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1. Introduction
Soft magnetic materials play an important role in 

power generation and conversion. They are used in 
many heavy applications such as transformers and 
generators. As the energy consumption in the 21st 
century is booming, the need for high performance 
and efficient soft and hard magnetic materials is 
rising. Soft magnetic materials are produced in 
many forms such as soft iron, silicon steels, soft 
ferrites and nanocrystalline or amorphous metal 
alloys [1].

Recently, the number of investigations 
performed on the nanocrystalline soft magnetic 
alloys has significantly increased. Among different 
types of soft magnetic alloys, the nanostructured 
Fe–Si based alloying systems are most attractive 
due to their excellent soft magnetic properties [2].

On one hand, the addition of Si into Fe enhances the 
electrical resistivity and therefore, reduces the eddy 
current losses. Si reduces the magnetocrystalline 
anisotropy and coercivity (Hc) of α-Fe crystalline 
structure [4, 5]. On the other hand, the permeability 
and electrical resistivity increase by adding Ni to Fe 
[3]. Our previous studies on Fe-Si-Ni systems have 
demonstrated that the optimum composition for 
high saturation magnetization and low coercivity 
belongs to Fe85Si10Ni5 soft magnetic alloy [3, 6].

Soft Magnetic Composites (SMCs) are basically 
soft magnetic powder particles isolated by a very 
thin electrically insulating layer. Efficient insulation 
of fine particles generally leads to the reduction in 
eddy current losses at high-frequency applications. 
At low frequencies, insulation is less critical but 
needed to minimize the negative effect of the eddy 
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currents on the magnetization of the material [7]. 
The physical and mechanical properties of phenolic 
resin make it a good candidate as an insulation layer 
which has been investigated in many studies [8-11]. 

SMCs could be applied in a wide range of 
applications from electromagnetic interference 
filters, smoothing chokes in switch mode power 
supplies, radiofrequency coupling devices, to 
radiofrequency tuning cores and filter inductors, 
convertors, transformers, electrical micromotors 
and low power motors for automation and robotics 
[12, 13]. 

In this study, the pure elemental Fe, Si and 
Ni powders were milled to form mechanically 
alloyed (MA) Fe85Si10Ni5 powders. The MA 
powders were then annealed, mixed with phenolic 
resin and compressed by a warm compaction 
process. The effects of annealing treatment, 
compaction parameters and resin content on the 
structure, magnetic and electrical properties were 
investigated.

2. Experimental Procedure
2.1. Powder preparation

The elemental Fe, Si and Ni powders with ∼99.5 
wt. % purity were used as the starting materials to 
produce an alloy with a nominal composition of 
Fe85Si10Ni5 at.%. The mixed powders were milled 
under argon atmosphere in a high-energy vibratory 
mill with a ball to powder weight ratio (BPR) of 
15:1 at the rotation speed of 750 rpm for 180 min. 
To decrease the internal strains, annealing was 
performed at different temperatures of 500, 550 
and 600 °C under argon atmosphere for 1 h. Table 
1 shows the annealing conditions of the powders in 
each series of powder samples.

2.2. NSMC’s Samples preparation
In order to prepare bulk NSMC sample, the 

prepared single phased nanostructured Fe85Si10Ni5 
(at. %) powders were mixed with 0.8 and 1.2 wt. 
% of a thermoset phenolic resin. The mixture 
was then shaken in a Turbula-2TC shaker for 30 
minutes to obtain a homogenous mixture. The bulk 
samples were prepared by warm compressing the 

mixture in a 16 mm diameter cylindrical die under 
a compressive pressure of 400, 600, 800 and 1000 
MPa at 70 °C. For comparing the effect of warm 
compaction on the bulk samples, a series of samples 
were prepared by cold pressing under 400, 600, 800 
and 1000 MPa pressure. In order to cure the resin, 
samples were then heatedat 170 °C for 1h in air.

2.3. Characterization
The morphology of the particles and bulk 

samples was characterized by a VEGA- TESCAN 
scanning electron microscope (SEM). The crystal 
structural characterization was performed with 
Cu Kα radiation (λ=1.5406 Å) using X’Pert Pro 
MPD-XRD X-ray Diffraction (XRD) instrument. 
The full-width half maximum (FWHM) values of 
the XRD peaks were estimated using the X’pert 
software. The crystallite size and lattice strain were 
calculated using the following equation via the 
Williamson–Hall method [14]:

1 
 

βsCosθ = Kλ
d + 2ε Sinθ

βs−Actual = √βm2 − βins
2

 (1)

Where βs is the FWHM of the diffraction peak, θ is 
the Bragg angle, ε is the internal micro-strain, and 
d is the crystallite size.βscan be derived from:

1 
 

βsCosθ = Kλ
d + 2ε Sinθ

βs−Actual = √βm2 − βins
2  (2)

Where βins is the width at half-maximum of the Si 
powder peaks used for calibration and βm is the 
evaluated width.

