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ABSTRACT 
 
Microwave energy is highly efficient for heating and processing ceramic materials. Microwave sintering of doped 
barium strontium ceramics led to higher densification and the fine microstructure and improved magnetic 
properties. Effects of the substituted amount of Ni2+ and Co2+ on structure and magnetic properties of Ba0.5Sr0.5Fe12-

xNixCoxO19 compounds have been systematically investigated by X-ray diffraction (XRD), high resolution scanning 
microscope (HR-SEM) and vibrating sample magnetometer (VSM). In our results, the suitable amount of Ni2+–Co2+ 
substitution slight decreased saturation magnetization. For Substitution of Ni-Co content of x≤0.4 the saturation 
magnetization varied from a range of 60.58 to 63.59 Am2/kg and while coercivity decreased from 805.37 to 280.28 
Gauss respectively.  
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INTRODUCTION 
 

Hexagonal ferrites, the prototype of which is represented by MeFe12O19 (M= Ba, Sr or Pb) belongs to a class of 
ferrimagnetic oxides. They have interesting applications not only as microwave devices but also as traditional 
permanent magnets, potential magneto optical devices, 
 
High density magnetic recording media and compacts (submicron powders) for high-frequency devices. The 
following are considered to be important: 1) differences in samples resulting either from different compositions, 
different synthesis conditions or both and 2) differences in methods of sintering. Thus, cobalt doping in particular 
has been the subject of many such investigations [1–3]. The magnetic properties of a hexagonal ferrite depend on the 
intrinsic magnetic properties of the M-type phase. The M-type ferrite crystallizes in a hexagonal structure with 64 
ions per unit cell on 11 different symmetry sites. The 24 Fe3+ atoms are distributed over five distinct sites: three 
octahedral sites (12k, 2a and 4f2), one tetrahedral (4f1) site and one bipyramidal site (2b). The magnetic structure 
given by the Gorter model is ferromagnetic with five different sub lattices, three parallel (12k, 2a and 2b) and two 
anti parallel (4f1 and 4f2) which are coupled by super exchange interactions through the O2+ ions [4]. Several cation 
combinations such as La3+–Co2+, Gd3+–Co2+, Nb4+–Zn2+, Ir4+–Zn2+, Sm3+–Co2+, Ti4+–Mn2+, Ti4+–Ni2+ and Ti4+–Co2+ 
have been attempted by several researchers [5–10]. The reason for Ni2+ substitution is an attempt to increase the 
saturation magnetization as guided by references such as [11, 12]. Since coercivity is dependent on the anisotropy 
constant, k1. The reason for Co2+ substitution is simply our attempt to control the coercivity to achieve values 
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appropriate for recording materials [13]. We Note that the k1 of Co2+ containing ferrite is generally positive and 
much higher than most of the negative k1 of the other ferrites, for example K1 of CoFe2O4 is +2000 ergs/cm3. Hence 
positive k1 and negative k1 values partially cancel each other to give the desired values. As regards, the required 
charge neutrality it would occur by the system adjusting itself, involving formation of vacancies [14]. In order to 
increase saturation magnetization Ms and decrease intrinsic coercivity (Hc) of anisotropic Sr ferrite magnets have 
been carried out concerning cationic substitution [15].  
 
Microwave heating and sintering are fundamentally different from conventional sintering. Microwave heating 
involves conversion of electromagnetic energy into thermal energy. The advantages of this mechanism are rapid and 
highly efficient heating, time and energy saving, and a high temperature reached short time. Microwave heating has 
been widely used as an alternative to conventional resistance heating and gas fired heating to sinter ceramic 
materials for the advantage of very high efficiencies, rapid heating, significant reduction in manufacturing costs due 
to energy saving and shorter processing times [16-22]. In the present study, Ni-Co substituted barium Strontium 
hexaferrites were prepared by sol-gel method. The influence of Ni-Co ions substitution on the structure and 
magnetic properties was discussed. 
 

