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This paper presents a study of the precipitation of ZnO and CuO crystals during the 

sintering of Cu-doped Ni-Zn ferrites. The nature of the resulting crystal precipitates were 

analysed using scanning electron microscopy (SEM), energy-dispersive X-ray (EDX) 

analysis, X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS), 

confirming the findings of a previous paper (Part I). This study examines the influence of 

sintering temperature and sintering time of the thermal cycle on their formation, and on 

their microstructure and electromagnetic properties. The same two consecutive chemical 

reactions proposed in Part I can be used to explain the bulk precipitation and subsequent 

re-dissolution of the zinc and copper oxides observed during sintering. The effect of these 

crystal precipitates on the final properties of this type of soft ferrite was also analysed, 

revealing a deterioration in its electromagnetic performance. 
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I. Introduction 

Ferrite powders containing nickel, zinc and different amounts of copper are typically used 

as electromagnetic wave absorbers. There has been a growing interest in NiCuZn ferrites, 

mainly because these oxides can be sintered at relatively low temperatures with a wide 

range of compositions. In particular, the addition of Cu in the ferrite composition has been 

known to play a crucial role in reducing the firing temperature and, compared to other 

types of ferrite, NiCuZn ferrites have better properties at high frequencies than MnZn 

ferrites [1–4] (such as high permeability in the RF (radio frequency) range, high electrical 

resistivity and environmental stability) and lower densification temperatures than NiZn 

ferrites [5,6]. 

Previous papers by the present authors have addressed the synthesis, sintering [7], and 

final properties of Cu-doped Ni-Zn ferrites [8], establishing a thermal cycle based on 

sintering kinetics [9]. However, the magnetic properties of these materials are not only 
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determined by their chemical composition, but also by their microstructure [10–14], i.e. 

grain- and pore-size distribution, total porosity (or relative density), and grain-boundary 

characteristics. That is, the method by which the ferrites are prepared and the sintering 

conditions applied exert a strong influence [15].  

Grain-boundary characteristics are affected by the occurrence of crystal precipitates like 

the ones detected in Part I of this study, where the influence of the green relative density 

of the Cu-doped Ni–Zn ferrites and the cooling rate of the thermal cycle on the occurring 

precipitates was studied [16]. 

In this previous paper, the authors studied crystal precipitation during sintering of a 

(Cu0.12Ni0.23Zn0.65)Fe2O4 ferrite, concluding that:  

1. During the heating stage, depending on green relative density and the cooling rate 

of the thermal cycle, both rounded crystals and smaller elongated crystals can 

precipitate. The rounded crystals initially precipitated at triple points, then on 

grain boundaries and, subsequently, when the grain boundaries were saturated, 

inside the grains. The smaller elongated crystals precipitated around the rounded 

crystals. 

2. The nature of the crystal precipitates was analysed using energy-dispersive X-ray 

(EDX), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) 

analysis techniques: the rounded crystal precipitates corresponded to zinc oxide, 

while the smaller elongated crystals corresponded to copper oxides (CuO and 

Cu2O). 

3. Two consecutive chemical reactions (equations 1 and 2) were proposed to explain 

the bulk precipitation of the zinc and copper oxides in the specimen during 

sintering and their subsequent re-dissolution during cooling. In equation 2, oxygen 

gas plays a key role, to the point where the extent to which this reaction develops 

(in both directions) largely depends on gas diffusion throughout the porous solid. 
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This paper builds on this previous study, establishing a relationship between the 

formation of crystal precipitates and two other sintering variables, sintering temperature 

and sintering time. As in the previous study, a means of avoiding the formation of crystal 

precipitates during sintering, or facilitating their dissolution during the cooling stage, is 

proposed. The effect these precipitates have on the final properties of this type of soft 

ferrite were also analysed, determining the imaginary part - ” of the complex magnetic 

permeability (within the operative frequency range of the material), one of the parameters 

used in the quality control of electromagnetic properties during production of this material 

[17]. 

