
BULLETIN OF THE POLISH ACADEMY OF SCIENCES
TECHNICAL SCIENCES, Vol. 71(4), 2023, Article number: e144608
DOI: 10.24425/bpasts.2023.144608

MATERIAL SCIENCE AND NANOTECHNOLOGY

Structure and properties of magnetic composites
based on amorphous Fe alloys
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Abstract. Materials with so-called soft magnetic properties are an important object of material engineering research due to their potential
application, among others, in the construction of low-loss transformer cores. Such properties are typical for alloys with an amorphous structure
and with a high content of ferromagnetic elements: Fe, Co, Ni. Difficulties related with obtaining alloys which meet satisfactory dimensions result
in the search for new solutions. One of them is the production of composites based on ferromagnetic powders obtained from amorphous alloys.
This paper presents results of structure research for composite materials produced in a multi-stage production process. Magnetic composites
were made on the basis of a bulk amorphous Fe70B20Y5Nb4Mo1 alloy produced by the injection method. On the basis of the obtained powder,
two series of moldings were made: with 0.5% resin and covered with high-temperature varnish. Final composites were produced by using high
temperature isostatic press. On the basis of the conducted research, it was found that the composites without resin are characterized by distinctly
better magnetic properties as compared to resin-bonded composites.
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1. INTRODUCTION
Fe-matrix based amorphous alloys show good magnetic soft
properties, i.e. a high value of saturation magnetization and
magnetic susceptibility, and a low value of the coercive field. In
particular, alloys produced in the form of a thin ribbon at high
cooling rates of 105 K/s are characterized by excellent magnetic
parameters [1–5]. Moreover, these materials have good me-
chanical properties [6, 7] and high corrosion resistance [8–10].
However, applicability of these alloys is significantly limited
due to their dimensions – thickness of these materials does not
exceed 100 µm. Therefore, for decades, one of the amorphous
alloys development directions was an attempt to obtain materi-
als of distinctly larger dimensions. This art was successful for
the alloys on the Pd [11, 12] or Zr [13, 14] matrix. For alloys
on the Fe matrix, attempts to produce alloys with a diame-
ter from a few to several millimeters [15–17] have been suc-
cessful, however, these alloys are characterized by a relatively
low Fe content. They present good mechanical properties but
do not have ferromagnetic properties [18–20]. Maximum di-
ameters achieved for ferromagnetic alloys on the Fe matrix are
about 2 mm [21, 22]. Glass transition ability of these materials
is increased by the proportion of transition metals such as Mo,
Nb, Cr, Y, Zr or Hf.

One of development directions for ferromagnetic amorphous
alloys are composites. Fe-matrix amorphous alloys crystallize
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at the temperature of about 850–950 K [23]. This makes it im-
possible to use high-temperature composites production meth-
ods such as sintering. Therefore, amorphous powders are so-
lidified with the use of various materials, including resins [24].
Unfortunately, such treatments significantly damage the mag-
netic properties. This is due to the separation of magnetic
particles. For this reason, it is a good idea to cover the pre-
compressed powder with a layer of binding substance which
will provide stability to the new material without penetrating
into the composite.

The aim of this work was to investigate the influence of the
binder type used on the structure and magnetic properties for
composites produced on the matrix of an amorphous Fe alloy.

2. MATERIALS AND METHODS
First stage in composite production was the production of
a polycrystalline ingot in an arc furnace. The melting process
was carried out on a water-cooled copper plate. High purity
alloy components (Fe – 99.98%, Y – 99.95%, Nb – 99.95%,
Mo – 99.95%, B – 99.9%) were weighed with an accuracy of
0.0001 gram. The charge was placed in a recess on the copper
plate. Components were melted with a non-consumable tung-
sten electrode at a current in the range of 180–350 A. Solidifi-
cation of the alloy was preceded by the melting of the titanium
getter in order to trap the impurities remaining in the working
chamber.