 The magnetic properties including saturation 
magnetization (Ms), hysteresis loss and coercive 
force (Hc) were measured using a Vibrating Sample 
Magnetometer (VSM) at room temperature with a 
maximum field of 10 kOe and instrumental error 
of 2%. Frequency dependent magnetic properties 
of the bulk samples were characterized using an 
Inductance Capacitance Resistance (LCR) meter. 
The density of the bulk samples was measured by 
the Archimedean method. 

3. Results and Discussion
3.1. Powder samples

Fig. 1 illustrates the XRD pattern of the milled 
Fe85Si10Ni5 powder for 180 min. The XRD pattern 
confirms that all the diffraction peaks match 
with anα-Fe solid solution, which confirms the 
formation of a single phased alloy after 180 min of 
milling. As shown in Figs. 2 and 3, by increasing the 
annealing temperature of the mechanically alloyed 

Table 1- The annealing conditions of the powders for each 
series of the powder samples

1 
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powders, the peaks are sharped and shifted slightly 
to the right. The reduction in the width of the peaks 
could be due to the increase in the crystallite size of 
powders by annealing at higher temperatures which 
also decreases the residual compressive internal 
micro-strains in the powders. This reduction could 
cause a shift in the XRD patterns to higher 2 theta 
angles. Fig. 4 shows the effect of annealing treatment 
on the internal micro-strains and the crystallite size 
of the powders. It can be seen that by annealing the 
as-milled powders at 500 °C for 1 h, the crystallite 
size increases from ~ 20 nm to 45 nm and the 
micro-strain decreases from ~ 0.36 % to ~ 0.2 %. 
Thisincreasein the crystallite size and micro-strain 
reduction continues with increasing the annealing 
temperature up to 600 °C with a smaller rate.

Although the crystallite size increases by 
annealing the as-milled powders, the SEM 
images of the as-milled and annealed at 600 °C 
Fe85Si10Ni5 powders show no significant changes 
in the morphology and particle size of the powder 
samples (Fig 5).

Table 2 shows the room temperature saturation 
magnetization (Ms), coercivity (Hc) and the 
hysteresis loss of the powder samples before and 
after annealing at different temperatures. By 
increasing the annealing temperatures, the Hc of the 
powder samples decreases. The crystalline defects 
prevent the ease of the domain wall movement as 
well as the domain rotation, which subsequently 
increase the magnetic Hc. As the annealing 
temperature increases, the amount of lattice defects 
such as dislocations and micro-strains decreases. 
Even though the magnetic measurements show a 
slight decrease in the Ms of the annealed powders 
compared to the as-milled Fe85Si10Ni5, the decrease 
in the Hc leads to a decrease in the hysteresis loss 
which subsequently leads to an improvement in the 
soft magnetic properties of the annealed powders 
compared to the as-milled Fe85Si10Ni5. 

3.2. Bulk NSMC samples
In order to investigate the effects of various 

compaction conditions on the density, morphology, 

Fig. 1- XRD pattern of the as-milled Fe85Si10Ni5 powders after 
180 min of milling.

Fig. 4- Crystallite size and lattice strain of the powder samples 
before and after annealing at different temperatures.

Fig. 2- XRD pattern of Fe85Si10Ni5 powder annealed at 500, 550 
and 600 °C.

Fig. 3- The shift in the main peak of the XRD pattern for 
Fe85Si10Ni5 powders annealed at 500, 550 and 600 °C.



12

Mohseni F, J Ultrafine Grained Nanostruct Mater, 53(1), 2020, 9-14

electrical and magnetic properties of compressed 
Fe85Si10Ni5, bulk samples were prepared by a warm 
compaction process and a cold press followed by 
curing. Fig. 6 shows the rise in the compaction 
pressure leads to an increase in the density of the 
composite samples. However, at higher pressures, 
the increase in the density occurs at a slower slop 
and it maximized in the sample warm pressed at 
1000 MPa. This may be due to the intense plastic 
deformation of powders at higher pressures. 
This effect had been reported in other researches 
[15]. In addition, warm compaction leads to the 
larger values of density compared to the cold 
pressed and cold pressed then cured samples.In 
the warm compaction process, the easeof powder 
rearrangement and movement in the phenolic resin 
matrix and the ease of plastic deformation cause 
higher density at the same pressure. The observed 
maximum density of the bulk samples is ~ 6.7 g/cc 
which is ~ 95% of the theoretical density (~ 7.03 g/
cc) of the pure Fe85Si10Ni5alloy.

