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Abstract  
Fe/SiO2/Shellac composite materials based on iron powder consisting of 
irregular and spherical particles with an addition of 0.4 wt.% of SiO2 
nano particles were prepared by conventional mixing procedure and non-
conventional vacuum/pressure impregnation of pre-sintered compacts. 
The Shellac resin, added in the amount of ~1.0 wt.%, was dissolved in 
ethyl alcohol. Vacuum/pressure impregnation was performed by 
saturation of pre-sintered compacts with Shellac under vacuum (~10-2 
kPa) for 15 min with the subsequent action of pressure (~ 500 kPa) for 15 
min. The effect of the preparation of the composite, the influence of iron 
particle shape and density of compacts on the properties of electrical-
insulating layer was microscopically studied and evaluated by electrical 
resistivity. The results showed that the addition of SiO2 nano particles 
increased the electrical resistivity of studied composites. Properties of the 
electro-insulating layer were mainly controlled by the shape and surface 
micro-morphology of iron powder particles. The irregular shape and 
roughness of iron particle surfaces may lead to uneven thickness or up to 
the layer imperfections, especially during application of the 
vacuum/pressure impregnation. In the case of vacuum/pressure 
impregnated composites based on spherical iron particles with a smooth 
surface, the electrical-insulating layer becomes thin, uniform and 
continuous and the electrical resistivity increased by three orders of 
magnitude when compared with vacuum/pressure impregnated 
composites based on irregular iron particles.  
Keywords: Fe/SiO2/resin composite material, vacuum/pressure 
impregnation, microstructure, electrical resistivity 

INTRODUCTION  
Soft magnetic composites (SMCs) offer an interesting alternative to the traditional 

laminated silicon iron sheets as core material in electrical machines. SMC materials are 
isotropic, have improved high frequency performance and can be compacted to 3D-shapes 
using the established powder metallurgy (PM) compaction route [1–6]. The basis is a 
ferromagnetic powder, normally pure iron or iron-based alloys with particle size up to ~200 
µm, coated with organic and/or inorganic/organic phases isolating and binding the powder 
particles and producing high electrical resistivity. The coated powder is pressed into a solid 
                                                           
Margita Kabátová, Eva Dudrová, Marcela Selecká, Institute of Materials Research, Slovak Academy of Sciences,  
Košice, Slovak Republic 
Ján Füzer, Peter Kollár, Institute of Physics, Faculty of Science, Pavol Jozef Šafárik University in Košice, Košice, 
Slovak Republic 
Jana Füzerová, Institute of Special Technical Sciences, Department of Applied Mathematics, Faculty of 
Mechanical Engineering, Technical University of Košice, Košice, Slovak Republic 



 Powder Metallurgy Progress, Vol.12 (2012), No 2 100 
 
compact, heat treated to anneal and cure organic coating. SMC material is magnetically 
isotropic due to its powdered nature which can be exploited to achieve high machine 
performances because the magnetic flux does not have to be constrained in a plane as such 
in laminated steels commonly used in electrical machines and transformers, e.g. [6, 7]. The 
properties of the SMC materials are affected by a number of factors, including the particle 
size, shape and purity of the ferromagnetic phase, by the type and amount of coating 
material and processing conditions used. A particularly important role is played by the 
coating material, determining to a large extent the density, magnetic permeability, 
resistivity and eddy current losses, together with the mechanical strength of the SMC 
compact [1, 6, 7]. As inorganic coatings based FePO4, e.g. [8-10] MgO, e.g. [11, 12] and 
SiO2, e.g. [13-18] are mostly applied. The selection of organic coatings (thermoset 
polymers are preferred) is done to minimize the effect of the temperature variations on the 
magnetic and mechanical properties of the composite [1, 19]. A summary of typical 
magnetic properties for a variety of isolated powders is reported in [19]. To produce SMC 
powder components, high pressures should be applied. Increasing the pressing pressure 
produces an increase of residual stresses in deformed areas of particle connections [20]. 
Because of the presence of polymer phase, the sintering process cannot be used, while 
residual stresses induced during the pressing process can deteriorate magnetic properties. 
The above mentioned publications, as well as many other works provide much information 
about the processing, composition, mechanical and physical properties of SMC materials. 
The variability of preparation methods of SMC materials opens additional possibilities for 
more fundamental investigations of factors affecting their performance.  