The process was carried out under a protective argon atmo-
sphere after obtaining a high vacuum. The two 10-gram in-
gots produced were mechanically cleaned, divided into smaller
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pieces and re-cleaned in an ultrasonic cleaner. A rapidly cooled
alloy was produced using the injection method. Plates with
dimensions of 10 × 5 × 0.5 mm were cast. A polycrystalline
batch was placed in a quartz crucible and melted using eddy
currents. Liquid melt was forced under argon pressure into
a water-cooled copper mold. The manufacturing process was
carried out in the same atmosphere as for the production of in-
gots. The alloy plates obtained were subjected to low-energy
crushing using an agate mortar in toluene. The resulting pow-
der was fractionated using laboratory shaker sieves. 50–100 µm
fraction was selected for further research and divided into two
parts. One of them was subjected to an isothermal anneal-
ing process at the temperature of 793 K for 30 minutes. Sep-
arated powder fractions were pressed inside a uniaxial hy-
draulic press in the air (pressing time 30 minutes, pressure
30 MPa). Four series of moldings were produced: with 0.5%
chemosetting resin (Duracyl Plus, chemosetting acrylic) and
without resin, and also covered with high-temperature var-
nish (light gasoline treated with hydrogen) with a metallic
filler: fraction 50–100 µm without heat treatment and after
treatment. Compacts had the following dimensions: outer di-
ameter 10 mm, inner diameter 5 mm and thickness of 3 mm.
With the use of HIP (high temperature isostatic press), mag-
netic composites were made from previously prepared mold-
ings from the fraction not subjected to thermal treatment. The
process was carried out with increasing argon temperature and

pressure to the value of T = 793 K and P = 100 MPa. Thus,
an identical thermal history for the metallic filler was ob-
tained. Figure 1 shows a diagram of the production of test
materials.

Pressing temperature was determined on the basis of the ther-
mogram obtained from measurement by differential calorime-
try (Netzsch STA 449 Jupiter). Alloy sample was heated at
a rate of 10 K/s until it melted. The test was carried out under
nitrogen atmosphere.

Structure of the produced materials was investigated using
X-ray diffraction. A BRUKER Advanced 8 diffractometer was
used. This device was equipped with a semiconductor counter
and a CuKα lamp. Measurements were performed at room tem-
perature in the range of 20–100◦, angle 2O with an exposure
time of 7 seconds per measurement step (0.02◦).

Microstructure photos of fractures for samples in the form
of wafers and composites were made using a scanning electron
microscope “Supra 25 Zeiss by Detector SE” equipped with an
EDS analyzer. EDS measurement results are reported with an
accuracy of 0.1% at.

Surface roughness was determined using a KEYENCE opti-
cal microscope at 1000× magnification.

Static magnetic hysteresis loops were measured using a
LakeShore VSM 7307 vibration sample magnetometer. Mea-
surements were performed in the range of external magnetic
field strengths up to 2 T at room temperature.

Fig. 1. Production diagram of composites based on amorphous alloys
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3. RESULTS
The Fe70B20Y5Nb4Mo1 alloy in the solidified state was tested
for thermal stability. A thermogram developed for the tested
alloy along with the determined characteristic temperatures is
shown in Fig. 2.

Fig. 2. DSC curve for Fe70B20Y5Nb4Mo1 alloys

Based on the analysis of the DSC curve, the glass transition
temperature, crystallization beginning point, secondary crystal-
lization temperature and the melt temperature were all deter-
mined. Crystallization temperature of the alloy is typical for
amorphous materials with a high content of Fe and B [23].
Temperature at which samples were subjected to isostatic press-
ing was set in the Tg range when the material was so-called
semi-plastic. Then it became possible to solidify particles under
high pressure, such as Spark plasma sintering [25,26]. Figure 3
shows the X-ray diffraction images for the tested samples.