In order to compare the morphology of the warm 
compressed sample with the cold pressed followed 
by a curing process, SEM was applied (Fig. 7). The 
post heating process on the cold pressed samples 
causes the curing of the resin which ultimately 
causes an increase in the density of the bulk 
samples. However, during the warm compaction 
process, the particle rearrangement causes a more 

uniform densification which ultimately leads to a 
lower amount of porosities and higher densities.

Fig. 8 shows the electrical resistivity 
measurements on the bulk samples. The increase 
in the compaction pressure, in both cold pressed 
and warm pressed samples causes a small rise 
in the electrical resistivity. In high pressures, the 
phenolic resin covers the soft magnetic particles 
more uniformly which leads to an increase in the 
electrical resistivity of the samples. Thepost heating 
treatment significantly increases the electrical 
resistivity due to the curing of the resin. An increase 
in the phenolic resin content from 0.8 wt. % to 1.2 

Table 2- Room temperature magnetic properties of the mechanically alloyed Fe85Si10Ni5 
powders before and after annealing at different temperatures

1 
 

Fig. 5- SEM micrograph of (a) as-milled Fe85Si10Ni5 powders for 180 min and (b) annealed for 
1 h at 600 °C.

Fig. 6- The effect of the compaction pressure on the density of 
Fe85Si10Ni5SMC’s with 0.8 wt.% Phenolic resin.
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wt. % further increases the electrical resistivity, due 
to the thickening of the resistive layer between the 
soft magnetic powders.   

Fig. 9 shows variation of permeability with 
compaction pressure of the warm pressed samples. 
The permeability increases by enhancing the 
compaction pressure. As the compaction pressure 
increases, the density increases, and the amount 
of porosities decreases. The more magnetic mass 
exists perequal volume results in the increase of 
permeability. This result is in agreement with what 
has been reported in the literatures [11, 15]. As the 
frequency rises, the eddy current loss increases and 
consequently, the permeability declines. It is well 
known that density and residual stresses affect the 
permeability directly. The contrast between these 
two parameters causes a reduction in the amount 
of increase in the permeability in pressures higher 
than 600 MPa.

Fig. 10 illustrates the effect of resin content on 
the permeability of the bulk samples at different 
frequencies. Increasing the resin content in NSMC 
samples from 0.8 wt.% to 1.2 wt. % causes a slight 
increase in the relative density due to the better 

coating and subsequently connecting the particles, 
and it also reduces the residual stresses in the samples 
owing to the exposing to highertemperatures which 
leads to an increase in the permeability of the 
samples. The curing treatment on the compressed 
samples removes most of the residual stresses and 
causes a significant increase in the permeability of 
the composite samples (Fig. 11).

4. Conclusions
A high-energy vibratory mill was used to 

prepare nanostructured soft magnetic Fe85Si10Ni5 
alloy powders with an average crystallite size of 
~19 nm. It was shown that the annealing treatment 
can eliminate the residual stresses which have a 
pinning effect on domain rotation and domain wall 
movement. The lattice strain and magnetic coercivity 
decrease by increasing the annealing temperature.
While the annealing process of the powders 
causes a slight decrease in the Ms of the powder 
samples, the optimized soft magnetic properties 
occur in the powder sample annealed at 600°C, 
with the least Hc and hysteresis loss. Bulk NSMC 
samples were prepared by mixing the optimized 

Fig. 8- The effect of compaction pressure on the electrical resistivity 
of the Fe85Si10Ni5SMC’s with 0.8 wt.% and 1.2 wt.% Phenolic resin.

Fig. 7- SEM image of the composite sample (a) warm compacted under 800 MPa at 70°C and (b) cold pressed 
then cured at 170 °C for 1 h.

Fig. 9- Variation of permeability as a function of frequency for the 
composite samples compacted at different pressures.
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soft magnetic powders with various amounts of 
phenolic resin followed by a warm compaction and 
cold compaction process. The results show that 
increasing the compaction pressure and applying a 
warm compaction process improves the density of 
the samples. Post heating treatment was performed 

on the bulk samples to cure the phenolic resin, 
which leads to a significant increase in the electrical 
resistivity, as well as the permeability of the NSMC’s. 
We also observed that increasing the phenolic resin 
content from 0.8 to 1.2 wt.% enhances both the 
permeability and electrical resistivity.
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