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Abstract

High purity powders of Fe, Si and B mixed with atomic composition Fe78Si9B13 are sub-
jected, after arc melting, to a melt spinning process. The amorphous ribbons are transformed
into powder by mechanical milling, reaching mean sizes of 65 and 262 µm, taking care
of maintaining the amorphous character. The powders are sintered by means of a very
quick capacitor electrical discharge (CEDS), while trying to maintain the initial structure
of the powders. The CEDS process is analyzed depending on the thermal energy applied
during the discharge, as well as on the particle size of the powders and the powders’ mass.
The porosity, microstructure, hardness, electrical resistivity and magnetic properties of
the prepared compacts are analyzed. Thus, for powders with a mean size of 262 µm, the
porosity can be reduced from 0.33 to 0.11 after sintering, reaching a microhardness of up to
1100 HV1 after applying a discharge of 2640 J/s. A coercivity of 1895 A/m and a saturation
flux density of 1.32 T are achieved in the compact, which maintains a microstructure with
up to 64% of amorphous phase.

Keywords: capacitor electrical discharge sintering; amorphous/nanocrystalline alloys;
powder metallurgy; FAST; melt spinning; mechanical milling

1. Introduction
In the field of metallic materials, significant progress has been made during the last few

decades in the knowledge of innovative alloys that can give rise to the so-called amorphous
alloys or metallic glasses [1]. These materials, due to their strong predisposition to crystal-
lizing, can only be produced with certain compositions and by means of special techniques
that help to maintain their metastable microstructure. Some of these techniques process
the material in a solid-state, such as the mechanical alloying of powders [2], obtaining
a material without any structural order. Other techniques process by rapid cooling [3]
the previously molten material, such as melt spinning or planar flow casting [4], laser
glazing [5], suction casting [6], splat cooling [7] or additive manufacturing [8]. Materials
obtained in this way retain the structure of the liquid itself, with some short-range ordering
being common [9,10].

Whichever the obtention method, amorphous metals possess very attractive properties
for structural and functional applications, such as high mechanical strength [11] and
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ductility [12,13], good magnetic properties [14], or wear and corrosion resistance [15,16]. In
short, improved properties compared to their crystalline homologues.

Fe-based amorphous alloys have been the subject of intense research because of their
lower fabrication costs as compared to other amorphous alloys, and at the same time they
have excellent properties with wide application prospects and significant commercial value,
mainly for magnetic applications. However, despite a general objective among metallic
glasses, research is attempting to obtain bulk amorphous alloys [17], the moderate glass
forming ability (GFA) [18] together with the high strength and brittleness of Fe-based
metallic glasses, have meant that production is generally in the form of powders, ribbons,
or in the best cases as wires and rods. Nevertheless, from 1995 onwards, Fe-based bulk
metallic glasses were prepared by injection moulding in copper moulds or by flux melting
and water quenching, resulting in relatively thick amorphous rods or plates [19,20].

An advantage of using powders, as compared, for instance, to ribbons, is the flexibility
regarding the shape of the part to be manufactured. To this end, a first possibility is to mix
these powders with polymers. However, the magnetic properties obtained for these mix-
tures worsen because the polymer occupies part of the piece space which does not behave
positively [21]. In the case of using traditional powder metallurgy (PM) techniques [22],
during sintering, a process that takes tens of minutes, the high temperature makes it diffi-
cult to control the unstable microstructures. For this reason, the development of techniques
to reduce the time of permanence at high temperature, but ensuring an adequate joining
between the powder particles, has been long pursued. One of these techniques is additive
manufacturing [23–25]. Other methods look for the option of rapidly heating the material,
which is an alternative to furnace sintering in PM traditional processes.

The electric current, passing through a resistive mass of powders, is an option to heat
the material by the joule effect, causing micro-welds at the contact points between the
particles. This is the working principle of the Field Assisted Sintering Techniques (FAST),
with a variety of methods depending on the power source. Among the most used are
spark plasma-assisted sintering (SPS) [26,27], induction sintering [28], electrical resistance
sintering (ERS) [29–31] or capacitor electrical discharge sintering (CEDS) [32,33]; the latter
two being ultra-fast processes with a current dwelling time of less than 1 s, which makes
the use of protective atmospheres or a high vacuum unnecessary.

In this work, melt-spun amorphous Fe-Si-B ribbons were transformed into powder
by mechanical milling in a disc mill [34]. The obtained powders were processed by CEDS
by means of adapted commercial stud welding equipment, with special emphasis on
controlling the crystallization of the material during processing. The high resistivity
of the powders makes the current heat the particles’ contacts by using the joule effect,
softening these contact zones and, together with the applied mechanical load, inducing
densification of the powders. This process is one of the variants of the process known as
electrical discharge consolidation. As explained in [35], several other designations have
been used to describe this or variants of this technique, including, among others, electric
discharge sintering, electric discharge compaction, high-rate electric discharge compaction,
environmental electric discharge sintering, capacitor discharge sintering and electric pulse
sintering. Thus, capacitor discharge sintering [36], also known as electro sinter forging [37],
consists of the combination of a single short impulse of intense electric current synchronized
with a mechanical pulse, with energy being transferred after a predetermined level of
pressure is reached. The main difference with CEDS is that the electrical pulse is generated
by a high-voltage- and low-current capacitor bank in a primary circuit and then transformed
in a secondary circuit to a high current–low voltage electro-magnetic discharge. Voltages
in the primary circuit can reach values of about 1.5–3.5 kV, with voltages on the compacts
ranging from 5 to 30 V [38]. This configuration limits the discharges and local plasma
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formation during the process and can use switches based on power solid-state devices
instead of ignitrons, increasing the reliability of the equipment. The electric pulse and
application of pressure are synchronized to act together in the desired moment. A review
of the actual use of this technique can be found in [39]. Moreover, controlled atmosphere
devices have been developed [40], being the process usually called environmental electric
discharge sintering.