This contribution deals with the Fe/SiO2/resin composites prepared by two ways, 
conventional mixing of iron powder+SiO2 nano powder+Shellac and the non-conventional 
procedure of vacuum/pressure impregnation of pre-sintered compact with Shellac resin. In 
both cases the natural Shellac resin dissolved in ethyl alcohol was used. The main reason 
for the pre-sintering of powder compacts was the elimination of residual stresses in the 
pressed compact. The effect of the preparation procedure, as well as the shape and size of 
iron powder particles on properties of the SiO2/Shellac electro-insulating layer was 
microscopically studied and evaluated by electrical resistivity values.  

EXPERIMENTAL PROCEDURE 
The commercial iron powder Ancorsteel 1000C (Hoeganaes Corporation, USA) 

with total impurity level of 0.26% was used in as-received state consisting of irregular 
particles with a size less then 150 µm and in as-milled/annealed state (Pallman mill, 11.000 
rpm, 710°C / 15 min / N +102 %H  atmosphere),2  thus obtaining spherical shaped particles 
(100-160 µm) having the same hardness as for received powder (100-115 HV 0.01). 
Natural Shellac resin as the electro-insulating constituent was used. Formulation of the 
investigated composites is in Table 1. SiO2 nano powder (fumed Silica purity of 99.8% 
from Sigma-Aldrich) was admixed to iron powder in the amount of 0.4 wt.% using dry 
mixing procedure (Turbula mixer). Mixed variants Fe and/or Fe+SiO2 powders with an 
addition of 1 wt.% of Shellac dissolved in ethyl alcohol (composites A and B) were 
prepared by conventional mixing procedure. In the preparation of variants C and D the 
commercial Shellac resin dissolved in ethyl alcohol (1:6 w/w) was applied by 
vacuum/pressure impregnation into pre-sintered compacts. The Fe+SiO2 mixture was cold 
pressed in a hard metal die into cylindrical specimens Ø10 x 5 mm3 with densities ranging 
from ~5.0 to ~7.4 g·cm-3 (Table 2). The compacts intended for vacuum/pressure 
impregnation were subsequently pre-sintered in laboratory furnace (ANETA 1) by heating 
at 850°C for 5 min in N2+10%H2 atmosphere. Vacuum/pressure impregnation by Shellac 
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was performed in a steel container with a vacuum of ~10-2 kPa for 15 min followed by 
pressure of ~500 kPa for 15 min.  

Pre-sintering conditions used were chosen in order to eliminate residual stresses in 
the pressed compact and to create large α-Fe grains. SiO2 nano powder was added in order 
to create “barriers” between the Fe-Fe surfaces during the pre-sintering. It was assumed that 
the "barrier" of SiO2 nano particles could lead to the development of small and weak Fe/Fe 
connections, which could fail at pressure action in the impregnation process. However, in 
accordance with the stress distribution in the pressed compact, it is obvious that the number 
of metallic Fe/Fe connections in composite based on irregular iron particles will be greater 
than for spherical particles.  

The density and/or porosity of compacts was determined by weighing and 
dimensions measuring with the accuracy of ±0.0001 g and ±0.005 mm. Microscopic 
observations were performed using light and scanning electron microscopy (Olympus 
GX71, TESLA BS 340, Jeol-JSM-7000F coupled with EDX INCA analyser). Electrical 
resistivity was measured using the Van der Pauw method [21]. 

Tab.1. Formulation and processing conditions of the tested composite material. 