EXPERIMENTAL SECTION 
 

The starting reagents Ba(NO3)2, Sr(NO3)2, Fe(NO3)3·9H2O, Ni(NO3)2.6H2O, Co(NO3)2·6H2O and D-Fructose were 
of analytical grade. Metal nitrates and D-Fructose in the molar ratio of 1:1 were dissolved in distilled water to form 
aqueous solutions using magnetic stirrer. The resultant solution was continuous stirring and heated up to 80°C to get 
a sticky liquid gel. The gel was heated in hot air oven for two days to get precursor. The calcined powder was 
uniaxially pressed into pellets using a hydraulic press and polyvinyl alcohol (PVA) as a binder. Microwave sintering 
was completed by using a VBCC 2-magnetron microwave heating furnace in which the compacted samples were 
sintered at 1150°C at a rate of 50°C/min and soaked for 10 min followed by fast cooling to room temperature at a 
rate of 20°C/min. The sintering temperature was measured with a pyrometer and it was standardized with reference 
to a thermocouple and the emissivity was measured to be between 0.90 and 0.98 for the different samples of 
strontium hexaferrite. The microwave output power level was about 2.2KW with 2.45GHz frequency and it was 
controlled by a Eurotherm PID controller. 
 
The pressed pellets were for 10 minutes. The Powder X-ray diffraction [23] patterns were collected on a 
(PANalytical X’pert pro) CuKα radiation at 45kV and 40 mA (λ = 0.15406 nm) in a wide range of 2θ (20°<2θ<80°). 
The microstructure [24] observation of the specimens was performed in FEI Quanta FEG 200-High Resolution 
Scanning Electron Microscope (HR-SEM). Hysteresis loops were measured at room temperature using by Vibrating 
Sample Magnetometer (Lakeshore 7304). 
 

RESULTS AND DISCUSSION 
 

Structural Analysis 
The XRD patterns of microwave sintered Ba0.5Sr0.5Fe12–2xNixCoxO19 samples with x = 0.0–0.8 mol% are shown in 
Fig. 1. Clearly, all of these possess a magnetoplumbite single phase (JCPDS-51-1879). The main peaks are matched 
with barium strontium hexaferrite and extra secondary Alpha-Fe2O3 phase is observed around 33~34 deg. All 
diffraction peaks of the Ni-Co substituted samples (0.2~0.8 mol%) are shifted toward a higher angle in comparison 
with these of non-doped sample (0 mol%). In general the shift toword higher 2 theta values indicate a slight 
reduction in the d-spacing values. This is to be expected since Fe3+ ionic radius differs slightly from Ni2+ and Co2+ 
ionic radii and slight lattice distortion could occur due to vacancy formation for charge-neutrality adjustment 
mentioned before.  
 
The lattice parameters ‘a’ and ‘c’ show that the values of ‘a’ remain almost constant but the values of ‘c’ increase by 
increasing the Ni–Cr content, x, as shown in Table 1. It indicates that change of easy magnetized c-axis is larger 
than a-axis with Ni4+ and Co2+ ions substitution. This is due to the fact that the ionic radii of Ni2+ (0.69A°) and Co4+ 
(0.745A°) are larger than that of Fe3+ (0.645A°) [25]. The change in lattice constants also varies with the distance 
between magnetic ions resulting in change of exchange interaction and thus magnetic properties are altered with 
substitution [26]. 
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Fig. 1 pattern of microwave sintered Ba0.5Sr0.5Fe12-2xNixCoxO19 with different doping concentration 

 
Table 1 Variation of lattice parameters with Ni-Co substitution 

 
S. No        Hexaferrites                         Lattice Parameters        Lattice Parameters            System 
                   (1150C)                                    a=b                                 c 
1            Ba0.5Sr0.5Fe12O19                                            5.886                            23.13 
2            Ba0.5Sr0.5Fe11.6Ni0.2Co0.2O19           5.891                            23.14 
3            Ba0.5Sr0.5Fe11.2Ni0.4Co0.4O19           5.892                            23.16                        Hexagonal 
4            Ba0.5Sr0.5Fe10.8Ni0.6Co0.6O19                 5.897                            23.19 
5            Ba0.5Sr0.5Fe10.4Ni0.8Co0.8O19           5.90                              23.21 

