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silicate (TEOS, 99%, Merck) to prepare hybrid silica modified 
resin referred as PFRGT. PFRGT were prepared according to the 
procedure described in our previous work [8]. Another hybrid 
organic-inorganic resin was prepared using modification of 
PFR by boric acid (99.5% Lachema) and it is referred as PFRB. 
Hybrid resins were coated on ferromagnetic powder particles of 
Fe ASC 100.29, FeSi (Fe – 3% Si powder alloy, Höganäs AB 
Sweden, hereinafter referred as FeSi) and Vitroperm (milled 
Fe73Cu1Nb3Si16B7 amorphous stripe, Vacuumschmelze GmbH 
& Co. KG, hereinafter referred as VPM). Identical wet mixing, 
coating, shaping and pressing methods were used as described 
above. Dissolving agent was tetrahydrofuran for PFRGT and 
ethanol for PFRB. Example of laboratory preparation of SMC 
based on inorganic modified resin is shown in Fig. 1. Time – tem-
perature regime of curing cycle was characterized and optimized 
based on differential scanning calorimetry (Metler 2000C). All 
polymer bonded green compacts were cured in programmable 
laboratory heating chamber OF-2.

2.2. Experimental – ceramic insulation 
based SMC

Commercial MgO nano-powder (MTI Corp.) with nar-
row particle size distribution (mean size 30 nm) was used to 
prepare Fe/MgO composite. MgO ratio varied from 1 wt.% to 
13.85 wt.%. Mixtures of micro- and nano-powder were homog-
enized by resonant acoustic method in LabRAM mixer. Green 
compacts were pressed uniaxially at pressing pressure 600 MPa. 
Laboratory chamber muffle furnace was used to conventional 
sintering of Fe/MgO in air atmosphere. Microwave sintering 
(MWS) at frequency 2.45 GHz were realized in single mode 
cavity (diameter d = 30 mm, height 80 mm) equipped by im-
pedance analyser and multi-mode MW furnace Hamilab V3000 
(Synotherm Corp.). Temperature was measured by IR pyrometer 

optris in single mode equipment or Raytek in Hamilab furnace 
respectively.

MnZn ferrite nano-powder was prepared from nitrate pre-
cursors: Mn(NO3)2.4H2O (99%, Acros Organic), Zn(NO3)2.4H2O 
(98%, Acros Organic), Fe(NO3)2 (99+%, Acros Organic) and 
C6H8O7.H2O (99.8% CentralChem) by sol-gel process followed 
by auto-combustion as it is described in previous work [9]. 
Agglomerated prepared cubic ferrite spinel Mn0.8Zn0.2Fe2O4 
particles were disintegrated by short milling in vibrating ball 
mill (Laarmann). MnZn ferrite (3 wt.%) powder were dry mixed 
with FeSi powder. The mixture was homogenized by resonant 
acoustic method. Uniaxial cold pressing at 600 MPa was applied 
to prepare green compacts.

All green compact samples were pressed using precise 
programmable press LabTest 5.600 ZL (Labortech s.r.o.) with 
capacity of 60 T. Powder particle size was measured by laser 
diffraction technique using Mastersizer 2000E. The density of 
prepared samples were determined by the He pycnometer (Ac-
cuPyc II 1340, Micromeritics).

Mechanical properties were evaluated by measurement of 
transverse rupture strength (TRS) and Vickers macro-hardness 
(HV). TRS was measured by MPIF 41 using prism shape sample. 
HV was measured by MPIF 43 using cylindrical shape samples. 
Universal testing machines Tiratest 2100 and hardness tester 
Tukon 1102 were used. Young modulus (E) was measured by 
impulse excitation technique using Buzz-o-Sonic equipment us-
ing prism shape samples. Microstructure of the composites was 
observed using optical microscopy (Nikon SMZ-18, Eclipse MA-
200) and electron microscopy (Jeol JSM 7000F, Tescan Wega3).

The DC hysteresis loops were measured by a fluxmeter 
based hysteresis graph and AC hysteresis loops were measured 
by an AC hysteresis graph Model MATS-2010SA. The ring shape 
samples with toroidal coil were used. The specific electrical 
resistivity of the cylinder shape composites were measured by 
four point probe method according to van der Pauw.

Fig. 1. Scheme of preparation of the SMC based on Ferromagnetic/PFRGT
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Fig. 6. Hysteresis loops of SMC’s based on PFRB resin

TABLE 1

Experimental composition and properties of resin bonded SMC’s

Samples

Mechanical 
properties Magnetic properties

HV TRS 
(MPa)

R 
(m� .m)

Total 
losses 
(J/m3)

Coercivity 
Hc (A.m–1)

Fe/10ATM 62 45 505 121 —
VPM/10ATM 44 33 830 15 —

Fe/15Epoxy [10] 44 35 — — 228
Fe/3PFRB 280 105 0.9×105 230 110-180

Fe/3PFRGT 140 117 1.1×105 210 203
VPM/4PFRGT 92 — 2.1×105 60-70
FeSi/4PFRGT 140 97 2 ×106 100-200

The properties of resin bonded SMC based on the PFRGT 
and the PFRB are tunable by precise setting of temperature-time 

regime of curing cycle. Curing cycle driven mechanical and 
magnetic properties of PFRB based SMC were basic idea of 
submitted patent application [11].

Evidently, functional properties of resin bonded composites 
are driven by properties of the resin phase in inter-particle region 
among ferromagnetic particles as it is documented by MFM in 
Fig. 7. The investigation of SMC’s interphase regions and mo-
tivation to apply high temperature heat treatment/sintering led 
to study of ceramic based SMC’s.

3.1. Results – ceramic based SMC

Investigation of the Fe/MgO composites in wide range of 
MgO content ratio from 1 up to 13.85 wt.% shows the possibility 
to modify the design and properties of ceramic interphase region 
by sintering kinetics. Formation of the magnesium ferrite spin-
nel in MgO interphase region is driven by time of the sintering 
and by initial content of MgO at the same time. MWS sintering 
process is significantly shorter in comparison with conventional 
sintering. The Fe/MgO composite MW sintered for 10 minutes in 
single mode cavity achieved the same properties as the sample 
conventionally sintered for 60 minutes (Figs. 8,9). Higher content 
of magnesium ferrite spinel and lower content ratio of residual 
MgO improve the flexural strength, elasticity and coercivity of 
the Fe/MgO SMC as it is shown in Table 2. Microstructure and 
morphology of the FeSi/MnZn ferrite composite was strongly 
influenced by applied sintering method, mainly in ferrite regions 
among the FeSi particles (Figs. 10,11). The influence of these 
morphology changes on magnetic and mechanical properties is 
a subject of intensive investigation of our research team at the 
present. There is indication based on MFM observation, that 
positive influence on a magnetic flux in the FeSi inter-particle 
region could be expected (Fig. 12).

Fig. 7. Magnetic force microscopy of interparticle region of cured FeSi/3PFRGT SMC (left) and Fe3Si particles with PFRGT coating layer 
(right)
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Fig. 12. Magnetic force microscopy and SEM image of interparticle region of microwave sintered FeSi/3Mn0.8Zn0.2Fe2O4 SMC

Fig. 8. Conventional sintered Fe/13.85MgO, 600ºC, 60 min, air Fig. 9 Microwave sintered Fe/13.85MgO, 600ºC, 10 min, air

Fig. 10. Conventional sintered FeSi/3Mn0.8Zn0.2Fe2O4, 800ºC, 
60 min, air

Fig. 11. Microwave sintered FeSi/3Mn0.8Zn0.2Fe2O4, 800ºC, 15 min, 
air




