M; slowly decreases
to 154.1 emu/g when T further increases up to 755 K. The slight
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increase of Mg with higher annealing temperature could be attributed to
the progress of a-Fe crystallization and the improved short or medium
range ordering in the amorphous matrix. This phenomenon is consistent
with the work of other researcher, may be related to the densification
[45]. The decrease in Mg with increasing T above 712 K is mainly due to
the grain growth and precipitation of Fe(B,P) compounds, which are
widely believed to deteriorate Mg [46].

In Fig. 4(b), the effect of Ty change on H, reveals a valley-shaped
profile. At T, below 712 K, H,. decreased from 2.73 to 2.26 Oe as T in-
creases. It increases to 3.4 Oe rapidly when T; further rises from 712 to
755 K. It is well known that H, is very sensitive to the structural defects.
It includes crystal defects such as dislocation at micro scale and pinning
structures such as pores at macro scale. Amorphous has very small
structure correlation length due to its long-range disorder [47,48].
Smaller structure correlation length means smaller magnetic exchange
length, and smaller magnetic exchange length mean fewer staples such
as dislocation in the magnetization process and resulting in lower H,.
Boosting the density can reduces porosity can be reduced effectively by
boosting the density. It allows H, decreases by reducing the obstruction
of the magnetization process. The XRD patterns (Fig. 2(c)) of the sin-
tered samples showed basic amorphous structures and trace
nano-crystals when Ts was below 712 K. The structure correlation length
remains at lower level at the sintering temperature interval, and the
decrease in H. mainly from the increase in density. When T is higher
than 712 K, crystals precipitate and grow significantly. The increase in
grain size results in a significant increase in structure correlation length
and therefore a rapid increase in He.
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Fig. 4. (a) M;, (b) H,, () u, and (d) W of powder compacts prepared at different sintering temperatures.
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The permeability of powder compacts was measured in the fre-
quency range of 1 to 1000 kHz at 10 A/m applied field. The results are
shown in Fig. 4(c). In the low frequency band below 5 kHz, T is basically
positively correlated with u. In this frequency band, the powder com-
pacts with T of 725 and 755 K exhibit excellent permeability above 200.
The reason for this result is also due to the increased density. Fewer
pores and pegs allow a smoother magnetization process, resulting in a
higher u. However, the high y of the powder compacts with T of 725 and
755 K is unstable. Rapid drops of i can be seen when the frequency is
increased to above 10 kHz and the cut-off frequency of the permeability
is determined to be only 5 kHz. In contrast, the powder compacts with a
T of 715 K exhibit both good permeability (163 in about 20 kHz) and
good frequency stability (the cutoff frequency was determined to be 30
kHz). The main reason for the difference in frequency stability is dif-
ference in resistivity of crystalline and amorphous phases. Low re-
sistivity of the crystals causes more eddy currents at high frequency.
Eddy currents act as an inverse magnetic field making magnetization
more difficult and thus reducing permeability [49]. Amorphous phase is
generally considered to have a higher resistivity, which effectively limits
high frequency eddy currents and allows for better stability of magnetic
permeability at high frequencies.

The abovementioned differences in resistivity also lead to differences
in core loss of the powder compacts with different Ts. The core loss of the
powder compacts with amorphous structure (T < 712 K) are charac-
terized in Fig. 4(d). It can be seen that powder compacts with higher
sintering temperatures exhibit lower core loss. This is attributed to the
further increase in resistivity due to the precipitation of small amount of
nano-crystalline grains on one hand. The gradual decrease of the coer-
civity in this sintering temperature range also leads to a decrease of the
hysteresis loss. It is worth mentioning that the powder used in this work
is uninsulated and uncoated since the purpose of this study is to develop
powder compacts with high p and high Bs. It is expected that a lower loss
powder can be obtained after insulation coating.

To identify the optimal SPS temperature, the trends of density and
magnetic properties with sintering temperature are summarized in
Fig. 5. In terms of density, it increases monotonically with increasing
sintering temperature. Higher T; brings better pressing effect. The Bg
increases rapidly with increasing T at below 712 K causes by increase of
density and M, and stable at T; above 712 K because of increase of
density and decrease of M.

High density reduces the pores between powders and improves the
soft magnetic coupling effect between magnetic particles, thus mini-
mizing the H, when T between 696 and 712 K. Powder compacts sin-
tered at 712 K with dense and amorphous structure have good frequency
stability of permeability and achieve the highest permeability at 20 kHz.
Combining all properties, the optimal T parameters can be determined
to be between 696 and 712 K.

The density and magnetic properties of the powder compacts with a
sintering temperature of 712 K were compared with other related
studies, and the results are shown in Table 1. Compared to the cold
pressing (CP) process, the powder compacts prepared in this work shows
relatively higher p;, B, and u. This indicates that the SPS process has
unique advantages in preparing powder compacts with high structural
density and high magnetic flux density. Compared with other works
using the SPS process, the samples prepared in the present work have
high intermediate frequency permeability, but no significant advantage
in terms of structural density and magnetic flux density. This may be
caused by the lack of excellent intrinsic magnetic properties of the
amorphous powders prepared in this work and the lack of tuning of
other process parameters. To address this issue, the optimization and
improvement will be continued in the next work.

4. Conclusions

Fey7 7SigB19P4Cug 3 amorphous powder compacts were successfully
prepared using the SPS process. Following conclusions were drawn:
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Fig. 5. The trends of density and magnetic properties with sintering
temperature.

1 Gas-atomized Fe;77SigB1oP4Cug.3 spherical powders with amor-
phous structure were successfully prepared by modulating the
element concentration (Fe, B, P) and particle size.

2 Dense powder compacts of Fe;7 7SigB1oP4Cug 3 with good amorphous
structure can be prepared when the sintering temperature is below
712 K, due to the high temperature and high pressure employed in
SPS with high heating rate.

3 Powder compacts with sintering temperatures of 696-712 K exhibit
excellent structure and magnetic performance such as high relative
density (94%), high B, (1.34 T), low H, (2.3 Oe), and stable x (163 up
to 20 kHz).

Powder compacts fabricated by spark plasma sintering in this work
can be expected to apply to soft magnetic devices requiring tens of kilo-
hertz frequency.
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Table 1
Comparison on the performance of the powder compacts prepared in this work with existing work.

Process Materials P (g/cmS) pr (%) M; (emu/g) By (T) I H. (Oe) Refs.

SPS Fey; 7SigB10P4Cuo 3 6.67 94% 163 1.34 163 2.3 This work
Fe6Sio 6Bs 4P / 97.60% / 1.44 / / [19]
Fe4gCr15sMo14Y2C15Be / 94.13% / / / / [31]
Fe-Si 6.93 95.59% 169.98 1.43 110 23.15 [50]
Fe-Si-B / / 146.1 / / 113.4 [51]
Fe-Si-B-Cu / / 159.6 / / 87 [51]
Fe-Si-B-Nb / / 150.8 / / 62.4 [51]
Fe-Si-B-Nb-Cu / / 166.8 / / 109.2 [51]
Fega.3514BgP3Clo.7 6.25 83.70% / / 135 3.75 [52]
Fegs 3Si4BgP4Cug 7 5.62 89% / / 50 2.3 [49]
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Fe3Si13BoCu; Nbg / / 135.6 / 49 0.18 [54]
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Fe-Si-B-C—Cr / / 146.4 / 86 17 [61]
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Fega 2Si9.6Als.4Sno.8 / / 119.2 / 50.4 2.85 [63]
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