In summary, the main objective of this work is to evaluate the feasibility of capacitor
electrical discharge sintering (CEDS) as a consolidation technique for amorphous powders,
while preserving their amorphous microstructure. The use of powders instead of ribbons is
due to the greater flexibility in terms of the final shape of the consolidated parts, which is a
key limitation of rapidly cooled amorphous ribbons. In this context, an amorphous Fe-Si-B
alloy has been selected as a model material due to its known glass-forming ability [41] and
its relevance for soft magnetic applications [42]. Although the optimization of magnetic
properties is not the main objective of this study, the magnetic behaviour of the consolidated
materials is evaluated as a functional indicator of the preservation of the amorphous
microstructure during processing and as a reference for future process developments.
Prepared compacts have been characterized by attending to their final porosity and level of
sintering. Moreover, the microstructure is analyzed, and microhardness, electrical resistivity
and magnetic properties are also determined.

2. Materials and Methods
Elemental iron (ATOMET 1001HP, purity > 99.4%, Rio Tinto, Montreal, QC, Canada),

silicon (Amperit 170, purity > 99.6%, Flame Spray Technologies, Duiven, The Netherlands)
and boron (Boron crystalline, purity > 98%, Alfa Aesar, Schwerte, Germany) powders were
mixed to give the desired composition of Fe78Si9B13 (a composition known as Metglas®,
Metglas, Inc., Conway, SC, USA [43]). Batches of 7 g of powder were pressed at 450 MPa
to obtain green compacts 8 mm in diameter, which were valid to be arc melted. The arc
melting process (Edmund Bühler, MAM-1, Bodelshausen, Germany) was carried out in Ar
atmosphere after Ti-gettering and repeated for 3 times to obtain a homogeneous alloy. Rib-
bons were obtained by melt spinning (Edmund Bühler, SC, Bodelshausen, Germany) under
optimized conditions [44], which required using a rectangular nozzle of 0.4 mm × 10 mm
at 1250 ◦C with a wheel surface speed of 28 m/s, a nozzle–wheel distance of 0.4 mm, and
an ejection overpressure of 200 mbar.

The useful parts of the ribbons were then manually cut to pieces of about 10 mm
and processed in a knives mill (Moulinex, MC3001, Lyon, France) for 3 min. Batches of
30 g of the sieved fraction lower than 5 mm were finally milled in a vibratory disc mill
(Retsch, RS100, Haan, Germany) with a vibrating frequency of 50 Hz (making the disc to
reach 700 rpm), and with a hardened steel disc and vial. After 30 or 120 min of milling,
stopping for 5 min every 10 min to avoid excessive heating, two different powders with
mean particle sizes of 262 or 65 µm were obtained, respectively [34].

Sintering of the amorphous powders was carried out by adapting commercial stud
welding equipment (Thomas Welding, Nomark 10S, Jumet, Belgium), where the welding
gun only maintained the switching function, being substituted, regarding the electric
current conduction, by Cu electrodes (99.9% Cu–0.04% O) and thermal wafers (99.06% Cu,
0.760% Cr, 0.08% Zr, and 0.035% Ni) which also act as punches to press the powder particles
(by means of a pneumatic press). The sintering assembly consisted of a 40 mm diameter
sialon die with an inner orifice of 8 mm in diameter, closed by the Cu electrodes and the
wafers (Figure 1).
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(a) (b) 

Figure 1. (a) Stud welding equipment and pneumatic press used in the experiments. (b) Scheme of
the sintering assembly, including electrodes and die, used in the CEDS experiments.

The experimental conditions included the use of 1 or 2 capacitors (1C or 2C, of 66 or
132 mF, which are the possibilities available in the stud welding equipment), and charging
voltages of 125, 150, 175 and 200 V. Amounts of 0.75 g, 1.00 g or 1.25 g of amorphous
powder were poured into the sialon die previously lubricated with graphite (deposited
by means of an acetone suspension). The powder was then vibrated to accommodate the
particles. A pressure of 200 MPa was applied using the pneumatic press, ensuring good
contact between the electrodes and the powder column during the discharge process. At
least four specimens were prepared for each processing condition.

The energy stored in the capacitors was then discharged over the amorphous powder
column. The applied specific thermal energy (STE) can be calculated by Equation (1):

STE =
1
M

·1
2

CV2 (1)

where M is the mass of the powder column, C the capacitance of the capacitor(s) and
V the applied voltage. Moreover, the current passing through the powder column is
monitored with the help of an oscilloscope, having measured a peak intensity of about
3.7 kA and a voltage of about 20 and 40 V when using 1C and 2C, respectively (Figure 2).
It is expected that part of the energy dissipates in the equipment, therefore not reaching
the powders. This effect can be calculated when the powder column resistance and the
intensity passing through it are known. The comparison with the theoretical value resulting
from Equation (1) reveals that the dissipation can reach up to 50%.

The actual composition of the melt-spun ribbons and the powders obtained by mechan-
ical milling of the ribbons was determined using an electron probe microanalyzer (EPMA;
Jeol, JXA-8200, Akishima, Tokyo, Japan), which allowed the comparison with the nominal
composition of the alloy and the evaluation of the variations induced during milling.

X-ray diffraction (XRD) measurements were performed using Cu-Kα radiation
(λ = 1.541 Å) on a Bruker D8 Advance A25 diffractometer (Bruker, Billerica, MA, USA).
Two types of diffraction patterns were obtained: for quantitative Rietveld analysis, patterns
were collected with a step size of 0.015◦ and a counting time of 0.5 s per step over a 2θ range
of 30–80◦; for qualitative characterization, patterns were acquired with a step size of 0.015◦

and a counting time of 0.1 s per step, over a 2θ range of 35–55◦. The microstructure of the
melt-spun ribbons, milled powders, and sintered compacts was examined by XRD and
transmission electron microscopy (TEM; Philips, CM200, Amsterdam, The Netherlands) at
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200 kV. For TEM studies, ribbons and compacts were prepared by a precision ion polishing
system (PIPS; Gatan, 691, Pleasanton, CA, USA), and powders were directly observed in
the microscope. Selected compacts were analyzed in detail by the Rietveld refinement
method using TOPAS 3.3.0 (2020) software.

 
Figure 2. Representative electric current parameters measured when using 1 or 2 capacitors (66 or
132 mF) charged at 200 V, with a 1 g specimen.

The morphological study of the powders was carried out by means of high-resolution
scanning electron microscopy (SEM; Thermo Fisher Scientific, FEI Teneo, Waltham, MA,
USA). The particle size of the powders was determined by laser diffraction (Malvern
Panalytical, Mastersizer 2000, Malvern, UK).