Fig. 3. X-ray diffraction patterns for Fe70B20Y5Nb4Mo1 alloy:
a) powder, b) powder after annealing 793 K/30 min, c) composite with
0.5% resin (annealing powder), d) composite with 0.5% resin after
HIP process, e) composite covered high temperature varnish (anneal-
ing powder), f) composite covered high temperature varnish after HIP

process

In Figs. 3a and 3b, there are no visible narrow peaks indi-
cating the presence of crystalline phases. Only a wide diffuse
maximum is observed in the range of 40–50◦ angle 2O, typical

for amorphous materials. The isothermal annealing process did
not affect the structure of the tested alloy. Figures 3c and 3d are
similar to each other and show the X-ray diffraction patterns
for the resin composite after pressing in a uniaxial and isostatic
press. Measurements (Fig. 3d) were made at the temperature
of 793 K so as not to cause crystallization of the amorphous
filler. It can be concluded that the amorphous structure of the
alloy was preserved. X-ray tests (Fig. 3e and 3f) are performed
for a powdered alloy covered only with high-temperature var-
nish. An X-ray image obtained for uniaxial pressing reflects the
structure of the applied high-temperature varnish. After the iso-
static pressing process at a temperature close to Tg, the continu-
ity lines of the applied varnish film were broken. Therefore, in
addition to clear peaks from the crystalline phases, a wide dif-
fuse increase in intensity is observed, typical of materials char-
acterized by short-range interactions. Figure 4 presents SEM
images taken for the Fe70B20Y5Nb4Mo1 alloy sample.

Fig. 4. SEM image for Fe70B20Y5Nb4Mo1 alloy: a) general view,
b) plate surface, c) plate cross-section, d) enlargement of the plate

cross-section

Fractures obtained for the sample in solid state are smooth,
there are no perpendicular walls, which would indicate the pres-
ence of areas related to the crystallization of the alloy in the
alloy volume. However, in certain places there are other mi-
crostructures typical for amorphous materials. We can distin-
guish the vein microstructure and typical breakages of the ma-
terial near its surface, which can be compared to a poorly de-
veloped scale microstructure. Using SEM tests, one can indi-
rectly conclude about the solidification process of the alloy. In
this case, solidification of the material proceeded with simi-
lar dynamics over the entire sample volume. However, pres-
ence of residual amounts of veins produced in the middle of
the fracture indicates that the solidification process proceeded
from the surface to the interior. Observed lines prove that struc-
tural relaxation processes began to take place in the volume of
the material, resulting in a change of ductile amorphous alloys
plasticity. In this case, brittleness of the material should be ex-
pected to increase. Additional areas, for example unmixed al-
loy components, cannot be distinguished in the presented cross-
section. Such breakthrough proves that alloy components were
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well mixed through appropriately selected production parame-
ters. Each structure is related to the degree of its relaxation. It
is evident that during the decohesion process, the force applied
acts unevenly from the surface of material. In order to obtain ap-
propriate particles of the metallic filler (appropriate particles are
understood as such gradations of the alloy particles for which,
with the assumed parameters of the pressing process, a coherent
material is obtained), a series of attempts was made to produce
rings. The best results were obtained for fraction 50–100 µm
and this sample was selected for further research. However, the
meshed metallic particles did not provide adequate structural
stability to the compact, which caused them to crumble when
a minimum force was applied to them. Metallic particles of Fe-
B alloys with the addition of rare earth elements are very often
caked with metallic dust. Such a phenomenon is observed when
a crystalline phase from the Y2Fe14B family, which is a mag-
netically hard phase, is formed during grinding in the volume
of the alloy. In the low-energy grinding process, not all particles
are uniform, and they may break (Fig. 5d), which, with further
preparation, may result in the presence of particles outside the
established range. Figure 5 shows the photos for the composite
made of resin and metallic filler.