Preparation of the Fe/SiO2/resin material Sign. Composite Shape and size  
of Fe particles  SiO2 Application of resin 

A Fe+resin not added 
B 

mixed with 1 wt.% Shellac 

C 

irregular 
<150 µm 

D 

 
Fe+SiO2/resin 

 spherical 
100-160 µm 

admixed  
0.4 wt.% SiO2 

powder 
compacted, pre-sintered 

and impregnated 

RESULTS AND DISCUSSION 
Data in Table 2 show the tendency to a slight decrease in the density with the SiO2 

nano powder addition, more in the case of spherical iron particles. The values of the 
electrical resistivity of the composite prepared in different ways are significantly different, 
and show the dependence on the density. The values of electrical resistivity of composite D 
prepared on the basis of mono-disperse iron powder with spherical particles sizes of 100-
160 µm are lower than for composites A and B, but higher by three orders of magnitude 
when compared with composite C based on poly-disperse iron powder with irregular 
particles having a size lower than 150 µm.  

Tab.2. Density, porosity and electrical resistivity of studied composites.  

Pressing pressure [MPa] Sign. Properties 
100 200 400 600 800 

Density 
[g·cm-3] 

5.265 
± 0.016  

5.961 
± 0.007 

6.689 
± 0.013 

7.020 
± 0.010 

7.166 
± 0.019  

Porosity  
[%] 

32.72 
± 0.20 

23.83 
±0.09 

14.52 
±0.16 

10.29  
± 0.13 

8.43 
 ± 0.24 

 
 

A 

El. resistivity 
[µΩm] 

18 170 
± 898 

2 850 
± 146 

1 729 
± 90 

1 760 
± 101 

1 620 
± 96 

Density 
[g·cm-3] 

5.195 
 ± 0.041 

5.780 
 ± 0.007 

6.425 
 ± 0.015 

6.719 
 ± 0.013 

6.867 
 ± 0.013 

 
 

B Porosity  
[%] 

33.60  
± 0.52 

26.14 
 ± 0.10 

17.90 
 ± 0.18 

14.14 
 ± 0.17 

12.25 
 ± 0.17 
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Pressing pressure [MPa] Sign. Properties 
100 200 400 600 800 

 El. resistivity 
[µΩm] 

260 000 
± 9000 

41 000 
± 1140 

7 140 
± 350 

3 900 
± 134 

4 010 
± 205 

Density 
[g·cm-3] 

5.251 
± 0.032 

5.895 
± 0.019 

6.621 
± 0.020 

7.101 
 ± 0.045 

7.344 
± 0.006 

Porosity  
[%] 

32.90  
± 0.41  

24.67  
± 0.25 

15.39 
 ± 0.26 

9.26  
± 0.57 

6.16 
 ± 0.07 

 
 

C 

El. resistivity 
[µΩm] 

0.903 
± 0.011 

0.442 
± 0.064 

0.327 
± 0.054 

0.365 
± 0.015 

0.246 
± 0.009 

Density 
[g·cm-3] 

- 
 

5.83 
 ± 0.020 

6.651 
 ± 0.019 

7.034 
 ± 0.021 

- 
 

Porosity  
[%] 

- 
 

25.50 
 ± 0.25 

15.01 
 ± 0.24 

10.12 
 ± 0.27 

- 

 
 

D 

El. resistivity 
[µΩm] 

- n.d. 776 ± 90 442 ± 80 - 

 

Microscopic observation 

Composite A (based on mixture of irregular iron particles and Shellac) 
The microstructure of composite A consists of iron particles covered with a 

continuous, but uneven thick electro-insulating layer, Fig.1. Some pores are partially filled-
up with resin, Fig.2. EDX analysis of the distribution of iron and carbon (Shellac) 
confirmed the unevenness of the resin layer thickness, Fig.3. With an increasing pressing 
pressure the thickness of the layer becomes more uniform. Consequently, the electric 
resistivity decreases with an increasing density, Table 2.  