The thermal stability of the ribbons and powders was studied by differential scanning
calorimetry (DSC; TA Instruments, 2010, New Castle, DE, USA) with a heating rate of
20 ◦C/min under Ar atmosphere.

Several properties were also determined: regarding the powders, the absolute den-
sity was measured with a pycnometer (Accupyc II 1340, Micromeritics, Norcross, GA,
USA); Vickers microhardness HV0.1 [45] of the ribbons was measured in their central and
perimetral area (Shimadzu, HMV–G, Tokyo, Japan); and Vickers microhardness HV1 in
diametrical sections of resin-embedded sintered compacts, at the compact centre and each
of the quadrant centres (Emcotest, DuraScan 50G5, Kuchl, Austria).

Furthermore, the hysteresis cycles of ribbons, powders and compacts were measured
at room temperature with a vibrating sample magnetometer (KLA, MicroSense VSM
EV9, Lowell, MA, USA) with a maximum applied field of 250 kA/m for the ribbons
and 796 kA/m for powders and compacts, to determine the coercivity (Hc), the magnetic
saturation (Bs or Ms) and the remanent flux density (Br).

In addition, the porosity of the sintered compacts was determined by weighing and
measuring several specimens, and by Archimedes’ method [46], and the porosity distribu-
tion (Nikon, Epiphot 200, Tokyo, Japan) was studied on diametrical sections of unetched
specimens. The morphological characteristics of the fractures were studied on mechanically
broken surfaces (after holding half compact and a sudden impact on the other half) by SEM.

A four-points probe and a Kelvin bridge (Chauvin Arnoux, CA 10, Paris, France)
were used for the electrical resistance measurements at room temperature (Rmeasured). The
thermoelectric effects were eliminated by changing the probes polarity in two different
measurements, and the mean value was considered for each specimen. For the probe
electrodes spacing (d = 1 mm), the electrical resistivity of the material can be calculated as
indicated in Equation (2) [47]:

ρ = 2·π·d·Rmeasured (2)
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3. Results and Discussion
3.1. Amorphous Ribbons and Powders

The elemental composition of the melt-spun ribbons shows excellent agreement
with the nominal values expected for the Fe78Si9B13 alloy. The measured composi-
tion was 77.92 ± 0.30 at.% Fe, 8.81 ± 0.44 at.% Si and 12.54 ± 0.35 at.% B, together with
0.70 ± 0.09 at.% O and 0.04 ± 0.03 at.% Cu (mean values for 10 measurements with
20 µm × 20 µm analysis windows). The slight deviations observed are within accept-
able limits and can be attributed to local segregations or effects associated with the high
surface-to-volume ratio characteristic of melt spinning. The presence of traces of Cu is
consistent with a possible transfer from the copper wheel used during processing, a phe-
nomenon described in rapid solidification systems using Cu or Cu–Be wheels. On the
other hand, the oxygen detected should not come from the processing, carried out under
a protective argon atmosphere; its presence could be due to a subsequent slight surface
oxidation, produced during storage or handling in ambient atmosphere, even under desic-
cation conditions, a typical behaviour in amorphous alloys rich in Fe and B due to their
high surface reactivity [48].

Amorphous ribbons were obtained by melt-spinning, as confirmed by XRD and TEM.
The optimum processing parameters determine the quality of the ribbons [49,50], yielding
in our experiments to a process efficiency over 90%. This value refers to the fraction
of the ribbon length that is morphologically and microstructurally homogeneous and
completely amorphous, and therefore suitable for further experiments. The remaining 10%
corresponds to the ends of the ribbon, which are normally discarded in non-continuous melt
spinning processes due to unstable ejection conditions. Ribbons reached a microhardness
of 936 ± 15 HV0.1, with a coercivity of around 33 A/m. The coercivity value agrees
with those found in the literature [51], with it being possible to reach even lower values
after the proper heat treatment [52]. The improvement in magnetic properties after heat
treatment is due to several factors, among which the following stand out: the relief of
stresses generated during the amorphization process (by unblocking the walls of the
magnetic domains), the creation of nanocrystals embedded in an amorphous matrix (which
compensate the magnetocrystalline anisotropy between the crystalline and amorphous
phases, of opposite sign, reducing the overall value) and the increase in electrical resistivity
(due to the hindering of the movement of free electrons with the creation of the nanocrystals,
which also leads to a decrease in losses due to Foucault currents) [53,54].

Powders obtained from the ribbons maintain the flake shape after 30 min, tending
to be more rounded shapes after 120 min (Figure 3). Mean particle sizes of 262 ± 9 µm
and 65 ± 8 µm were measured, respectively (nevertheless, these mean sizes should be
considered with caution due to the flake shape of the powders and the measurement
mechanism of the laser diffraction process).

To accurately assess the compositional changes induced by mechanical milling in air,
the elemental composition of the powders milled for 30 and 120 min was quantified (10 mea-
surements with 20 µm × 20 µm analysis windows). The composition measured for the
powders milled for 30 min was 73.89 ± 2.51 at.% Fe, 8.22 ± 0.66 at.% Si, 9.64 ± 1.41 at.% B,
8.05 ± 2.01 at.% O, 0.08 ± 0.03 at.% Cr, 0.06 ± 0.02 at.% Mn, 0.04 ± 0.02 at.% Ni and
0.03 ± 0.02 at.% Cu, and for the powders milled for 120 min was 71.66 ± 3.89 at.% Fe,
7.55 ± 0.94 at.% Si, 10.23 ± 1.70 at.% B, 10.31 ± 4.16 at.% O, 0.08 ± 0.03 at.% Cr,
0.08 ± 0.02 at.% Mn, 0.06 ± 0.03 at.% Ni and 0.04 ± 0.02 at.% Cu. It showed an apparent
decrease in the content of Fe, Si and B, and a progressive increase in oxygen, accompanied
by traces of Cr, Mn, Ni, and Cu, with the new ones coming from the equipment wear. This
compositional evolution is consistent with the mechanically induced oxidation of amor-
phous alloys described in the literature [55–57]. The continuous formation of new active
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surfaces during particle fragmentation favours the surface nucleation of oxides (mainly
SiO2, B2O3 and Fe oxides), whose presence increases the total atomic fraction of oxygen,
and apparently reduces the contents of Fe, Si and B.