II. Experimental Procedure 

(1) Material preparation 

The work described in this paper was conducted with the same ferrite used in the previous 

paper [16]. The chemical composition of the ferrite was (Cu0.12Ni0.23Zn0.65)Fe2O4. The 

ferrite powder, supplied by Fair-Rite Products Corp., consisted of granules with an 

average size of 175 m, made up of particles with an average size of 2.1 m, and narrow 

particle-size distribution (around 4 m), and with a true density of 5380 kg/m3 

(experimentally determined on a helium pycnometer). This material was used to form 

cylindrical and toroidal specimens, 3 mm thick and 19 mm in external diameter (6 mm in 

internal diameter for the toroidal test specimens), by uniaxial dry pressing at a compaction 

pressure of 300 MPa. 

The specimens were air sintered in an electric laboratory kiln using the same thermal 

cycle described in Part I [16], but varying the peak sintering temperature (hereafter, 

sintering temperature) between 1000 and 1200ºC and remaining at this temperature for a 

given period of time (hereafter, sintering time) between 0 and 30 h. 

The values used for compaction pressure (300 MPa) and the cooling rate (20ºC/min) of 

the thermal cycle were selected based on the results obtained in Part I [16] in order to 

ensure sufficient crystal precipitation as to allow adequate observation of the effect of the 

two sintering variables (temperature and time) being tested in this study. 

(2) Characterisation 

The bulk density of the green and sintered samples was determined using the Archimedes 

method. The relative density () of each ferrite specimen was calculated as the quotient 
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of bulk density to true density (5380 kg/m3). The average grain size (G) and distribution 

width (S) of the grain size distribution was determined using image analysis of the cross-

sectional area of the rectangular thermally-etched surface of each cylindrical sintered 

specimen, observed using scanning electron microscopy (SEM). Specimens were 

thermally-etched in air at a temperature 100-120ºC lower than their sintering temperature, 

for 1 hour and at a rate of 15ºC/min. The width of the grain size distribution was defined 

as G90-G10, where G90 and G10 are those diameters below which 90 and 10 vol% of total 

particles lie, respectively, based on the accumulated grain size distribution curve.  

The real - ’ and imaginary part - ” of the complex magnetic permeability was 

determined on an Agilent E4991A RF impedance/material analyser in the 107-109 Hz 

frequency range, using an Agilent 16454A magnetic material test fixture. In order to 

analyse the evolution of the electromagnetic properties against temperature and sintering 

time, the value of the imaginary part - ” at a frequency of 107 Hz was selected. This 

value corresponds to the maximum ” value in the measured range (very sensitive to the 

microstructural changes in the samples), which is one of the parameters used in the quality 

control of electromagnetic properties during the production of this type of soft ferrite [17]. 

When analysing the crystal precipitates, the same techniques as used in Part I were applied 

to the sintered samples [16]. Their microstructure was observed using a scanning electron 

microscope - SEM (FEG-ESEM Quanta 200F) and their chemical composition was 

analysed via energy-dispersive X-ray (EDX) microanalysis using an analyser equipped 

with the SEM system. The structure of the crystals was determined by X-ray diffraction 

(XRD) using a PHILIPS PW1830. And finally, the binding energy of the chemical bond 

for each chemical element, which depends on its coordination number (crystal field) and 

oxidation state, was determined by X-ray photoelectron spectroscopy (XPS) using non-

monochromatic 20mA and 13 kV AlKα radiation (1486.6 eV) (Sage 150 by Specs). The 

constant pass energy was set at 75 eV for overall analysis and 30 eV for the analysis of 

specific element, with a measurement area of 1x1 mm2 and an  chamber pressure of 7·10-

9 hPa. All samples were sputtered for 5 minutes with 5 keV Argon ions prior to data 

collection in order to remove the adventitious carbon. 
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III. Results and Discussion 

(1) Microstructural and electromagnetic characterization 

The average green relative density of the compacted specimens was 0.624(1). The 

sintered relative density (), average grain size (G) and width of the grain size distribution 

(S), and the imaginary part of the complex magnetic permeability (µ") of the specimens 

are shown in Table 1, within their experimental error. To enable a better understanding 

of the results, the evolution of the imaginary part of the relative magnetic permeability 

(µ") against fired relative density () and average grain size (G), for a sintering 

temperature range of 1000-1200°C and a sintering time range of 0.0-30.0 h, has been 

plotted in a 3D graph (Fig. 1.). From this figure, the following statements can be made: 

1. An increase in both microstructural parameters,  and G, leads to a higher µ" value 

(as established by other authors [18]), defining a single line that asymptotically 

tends to a ” value close to 500.  