 

  
Fig.1. Micrograph showing the 

microstructure of composite A (density of 
~6.9 g·cm-3) with continuous, but unevenly 
thick electro-insulating layer covering the 

iron particles. 

Fig.2. SEM micrograph of the fracture 
surface of composite A (~6.9 g·cm-3). The 

iron particles are covered with an insulating 
layer, some pores are partially filled-up with 

resin. 
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Fig.3. EDX maps of iron and carbon distribution in composite A (density ~6.9 g·cm-3). 

Composite B (the mixture of irregular Fe particles + SiO2 nano powder + Shellac) 
The thickness of the resin coating is uneven; there can be seen some “impression" 

of SiO2 nano particles and resin into the pores, Figs.4 and 5. Also, a tendency for a 
predominant deposition of SiO2 nano particles into concave parts of iron particles surface 
can be identified. The distribution of Si, oxygen and carbon was also confirmed by EDX 
analysis, Fig.6. Such uneven spatial distribution of an electro-insulating constituent in 
microstructure of the composite B resulted in relatively high values of the electrical 
resistivity, Table 2. Comparing the composite A with composite B, both prepared under the 
same conditions, it is seen that the addition of SiO2 nano powder significantly increases the 
electrical resistivity.  
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Fig.4. Micrograph of the microstructure of 

composite B (density of ~6.7 g·cm-3) showing 
the tendency to predominant deposition of 
SiO2 nano particles in concave parts of the 

iron particle surfaces. 

Fig.5.SEM micrograph of the fracture 
surface of composite B (~6.7 g·cm-3) 

showing a continuous layer of resin and 
deposition of SiO2 particles in concave 

parts of the iron particle surface. 

 

 
Fig.6. EDX elemental maps of Si, oxygen and carbon distribution in composite B. 
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Composite C (mixture of irregular Fe particles + SiO2 nano powder), compacted, pre-
sintered, impregnated 

According to the microstructure of the composite C in Fig.7, it would be expected 
that the pressing and pre-sintering of the mixture of iron powder+SiO2 nano particles and 
subsequent vacuum/pressure impregnation will result in the formation of a thin and uniform 
electro-insulating layer. However, this finding is inconsistent with low values of the 
electrical resistivity which are only slightly higher than the value for pure iron (0.0961-
0.0971 µΩm [22-24]), Table 2. SEM observations of the fracture surface showed the 
presence of failed Fe/Fe metallic connections created during the pre-sintering and having a 
size greater than ~5 µm. It is obvious that the presence of metallic Fe/Fe connections in 
microstructure were the cause of low electrical resistivity. However, on the fracture surface 
there had been also identified some small Fe/Fe connections with a size less than ~2 µm 
that might fail during the vacuum/pressure impregnation and subsequently be coated with 
resin, Fig.8. The original expectation that SiO2 nano particles might be able to create some 
“barriers” for metallic Fe/Fe connection formation during the pre-sintering process in the 
case of iron powder with irregular particles was confirmed only partially. The EDX 
analysis of Si, oxygen and carbon distribution confirmed the findings of SEM observation, 
Fig.9. 

 

 
Fig.7. Micrograph of the microstructure of 
the composite C (density of ~7.1 g·cm-3). 

Showing the formation of a thin and 
homogeneously distributed electro-insulating 

layer. 

Fig.8. SEM micrograph of the fracture 
surface of composite C shows small 

metallic Fe/Fe connections (up to ~2 µm) 
failed in vacuum/pressure impregnation 

followed by covering with resin. 
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Fig.9. EDX elemental maps of Si, oxygen and carbon distribution in composite C. 