 
(a) 

 
(b) 

 
(c) 

Figure 3. SEM micrographs of powders milled for (a) 30 and (b) 120 min, with mean particle sizes of
262 and 65 µm, respectively. (c) Powder particles size distribution and representative values.

Although this surface oxidation could be considered harmful, numerous studies
indicate that it can play a functional role. Thus, a moderate oxygen content (8–10 at.%
for short milling times) contributes to stabilizing the amorphous matrix, increasing the
activation energy for crystallization, and delaying the formation of magnetically hard
boride phases such as Fe3B, Fe2B, or FeB [54,58,59].

Conversely, classical studies, such as those by Trudeau et al. [60] indicated that the
presence of oxygen during milling accelerates the crystallization kinetics in amorphous
Fe-based alloys, but at the same time leads to the formation of significantly finer crystal-
lites, which can be beneficial for magnetic properties. This behaviour is consistent with
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recent works on mechanical crystallization [61] which points out that small amounts of
finely dispersed oxides act as nanometric barriers that hinder the nucleation and growth of
harmful intermetallics, favouring the formation of highly refined amorphous or nanocrys-
talline structures. However, both the classical literature and current reviews agree that a
continuous or excessive supply of oxygen can excessively accelerate crystallization and
modify the transformation routes, making it essential to control the atmosphere, grinding
energy and operating mode to take advantage of the positive effects of oxygen without
inducing premature crystallization or undesirable phases.

In this context, and according to the studies by Greer [62], the milling times used allow
sufficient boron to be retained to maintain the amorphous stability. Likewise, the measured
fractions of oxygen and wear elements remain within the ranges considered acceptable
to avoid severe contamination that induces premature crystallization or the formation of
extrinsic α-Fe particles, as warned by Bansal et al. [55].

Thus, short-term mechanical milling in air can provide a functional advantage: it
allows the amount of surface oxides to be modulated and the inhibition of harmful boride
phases, making it possible to obtain amorphous or fine nanocrystalline microstructures.

Figure 4 shows the XRD patterns of the ribbons and powders, with a broad peak
characteristic of the amorphous state. Nevertheless, a slight increase in the peak height,
higher for a longer milling time, could be due to the presence of a certain amount of
α-Fe(Si) nanocrystals.

Figure 4. XRD patterns of Fe78Si9B13 ribbons and powders after cutting the ribbons with the knives
mill, and milled for 30 and 120 min. Also included are the positions of α-Fe(Si) peaks, according to
ICCD (International Centre for Diffraction Data) PDF® (Powder Diffraction FileTM) card 00-006-0696.

The TEM study of the powders milled for 30 min reveals a predominantly amorphous
microstructure (Figure 5a). For the powders milled for 120 min (Figure 5b), corresponding
to a mean particle size d (0.5) of 65 µm, the microstructure remains mainly amorphous;
however, a slightly higher presence of α-Fe(Si) nanocrystals is detected. High-resolution
TEM (HRTEM) images allow the identification of both amorphous and nanocrystalline
regions, where the nanocrystalline areas are indexed as α-Fe(Si), with lattice fringes corre-
sponding to the (110) plane, and nanocrystals size of less than 5 nm. Fast Fourier Transform
(FFT) analysis performed on selected regions further corroborates the presence of α-Fe(Si)
nanocrystals embedded in an amorphous matrix.

It should be noted that the smallest particles (as those analyzed by TEM) are more
transparent to the electron beam and therefore are easier to analyze; however, these particles
may have experienced more severe milling conditions, potentially leading to a higher
degree of crystallization than that of the powder as a whole.

Figure 6 shows the DSC results of the ribbons and the powders milled for 120 min. In
both cases, a very smooth peak, corresponding to the primary crystallization of α-Fe(Si) is
observed at temperatures around 400–500 ◦C, followed by peaks at temperatures of about
550 and 565 ◦C, of the crystallization of Fe2B, Fe3B, Fe23B6 or Fe2Si [63–66]. These results
show that the powders, even with prolonged milling times, remain mostly amorphous
after milling, as already shown by XRD and TEM results.
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(a) 

 
(b) 

Figure 5. (a) TEM image and diffraction pattern of the Fe78Si9B13 powders with particle size of
262 µm, (b) TEM and HRTEM images of Fe78Si9B13 powders with particle sizes of 65 µm: (b1) TEM
image of the powder; (b2) diffraction pattern with indexed planes of the α-Fe(Si) phase; (b3) HRTEM
images showing the size of selected nanocrystals and the areas chosen for Fast Fourier Transform (FFT)
analysis; (b4) HRTEM image showing amorphous and nanocrystalline areas; (b5,b6) FFT-derived
diffraction patterns from the amorphous and nanocrystalline regions, respectively.
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(a) (b) 

Figure 6. DSC analysis of the Fe78Si9B13 amorphous ribbons, and 120 min milled powders. (a) Orig-
inal results, the different slope is due to the relaxation of the powder during mechanical milling.
(b) Results after baseline subtraction.

Regarding magnetic properties, as shown in Figure 7, the coercivity of the powders
milled for 30 and 120 min is 3415 and 4008 A/m respectively. The remanent flux densities
are respectively 0.035 and 0.034 T, and the saturation flux densities are 1.42 and 1.38 T.

 
(a) (b) 

Figure 7. Hysteresis loops of (a) ribbons and (b) milled powders.

These magnetic properties are far from those obtained in the ribbons (coercivity,
for example, was 33 A/m). The coercivities reported in the literature for amorphous
powders obtained from ribbons vary inversely with particle size, while the remanent and
saturation flux densities show a direct dependence. This behaviour could be due to the
uncontrolled growth of nanocrystals by prolonging the milling process, although, in this
work, XRD, TEM and DSC results suggest that the powders contain only a limited number
of α-Fe(Si) nanocrystals. Thus, other causes, such as the internal stresses generated during
the milling process, should be considered. In addition, the existence of air voids between
the fine particles increases the internal demagnetising field and the coercivity increases [67].
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Moreover, the coercivity can increase due to surface anisotropy, which can reach large
values for small particles [68].