Photo 5a shows the composite surface, confirming its cohe-
sion for such small proportion of the binder. Fracture obtained
by decohesion shows uneven distribution of the resin within the
composite. Most likely, the resin in these areas does not perform
as a binder and the composite has lower strength. After careful
analysis of several breakthroughs, it can be concluded that the
case described above is a special one and it comes as a conse-
quence of a poorly performed pressing process. For a series of
samples that were made with a constant feed of the press man-
drel with a so-called 30 minute hold, the resin was evenly dis-
tributed in the composite, as shown in Fig. 5b. Figure 6 shows
the results of the chemical composition analysis performed with
a system using secondary electron dispersion.

As shown by the results presented in the tables in Fig. 6,
white areas correspond to the resin used for bonding metallic
particles. EDS tests for the alloy particles revealed that there is

Fig. 5. SEM image for composite with 0.5% resin: a) general view,
b) composite surface, c) composite cross-section, d) enlargement of

the composite cross-section

Fig. 6. EDS analysis for composite with 0.5% resin: a) resin-rich area,
b) resin-free area

a small amount of silicon in its volume. Presence of this element
in the alloy is related to the cycle of producing rapidly-cooled
alloys on its own using the injection method. During the eddy
current melting of the ingot piece, the silicon quartz crucible
passes into the liquid alloy, the temperature of which is about
2300K. Photos of samples in the form of toroids without the
use of resin and only covered with a layer of high-temperature
varnish are shown in Fig. 7.

Fig. 7. image for composite covered high temperature varnish: a) gen-
eral view, b) composite surface, c) composite cross-section, d) enlarge-

ment of the composite surface

Cohesion of the toroid and increased strength was obtained
after applying high-temperature varnish. It only penetrates the
gap between metallic particles (Fig. 7c). Composition analysis
for toroidal samples covered with high-temperature varnish is
presented in Fig. 8.

In accordance with the assumptions, only the high-tem-
perature varnish (Fig. 8a) is on the surface of the sample, and
directly below its surface there are intermeshing metallic filler
grains with a chemical composition close to the set one (Si ad-
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Fig. 8. EDS analysis for composite covered high temperature varnish:
a) composite surface, b) composite cross-section

dition coming from the production process). A similar analy-
sis was performed after the high-temperature isostatic pressing
process at the glass transition temperature Tg. Figure 9 shows
SEM images for the tested sample, and EDS analysis is shown
in Fig. 10.

Fig. 9. SEM image for composite covered high temperature varnish
after HIP process: a) general view, b) composite surface, c) composite

cross-section, d) enlargement of the composite surface

External image of the sample after the isostatic pressing pro-
cess is similar to the sample before the process. The varnish
layer is undamaged and still fulfills its function. After the HIP
process, it was noticed that the volume of the metallic toroid
had decreased.

This means that the effect of obtaining a higher packing of
metallic particles has been achieved. After the sample was bro-
ken, SEM analysis was performed, which shows that the HIP
has no effect on the movement of the varnish into the sam-
ple (Fig. 9b). In addition, the varnish does not adhere well to
metallic particles in all places (Fig. 9c). Results of EDS analy-
sis (Fig. 10) for the surface after HIP is the same as before the

Fig. 10. EDS analysis for composite covered high temperature varnish
after HIP process: a) composite cross-section, b) composite surface

process. Varnish surface is characterized by lower surface de-
velopment as compared to the resin samples. Roughness mea-
surements are shown in Figs. 11–13.

Fig. 11. Roughness for composite with 0.5% resin: a) profile for a sur-
face, b), c) profile for a horizontal line

Fig. 12. Roughness for composite covered high temperature varnish:
a) profile for a surface, b), c) profile for a horizontal line

Roughness of the samples is related to the form of the ma-
terial – particles of non-uniformly shaped metallic filler – and
to the manufacturing process: under the applied pressure and
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Fig. 13. Roughness for composite covered high temperature varnish
after HIP process: a) profile for a surface, b), c) profile for a horizontal
line. Sa – arithmetic mean deviation of the height of surface uneven-
ness from the reference plane; Sz – maximum height of the 3D profile;
Ra – arithmetic mean deviation of the profile from the mean line; Rz –

greatest height of the roughness profile

specificity of the material, when the samples were withdrawn,
a small part of the material remained on the mold walls. As
shown by the results obtained from the roughness measure-
ments, the greater maximum roughness height Rz and the higher
value of the Ra parameter occurred for the samples covered
with varnish (Fig. 11b, 11c, 12b, 12c, 13b, 13c). However, val-
ues measured for the surfaces indicate lower roughness for the
painted samples. Varnish allows for distinctly better filling of
the voids between the metallic filler particles, as indicated by
the lower values of the Sa and Sz parameters.