 
Surface Morphological Analysis 
The FE-SEM images of microwave sintered of Ni-Co substituted samples (x = 0.2, and 0.8 mol%) are presented in 
Fig. 2. The sintered samples exhibit hexagonal platelets structure and grain sizes increased with increasing 
substitution level to 0.8 mol%. Addition of Ni-Co level is increased to 0.8 mol% increases the grain size and also 
forming dense microstructure. This suggests that Ni-Co substitutions encourage the grain growth. Energy dispersive 
X-ray (EDX) analysis of Ba0.5Sr0.5Fe12-xNixCoxO19 (x = 0.8 mol%) sample shows the evidence for the presence of 
Zn-Nb in Fig. 2b (inset).  
 
Magnetic Analysis  
Fig. 3 clearly shows that the value of saturation magnetization (Ms) first increases for lower a substitution (0.2%) 
and then decreases slightly on higher Ni–Co substitution. This variation in the value of magnetization with 
substitution (Ni-Co) is related to the distribution of Ni–Co ions on the five Fe sites. In M-type hexagonal ferrite, 
Fe3+ ions occupy seven octahedral sites 12k and 2a, trigonal site 2b with spins in one direction, two octahedral sites 
4fI and two tetrahedral sites 4fII with spins in opposite direction. Magnetization variation is related to distribution of 
substituents on five crystallographic sites, i.e. 12k–2a–2b (spin-up) and 4fI–4fII (spin-down). The doping of Fe3+ 
ions in spin up state reduces magnetization and it increases with substitution on spin-down state [27]. 
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Fig. 2 FE-SEM image of Ba0.5Sr0.5Fe12-2xNixCoxO19 (x = 0.2, 0.8 mol%) microwave sintered at 1150°C for 10 minutes 

 
Fig. 3 The specific saturation magnetization (Ms) and the coercivity ( Hc) of microwave sintered Ba0.5Sr0.5Fe12-2xNixCoxO19 as a function of 

substitution content ‘x’ mol% at room temperature 
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Teh et al., reported [28] Co2+ has a preference to occupy tetrahedral sites preferentially (4f1) and Belous et al. also 
reported [29] larger Co2+ ions occupy the larger octahedral 2a position. The gradual decrease of saturation 
magnetization was explained on the Kikuchi et al and Rane et al reports [30, 31]. This change mainly attributed to 
the decrease in molar magnetic moment caused by doping of Co2+ (~4 µB) for Fe3+ (~5 µB). However, this decrease 
of Ms is larger than the expected degree according to the decrease in molar magnetic moment.  Increase of Ms with 
lower substitution (0.2%) is due to the Ni2+ ions replacing Fe3+ ions at the 4f2 site for x ~ 0.1, and at the 12k site for 
larger values of doping [31].  The steep fall in coercivity translates hard ferrite to soft ferrite. The decrease of 
coercivity may be one of the reason, related to the increase of grain size conformed from HR-SEM results. Similar 
trend has also been observed by Charanjeet Singh et al., in Co-Ru substituted hexagonal ferrite [32]. 
 

CONCLUSION 
 

Single-phase nominal composition of Sr0.5Ba0.5Fe12-2xNixCoxO19 (x = 0.2, 0.4, 0.6, 0.8mol %) were successfully 
synthesized by sol-gel method. XRD data of the synthesized samples point to the formation of single magneto 
plumbite phase structures. The variation in magnetic parameters is described in terms of preferential site occupancy 
of the substituted cations. The lattice parameters and magnetic properties are found to be affected, hense 
controllable, by doping with nickel and cobalt. The transition from hard phase to soft phase results in reduction of 
hysteresis loss area per cycle. The microwave method is found to be simple, fast and quite general for the 
preparation of technologically important electro ceramics. Fine microstructure and better densification are the main 
advantages of the microwave sintering in this study.  
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