Results published on powders obtained by milling ribbons of Fe78Si9B13, with sizes
25–75, 75–200 and 200–500 µm, showed coercivities of 3215, 1920 and 1341 A/m respec-
tively [21]. The remanent flux density varied from 0.048 to 0.068 T, and the saturation flux
density from 0.72 to 1.06 T. As explained by the authors, the high demagnetization value
in the small particles, as well as structural defects induced during milling, could explain
these values. The coercivity was reduced to 1240, 863 and 237 A/m after heat treating
the powders at 500 ◦C for 1 h, probably because of proper nanocrystallization and the
relaxation of internal stresses generated during milling.

These high coercivity values are not only observed after ribbons milling. Thus, me-
chanical alloyed Co40Fe22Ta8B30 powders, obtained after 200 h of milling and with an
amorphous phase fraction of 96%, showed a coercivity of 3280 A/m, which was reduced
to about 2000 A/m after heat treating [69]. According to the authors, this reduction is
probably due to the relaxation of residual stresses and the elimination of free volume within
the amorphous structure, which acts as a barrier to the movement of the magnetic domains.
The reduction, however, can be limited because of the presence of B inclusions, surface
anisotropy in the nanometre-sized particles, or anisotropy due to the surface roughness of
the particles.

But not only the properties of powders can be affected by internal stresses, also those
of ribbons [70,71] or those of amorphous materials obtained by electrodeposition can be
affected [72]. It has been shown that these stresses depend on the side of the ribbon studied,
being higher on the side in contact with the wheel than on the free surface [73]. Furthermore,
the influence of external stresses applied to the ribbons, as those that could occur during
milling, are evaluated on ribbons that are wound with different radii of curvature and to
which different heat treatments are applied [74], concluding that compressive stresses are
dominant in the properties presented by the material, as the coercivity, mainly affected by
the movement of the magnetic domains.

Therefore, if magnetic properties are the objective, it could be interesting to start
with powders with suitable properties, which are generally achieved with heat treatments
allowing controlled nanocrystallization and stress relaxation. Nanocrystals smaller than
20 nm (the long-range ordering distances typical of crystalline structures) embedded in
an amorphous matrix led to very satisfactory magnetic properties [75]. However, in this
research, it is intended to use a powder with a high percentage of amorphous phase, to
check the effect of the CEDS process on the microstructure, trying to avoid a high growth
of the nanocrystals, as this causes a very detrimental effect on the magnetic properties.

3.2. Electrical Sintering of Amorphous Powders
3.2.1. Densification

The porosity Θ of the sintered compacts, measured by Archimedes’ method, is studied
as a function of the initial powders’ size and the applied STE (Figure 8). The results obtained
from the measurement and weighing of the compacts give slightly higher porosities, with a
similar trend.

The porosity of the powder mass decreases after the sintering process, reaching lower
values than the initial porosity of 0.33 for the coarse and 0.35 for the fine powders (these
latter values measured after applying pressure before discharges, and measured based
on sample dimensions and weight). Samples prepared with the small particles achieve
higher densification, probably because of the higher number of contacts between particles.
For instance, the 1.00 g compact sintered with 2 capacitors and 200 V (STE of 2640 J/g)
reaches a porosity of 0.08 with the fine particles, but 0.11 with the big particles. With 0.75 g,
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the same trend is observed, although somewhat higher porosities, above 0.1, are achieved
despite the higher STE (3520 J/g); nevertheless, this is within the uncertainty interval of
the measurements if compared with the 1.00 g mass. For a mass of 1.25 g, an increase in
porosity does occur, with the minimum value remaining around 0.21, as expected when
the STE decreases to 2112 J/g.

Figure 8. Porosity vs. STE of compacts prepared with powders milled for 30 and 120 min and sintered
with 1 or 2 capacitors and different voltages (200 V for 1 capacitor, and 125, 150, 175 and 200 V for
2 capacitors) for 0.75, 1.00 and 1.25 g of powder. Dashed lines in the figure represent the trends.

On the other hand, sintering of the powders is not possible when 125 V is applied,
and with certain conditions at 150 V the compact fractures during extraction. Furthermore,
the effect of capacitance remains relatively minor. For instance, with powders milled for
120 min sintered at 200 V, the porosity decreases to 0.08 when using 2 capacitors, reaching
a value of 0.09 with 1 capacitor, despite the discharge energy is half. For the powder milled
30 min, the porosity changes from 0.11 to 0.12. This implies that the energy supplied by
1 capacitor could be enough if the voltage is high enough, an observation that agrees with
that of other researchers with respect to discharge sintering techniques, whereby even
much higher voltages are used, with equipment specifically designed to carry out the
process [32].

The study of the densification is completed with optical macrographs of diametrical
sections of the compacts (Figure 9). Under certain low-energy discharge conditions, the
compacts show a deficient consolidation in the lower central area, probably due to the
preferential passage of the current through the periphery of the compacts. Areas with
abundant porosity are also observed, due to the arbitrary path followed by the electric
current. It is also observed that the powder milled for 120 min, and therefore with lower
powder size, leads to lower porosities and best interparticle bonds. As a result, some
compacts fabricated with a large particle size and low energy can break during the die
extraction stage.
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(a) 

  

  
(b) 

Figure 9. Optical macrographs of compacts fabricated under different conditions of voltage and
capacitance, with powders milled for 30 and 120 min: (a) 0.75 g and 150 V, and (b) 1.00 g and 200 V.

Figure 10 shows details of the microstructure in one corner of the compact (left mi-
crograph), and in the central area (centre and right micrographs), for compacts prepared
with 1.00 g of powder. It is evident that the use of 200 V improves the densification and
bonding between particles, and that the capacitance is less relevant. The sintering process
is shown to be more effective as the particle size decreases, due to the higher resistivity and
the consequent increase in energy generated by the electric current. The accommodation
observed between particles of different sizes, a direct consequence of the vibration process
before sintering, is also remarkable.

To conclude the study of the interparticle bonding, the fracture surfaces of compacts
prepared with powder milled for 120 min were analyzed. Figure 11 shows that the use of
150 V generates few interparticle bonds, whereas the effect of sintering becomes clearer as
the charging voltage increases. The difference between 66 and 132 mF is again difficult to
appreciate, although in the first case the details at the fracture surface are finer.