Composite D (spherical Fe particles + SiO2 nano powder), compacted, pre-sintered, 
impregnated 

The spherical shape and smooth surface of annealed iron particles have resulted in 
an even distribution of admixtured SiO2 nano particles. In this way they have created 
efficient "barriers" for the formation of Fe/Fe connections during the pre-sintering process. 
Consequently, the space between the iron particles in the pre-sintered compact could be 
continuously filled-up with resin at vacuum/pressure impregnation (Figs.10 and 11). This 
was also confirmed by EDX analysis of Si, oxygen, and carbon distribution, Fig.12. Figure 
13a,b shows the SEM micrographs of the opposite surfaces created during the failure of the 
composite D. Here are marked the places 1, 2, 3, and 4, corresponding to the same failed 
areas between two iron particles. It can be seen that the insulating layer between iron-iron 
particles does not contain discontinuities. Some "irregularities" on the surface of the 
electro-insulating layer are as a result of failure of the layer itself during the fracture of the 
compact. 

The efficient electrical insulation of iron particles was also reflected in the values 
of electrical resistivity, of 776 and 442 µΩm for pressing pressures of 400 and 600 MPa, 
Table 2. It should be noted that the lower value of the electrical resistivity of the composite 
material D when compared with composites A and B could be associated with large α-Fe 
grains (up to ~50 µm), with removing the residual stresses in pressed compact, as well as 
with a significantly thinner insulating layer. 
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Fig.10. Micrograph showing continuously 

filled-up spaces between iron particles with 
the thin, uniform and continuous layer of 
resin in the composite D (density of 7.03 

g·cm-3). 

Fig.11. SEM micrograph showing the 
surface of iron particles covered with a thin 

insulating layer; some "irregularities" of 
the insulating layer are as a result of failure 

of the layer itself during fracture of the 
compact. 

 

 
Fig.12. EDX elemental maps of Si, oxygen and carbon distribution in composite D. 
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a) b) 

Fig.13. Micrographs of opposite fracture surfaces a) and b) of composite material D created 
by breaking the compact. The marked places 1, 2, 3, 4 correspond to the same areas 

between iron particles.  

CONCLUSION 
The Fe/SiO2/Shellac powder composite materials based on iron powder consisting 

of irregular and/or spherical particles with an addition of 0.4 wt.% of SiO2 nano powder 
were prepared by the conventional mixing method as well as by the non-conventional 
vacuum/pressure impregnation of pre-sintered Fe+SiO2 compacts. The Shellac resin 
dissolved in ethyl alcohol was added in the amount of 1 wt.%. 

Microscopic observation of the electro-insulating layer and the correlation with 
electrical resistivity showed that the properties of the electro-insulating layer are strongly 
dependent on the shape of iron particles and micro-morphology of the particle surface. 
Irregular shape and surface roughness of iron particles result in an uneven thickness of 
electro-insulating layer or up to its discontinuity.  

The effect of the SiO2 nano powder addition on electrical resistivity was also 
studied. It was assumed that SiO2 nano particles will act as a “barrier” to the formation of 
metallic Fe-Fe connections during the pre-sintering process. In the case of composites 
based on irregular iron particles and processed by vacuum/pressure impregnation of pre-
sintered compacts this assumption was confirmed only partially as a result of the tendency 
of SiO2 nano particles to preferential deposition in concave places of the iron particle 
surface. During the pre-sintering the Fe/Fe connections greater than 5 µm were thus 
created. The consequence of this was a low electrical resistivity.  

In the case of composite material based on spherical iron particles with a smooth 
surface, when evenly distributed SiO2 nano powder particles form effective “barriers” for 
the creation of metallic Fe/Fe connections, the electrical-insulating layer formed by 
vacuum/pressure impregnation becomes thin, uniform and continuous. The electrical 
resistivity increased by three orders of magnitude when compared to the vacuum/pressure 
impregnated composite based on irregular iron particles.  

The results showed that the method of vacuum/pressure impregnation of pre-
sintered compacts could lead to optimal properties of such composite materials, especially 
for spherical ferromagnetic particles. The aim of further research will be to optimize the 
properties of ferromagnetic and electro-insulating constituents, as well as the parameters of 
compaction, the pre-sintering process and vacuum/pressure impregnation. 
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