Moreover, after the HIP process, these values decreased.
Roughness profile for the sample after the HIP process
(Fig. 13c) looks different than for the other samples. There is
a clear periodicity related to the size of the filler particles (pro-
file shows maxima at distances of about 50–60 µm). It should be
concluded that some of the varnish has evaporated or has been
moved inside the sample, but only at a short distance, as shown
by the SEM images in Fig. 9. Filler particles on the surface are
therefore covered with a layer of thinner varnish. This explains
appearance of a maximum typical for amorphous materials on
the diffraction pattern measured for this sample (Fig. 3f).

The aim of this experiment was to create magnetic toroids
with soft magnetic properties suitable for application. Analy-
sis of the basic properties was performed on the basis of static
magnetic hysteresis loops (Fig. 14). All static magnetic hystere-
sis loops shown in Fig. 14 are typical ferromagnetic materials
with soft magnetic properties. However, it is evident that the
values of coercive field and saturation magnetization strongly
depend on the form of tested samples. The resulting magnetic
properties are shown in Table 1.

The lowest value of coercive field was obtained for alloy
sample after solidification. As the results show, the fraction of
50–100 µm showed better properties and it was used for the
production of composites. Unfortunately, introducing 0.5% of
resin increased the value of the coercive field more than 20
times. Rapid increase in the coercive force field also occurred
for the sample covered with high-temperature varnish. Increas-
ing the packing of metallic particles after the HIP process re-

Fig. 14. Static magnetic hysteresis loops for: a) alloy after solidifi-
cation, b) amorphous powder 50–100 µm, c) amorphous powder 50–
100 µm after annealing 793 K/30 min, d) composite with 0.5% resin
(annealing powder), e) composite covered high temperature varnish
(annealing powder), f) composite covered high temperature varnish af-

ter HIP process

Table 1
Magnetic properties of testing materials

Fe70Y5Nb4Mo1B20
Magnetic properties

Hc [A/m] Ms [T]

ASQ 28 0.87

50–100 µm 82 0.79

50–100 µm annealing 38 0.83

composite with resin 810 0.6

composite with varnish 700 0.6

composite with varnish (HIP) 360 0.63

sulted in a significant reduction in the HC value. However, this
value in terms of soft magnetic materials is large. Similar rela-
tionships as for HC were also observed for the value of satura-
tion magnetization.

4. CONCLUSIONS
The aim of the study was to obtain magnetically soft toroids
with a coercive field value comparable to that obtained for the
fraction from which toroids were produced. According to the
assumptions that in the Tg range, alloy exhibits a semi-plastic
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state, it will be possible to pack metallic particles to a maxi-
mum extent and even to partially assemble them. As indicated
by the results of SEM studies, use of isostatic pressing at high
temperature increased the packing of metallic particles. Care-
ful observation of SEM did not confirm that any metallic par-
ticles fused together under the influence of temperature Tg and
pressure in the 30-minute process. It was found that even the
residual amount of resin (0.5%), ensuring the relative consis-
tency of the material, was the reason for drastic increase in HC
and a sharp decrease in MS. Exactly the same relationship was
observed for the varnished toroid. Carrying out the HIP pro-
cess for the toroid resulted in a two-fold decrease in the value
of the coercive field in relation to samples with resin and with
varnish made of annealed metallic particles with a fraction of
50–100 µm. It was clearly indicated that the temperature of iso-
static heating near Tg temperature has the effect of improving
the soft magnetic properties.
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