These results are the consequence of three different main stages that have been defined
for the electrical discharge consolidation processes [76]. In the first stage, with a duration
of about tens of µs (as the other stages very much depend on the studied material and
discharging parameters), resistance quickly decreases because of the electronic and later
physical breakdown of any oxide layer surrounding powder particles, if present. Conduct-
ing layers are thus formed in the powder column. In the second stage, with about hundreds
of µs in length, necks between powder particles are formed, even starting to grow. Current
flows in longitudinal and radial directions, interconnecting powder particles and slowly
decreasing the resistance of the powder column. In the third stage, with about tens of µs,
again with a rapid drop of resistance, densification is promoted by the pinch forces from
the centre to the periphery of the powder column. Additionally, a final, fourth stage takes
place when elements from the atmosphere diffuse or are absorbed, leading to oxidation,
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nitridation or carburization processes, which increase the resistance of the sintered powder
column [77]. The effect of an externally applied pressure should be considered, if it is the
case, in each one of these stages.

 
(a) 

 
(b) 

Figure 10. Optical micrographs of the 1.00 g compacts with an average powder size of: (a) 262 and
(b) 65 µm, after discharge with 1 or 2 capacitors and voltages of 200 and 150 V. The electric current
goes from the upper to the lower part of the images.
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Figure 11. SEM micrographs of the fracture surface of 1.00 g compacts, prepared with powder milled
for 120 min, sintered with voltages of 150 and 200 V, and 1 (66 mF) or 2 (132 mF) capacitors.

3.2.2. Microhardness

The Vickers microhardness (HV1) of the different compacts is represented in Figure 12
versus the STE of the sintering process. An increase in microhardness is observed with the
increase in the STE, because of the higher densification attained and the formation of better
bonds between particles.

Figure 12. Microhardness HV1 vs. STE of compacts prepared with powders milled for 30 and 120 min,
sintered with 1 or 2 capacitors and different voltages, for 0.75, 1.00 and 1.25 g of powder.

https://doi.org/10.3390/met16020239

https://doi.org/10.3390/met16020239


Metals 2026, 16, 239 16 of 26

Values between 900 and 1100 HV1 are reached when sintering with 200 V and 2C (STE
of 3520 and 2640 J/g for 0.75 and 1.00 g of powder respectively). These values are in the
same order as that of the amorphous ribbon, with 936 HV0.1. On the other hand, a lower
STE (1188 J/g for 1.25 g sintered with 150 V and 2C), and the consequent higher porosity,
causes the hardness to drop to values of 441 ± 250 HV1, with a high deviation due to the
greater inhomogeneity of the sintered compacts. Moreover, it is observed that capacitance
has a clear effect on the hardness; for instance, values of 1091 ± 62 and 907 ± 39 HV1 were
measured for 1 and 2 capacitors, in both cases for compacts of 1.00 g prepared with powder
of 262 µm and 200 V (2640 and 1320 J/g respectively). Despite the porosity values being
similar (0.11 and 0.12), the bonds between the particles improved with increasing the STE.

3.2.3. Electrical Resistivity

The electrical resistivity of the compacts (Figure 13) has been measured as an alter-
native route to control the sintering process. A lower electrical resistivity is measured for
a higher STE. The reason is the same as in the case of microhardness: increased densifi-
cation and better bonds between particles. Some values show large standard deviations,
mainly due to the differences between the two faces of the compact; however, when the
densification is high, the deviation is negligible. The lowest resistivity, 7.97 × 10−7 Ω·m, is
achieved with 1.00 g of 262 µm powder sintered with 2C and 200 V (STE of 2640 J/g), while
the highest value, 3.31 × 10−5 Ω·m, is achieved with 1.00 g of 262 µm powder sintered
with 2C and 150 V (STE of 1485 J/g). These values correspond to porosities of 0.12 and 0.24.
For the porosity limits of 0.08 and 0.24, resistivities of 1.01 × 10−6 and 3.31 × 10−5 Ω·m
are obtained; so, although there is a correlation between porosity and resistivity, other
factors, such as the quality of the bonding between particles, must also be affecting the
resistivity values.

Figure 13. Electrical resistivity vs. STE of compacts prepared with powders milled for 30 and 120 min,
sintered with 1 or 2 capacitors and different voltages, for 0.75, 1.00 and 1.25 g of powder.

3.2.4. Phase Analysis

Figure 14 shows the XRD patterns of the amorphous powder, and the compacts
obtained with different conditions. According to the previously commented interparticle
bonds, a considerable increase in temperature at the interparticle junctions must take place,
and a certain crystallization corresponding to the appearance of α-Fe(Si) is observed despite
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the extreme rapidity of the process. The presence of other phases cannot be discarded
because of the coincidence of some of the diffraction peaks with those of the α-Fe(Si);
nevertheless, these other phases should be present in small amounts. The crystallization
is more pronounced for a lower initial powder size (since the starting point is a less
amorphous powder) and for a higher STE, being again clear the higher influence of the
voltage than that of the capacitance.

  
(a) 

 

 
(b) 

 
(c) 

Figure 14. XRD patterns of the compacts obtained with 0.75, 1.00 and 1.25 g of powders milled
for (a) 30 min and (b) 120 min. (c) Detailed XRD patterns of some of the compacts used for the
quantitative phase analysis. Positions of α-Fe(Si), Fe2B and Fe3B peaks, according to the ICDD PDF
cards 00-006-0696, 04-001-0965 and 04-001-3343, are also included.
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The crystallization taking place, mainly of α-Fe(Si) particles, and the resulting crystal
size are calculated by the Rietveld method for the compacts of 1.00 g sintered with 200 V
and the use of 1 or 2 capacitors, with the two different powder sizes (Table 1).

Table 1. Results of the XRD analysis using the Rietveld method.

Milling Time Capacitance (mF) Crystallite Size (nm) Crystallinity (%)

30 min
1C (66) 6.8 30.1

2C (132) 6.1 35.8

120 min
1C (66) 22.3 51.4

2C (132) 23.4 59.2

In all cases, the crystallite size of the α-Fe(Si) particles remains below 25 nm, and
with the powder of 262 µm (30 min of milling time) is as low as about 7 nm. On the other
hand, the crystallinity values, although calculated with very low error (Rbrag < 0.28), are
not entirely reliable because of certain fluorescence noise overlapping with the signal of the
samples, but the trend can be shown. The amorphous phase in the consolidated samples
remains in values of 65–70%, although this value is clearly reduced to 40–50% for the
smaller powders consolidated under more energetic conditions.

To complete the microstructural study, the same compacts were studied by TEM
(Figure 15a,b). The compacts obtained from the powder milled for 30 min (mean particle
size of 262 µm) retain an amorphous matrix with nanocrystals smaller than 40 nm, whereas
the crystallite size in the compacts prepared with the powder milled for 120 min (mean
particle size of 65 µm) reaches 75 nm. The presence of the amorphous matrix agrees
with that observed by XRD, although the crystallite sizes measured with TEM are higher.
This discrepancy can be due to the intrinsic limitations of the XRD line-broadening-based
methods when amorphous halos and nanocrystalline peaks overlap. As happened in
XRD, the presence of small amounts of other phases, such as Fe2B, Fe3Si and Fe3B, cannot
be discarded.

Moreover, a high-resolution TEM image of the compacts prepared with the 120 min
milled powder has been included (Figure 15b), showing nanocrystal with sizes under
75 nm (see measurement in the micrograph), as also observed near the edge of the TEM
images. These observations are consistent with the Rietveld quantification, which revealed
a volume-weighted average nanocrystal size slightly above 20 nm. This difference is
explained by the size distribution of nanocrystals observed in the TEM analysis, confirming
the coherence between direct imaging and quantitative diffraction measurements.

 
(a) 

Figure 15. Cont.
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(b) 

Figure 15. TEM micrographs and diffraction patterns of the central zones of compacts sintered with
2C and 200 V, with powder of milled for (a) 30 min and (b) 120 min.

Thus, the combined XRD and TEM results indicate that the CEDS process induces
a partial nanocrystallization of the amorphous Fe–Si–B powders while preserving a sig-
nificant fraction of the amorphous matrix. The resulting microstructure can therefore be
described as amorphous–nanocrystalline, with the volume fraction and size of the crys-
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talline phase being strongly dependent on the powder milling history and the sintering
energy input.

3.2.5. Magnetic Properties

The magnetic behaviour is discussed considering the combined effects of powder
particle size, milling time and CEDS processing parameters. Figure 16 shows the hysteresis
cycles of some of the sintered compacts. Larger initial particles (powder milled for only
30 min) lead, in general, to lower values of coercivity, remanent, and saturation flux densi-
ties than those measured in the powders. For instance, after sintering 1.00 g of powder with
2C–200 V, the coercivity decreases from 3415 in the powders to 1895 A/m, the remanent flux
density from 0.036 to 0.028 T and the saturation flux density from 1.42 to 1.32 T. However, it
is not possible to reduce the coercivity for compacts made with powder milled for 120 min,
increasing from 4008 A/m in the powders to values between 4122 and 4841 A/m. Similarly,
the remanent flux density changes from 0.034 T to values between 0.052 and 0.063 T in the
compacts, and the saturation flux density from 1.38 T to values between 1.34 and 1.39 T.

  

(a) (b) 
 30 min – 262 µm 120 min – 65 µm 

 
Hc  

(A/m) 
Bs, Ms  

(T, emu/g) 
Br  
(T) Hc (A/m) 

Bs, Ms  
(T, emu/g) 

Br  
(T) 

Powder 3415 1.42, 163.81 0.035 4008 1.38, 162.92 0.034 
2C – 0.75 g 2202.71 1.28, 170.60 0.033 4695.87 1.39, 177.23 0.060 
1C – 1.00 g 2264.78 1.41, 170.77 0.036 4840.70 1.36, 167.99 0.063 
2C – 1.00 g 1894.74 1.32, 170.86 0.028 4122.11 1.34, 172.13 0.052 

 

(c) 

Figure 16. Hysteresis cycle of 0.75 and 1.00 g compacts sintered with 200 V and 1 or 2 capacitors,
from powder of (a) 30 min—262 µm and (b) 120 min—65 µm. (c) Magnetic properties of powders
and compacts.

This behaviour evidences the competing mechanisms governing the magnetic re-
sponse. These values of the coercivity are probably a result of the equilibrium between the
improvement of the magnetic properties due to the particles’ boundaries blurring after sin-
tering, the deterioration of the magnetic properties due to crystallization, mainly with crys-
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tals above the optimal size of 20 nm (which can also reach 100 nm for certain materials [54]),
and the influence of the distance among nanocrystals within the amorphous matrix.

Moreover, pronounced micro stresses, generated during the mechanical milling of the
ribbons, microstructural defects, and even the possible appearance of detrimental phases
such as Fe2B, Fe3Si and Fe3B, which act to increase the magnetocrystalline anisotropy and
to fix the magnetic domains, should be avoided to improve the magnetic properties [78].
These same phenomena, together with the possible stresses generated during sintering, act
to decrease the saturation and remanence, by an increase in the magnetoelastic coupling
that results in the irreversible rotation of narrow domains in the magnetization curve [79].

Probably, as XRD and TEM showed, the nanocrystallization produced after ribbon
milling and CEDS, the defects and micro stresses generated in the compacts, as well as the
presence of porosity, cause the magnetic hardening of the material. However, the measured
values are not very different from those obtained with similar processing techniques.
Thus, compacts obtained by SPS [80,81] of amorphous Finemet powders, obtained after
30 h of mechanical alloying, showed a saturation magnetization of 132.3 emu/g (with
a coercivity of 5928.5 A/m), whereas for compacts prepared with powder milled for
120 h, the saturation increases to 166.8 emu/g (with a coercivity of 8689.8 A/m). The
increased presence of the Fe3Si phase, the grain refinement and a crystals distribution
more homogeneous after 120 h, lead to a reduction in the magnetocrystalline anisotropy,
facilitating the movement of the magnetic domain walls, which results in the increase in
the saturation magnetization. These saturation values are similar to those obtained in
the compacts of our research (highest value of 177 emu/g), but the coercivities are quite
higher (values of our research between 4841 A/m and 1895 A/m), mainly due to the
presence of a high volume of nanocrystals of the Fe3Si phase, which produce an increase
in magnetostriction and consequently an increase in coercivity. Even higher coercivities,
of up to 9024 A/m were measured for Fe-Si-B compacts obtained with powders milled
during 90 h. The lower coercivities obtained in our research suggests that, as described
above, the CEDS process seems to largely preserve the starting structure, while achieving a
good bonding between particles, leading to a nanocrystallization not far from the optimal
value of 20 nm.

In a different study, amorphous atomized powders of Fe-Si-B-P-Cu were consolidated
by SPS [27], showing a saturation magnetization that gradually increased from 148 to
161.8 emu/g by increasing the sintering temperature from 389 to 439 ◦C. According to the
authors, this raise was caused by a higher amount of small α- Fe crystals (with sizes below
20 nm) and a more homogeneous distribution of the amorphous and crystalline phases
(the closer the magnetic domains are, the easier the exchange between domains and the
better the magnetic properties of the material). Increasing the sintering temperature up to
482 ◦C leads to a slight decrease in the saturation magnetization until 154.1 emu/g, mainly
due to the crystals growth above 20 nm and the precipitation of Fe(B,P) compounds that
caused the anchoring of the magnetic domains. Moreover, sintering at 389, 439 and 482 ◦C
makes coercivity first decrease from 217 to 180 A/m, and then to increase to 271 A/m,
due to factors such as the nanocrystals size and the presence of defects at the micro- and
macroscopic scale, such as internal stresses and porosity. Nevertheless, these relatively
good results can be due to an annealing treatment carried out under very high pressures,
around 800 MPa, obtaining highly densified nanocrystalline compacts with few defects.

Finally, compacts prepared with amorphous Fe-Si-B powders [82], obtained from
ribbons milled in a planetary ball mill at a low temperature, and consolidated at ultra-high
pressure of 5.5 GPa for 3 min in a hydroforming machine, up to densities of 97.8%, resulted
in an amorphous matrix with nanocrystals of about 19 nm. The measured coercivity was of
about 285 A/m. This value is higher than that obtained in the ribbons, according to the
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authors, because of the presence of residual porosity in the parts and due to internal stresses
and defects appearing during mechanical alloying and consolidation. This prevents the
movement of the magnetic domains. Thus, a heat treatment of the consolidated parts for
30 min at 300 ◦C reduced the coercivity to 118 A/m, and to 83 A/m if performed at 400 ◦C,
highlighting the key role of controlled crystallization and stress relaxation.

For completeness, the magnetic properties obtained in this work are also compared
with those of conventional soft magnetic materials. Typical non-amorphous soft mag-
nets, such as sintered Fe–Si steels, exhibit saturation magnetization values in the range
of 200–220 emu/g and coercivities typically below 100 A/m, while ferrites show much
lower saturation magnetization (60–80 emu/g) combined with very low coercivities. In
comparison, the compacts produced in this work present intermediate saturation magneti-
zation values (up to ~177 emu/g) and higher coercivities, which is expected considering
the presence of residual porosity, internal stresses, and, probably, uncontrolled partial
nanocrystallization inherent to these powder-based consolidation routes.

It should be emphasized that conventional soft magnets are manufactured through
industrial processes specifically optimized for magnetic performance, whereas the present
study focuses on validating the capability of CEDS to consolidate amorphous pow-
ders while largely preserving their microstructure. From this perspective, the magnetic
properties achieved are reasonable and comparable to those reported for other powder-
based consolidation techniques, confirming that CEDS constitutes a promising route for
the fabrication of bulk amorphous or nanocrystalline soft magnetic components with
geometrical flexibility.

4. Conclusions
Amorphous ribbons of Fe78Si9B13 were produced at laboratory scale by melt spinning,

with an efficiency of 90%. These ribbons achieve a microhardness of 936 ± 15 HV0.1, and
coercivity, saturation flux density, and remanent flux density of 33 A/m, 0.40 T and 0.24 T,
respectively. Elemental analysis confirms an excellent agreement between the nominal and
measured compositions, with only minor deviations. Trace amounts of Cu originate from
the copper wheel used during melt spinning, while the small oxygen content detected is
associated with slight surface oxidation during post-processing handling, a well-known
behaviour in Fe–B–rich amorphous alloys.

The ribbons were subjected to mechanical milling for 30 and 120 min, resulting in
powders with mean particle sizes of 262 and 65 µm. XRD, TEM and DSC reveal that
the powders largely retain the amorphous character, with the finer powder showing the
presence of a certain fraction of nanocrystals. Detailed compositional analysis reveals a
progressive decrease in the Fe, Si and B contents with milling time, accompanied by a
significant increase in oxygen and minor contributions from Cr, Mn, Ni and Cu originated
from the equipment wear. This evolution agrees with the oxidation of fresh reactive
surfaces during milling in air, which, nevertheless, can contribute to the stabilization of the
amorphous matrix.

The electrical sintering process leads to well-consolidated compacts when proper
parameters are selected during the capacitors’ discharge. Moreover, to obtain highly
densified materials, it is necessary to apply an external pressure in the order of the 200 MPa
that ensures a good contact of the electrode with the powder column.

The influence of the capacitance on the sintering process is lower than that of the
voltage. The use of 1 or 2 capacitors is not particularly critical, although the results are
slightly better with 2 capacitors. Furthermore, if the capacitor’s charge voltage is the
maximum allowed by the equipment, i.e., 200 V, other parameters, such as the powders’
particle size, do not hinder achieving good sintering.
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Due to the void spaces between sintered particles, and probably to the internal stresses
in the compacts, a magnetic hardening of the materials is observed. It is not clear in this
research the influence of the appearance of a fraction of α-Fe(Si) nanocrystals, lower than
60%, but they are appearing in an uncontrolled way during the sintering process.

Coercivities of 3415 and 4008 A/m, remanent flux densities of 0.035 and 0.034 T, and
saturation flux densities of 1.42 and 1.38 T are achieved in the powders milled for 30 and
120 min.

After sintering, the best magnetic properties are obtained with 1.00 g of powder milled
for 30 min (with a mean size of 262 µm) and sintered with 2C and 200 V. The measured
coercivity, remanent flux density, and saturation flux density are 1895 A/m, 0.03 T, and
1.32 T, respectively. This compact achieves a porosity of 0.11, a microhardness around
1100 HV1 and an electrical resistivity of 7.97 × 10−7 Ω·m.

Therefore, this research reveals interesting results in terms of the CEDS technique
on materials that need to preserve the structure of the starting material. Other published
studies on the Fe-Si-B alloy show that, without stress-relief treatments and annealing
for nanocrystallization, the coercivity values are much higher. However, for magnetic
applications, the microstructure of these materials still requires to be controlled in the
proper way.
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