2. An interrelation between the two microstructural parameters ( and G) can be 

established. Two simultaneous processes take place during the sintering process: 

densification and grain growth, such that it is physically impossible to increase 

the relative density of a specimen without promoting the grain growth of its 

particles [8]. It is therefore impossible to isolate and analyse these parameters 

independently. 

3. There is a limit G value around 20-25 µm from which the electromagnetic 

parameter studied significantly worsens. These experimental data correspond to 

those samples in which heterogeneous and exaggerated grain growth was 

observed (sintering temperatures of 1150 and 1200ºC), as evidenced by the large 

values of average grain size and width of the grain size distributions. As reported 

in the literature [18], the exaggerated grain growth accelerates as temperature 

increases, hindering the migration of the pore to the grain boundary, and thereby 

contributing to the reduction of sintered density observed at higher temperatures.  

There are two main reasons why the magnetic properties worsen beyond this G 

limit value. Firstly, larger grains usually have pores within grains, which increases 

the number of pinning sites and hinders the domain wall motion, thereby reducing 

magnetic permeability [19]. This is the case with the specimens sintered at 1150 

and 1200ºC, as can be observed in Table 1 and in the SEM micrographs in Fig. 2. 

Specifically, these latter show a lower sintered relative density (compared with  

precedent sintering temperatures) and a high density of pores within grains, 
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although, as can be observed in Fig. 3., they are partially hidden by the crystal 

precipitates. Secondly, grain boundaries in polycrystalline ferrites normally act as 

a sink of impurities, structural disorders and defects, and a centre for precipitated 

non-magnetic phases, which impede the rotation of spins and the motion of the 

domain walls, resulting in a sample with a lower effective initial permeability [20]. 

These non-magnetic second phases, found mainly in the samples sintered at 1150 

and 1200ºC (see Fig. 3), are undoubtedly one of the factors behind the 

deterioration in electromagnetic properties of ferrites sintered at these two 

maximum temperatures. 

(2) SEM results 

Figs. 2 and 3 (SEM micrographs) show the cross-sectional microstructure evolution of 

the specimens (inner region) against sintering time and sintering temperature, 

respectively. Fig. 4 schematically illustrates the area occupied by the precipitated crystals 

at the sintering temperatures and times tested. The white areas correspond to regions free 

of crystal precipitates, while the dotted areas correspond to regions occupied by crystal 

precipitates. The greater the dot density, the greater the density of crystal precipitates 

observed in the sample. The micrographs point to the following conclusions: 

1. Certain ferrite sintering conditions lead to the formation of crystal precipitates, 

though no crystal precipitates were detected at the lowest sintering temperature 

tested (1000ºC). For higher sintering temperatures, crystal density and affected 

area increased with sintering time up to a maximum value. When sintering time 

was further prolonged, both crystal density and the affected area decreased and, 

sometimes, even completely disappeared. Meanwhile, for a given sintering time, 

crystal density and affected area increased with sintering temperature. 

2. During crystal precipitation, crystals occur first at triple joint points, then on grain 

boundaries and, finally, when the triple joint points and grain boundaries are 

saturated, inside the ferrite grains, as was also observed in Part I [16]. 

3. The highest density of crystal precipitates was observed in the inner area (as in 

the previous paper [16], where the effect of cooling rate was studied), while the 

lowest density was found in the outer area, suggesting that the crystals had either 

precipitated from the inner to the outer area, or were moved after precipitation 

from the outer to the inner area. 
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4. Round as well as needle-shaped crystal precipitates were observed (as previously 

reported [16]), with round crystal precipitates being the first to form at low 

densities. As crystal density increased (either by raising sintering temperature or 

prolonging sintering time, though always below the maximum sintering time), the 

needle-shaped crystal precipitates begin to appear. The first needle-shaped 

precipitates formed around the round precipitates and, when the surfaces of these 

latter are saturated, they begin to appear inside the ferrite grains. 

The formation and cross-sectional distribution of the crystal precipitates can be 

understood if the following explanation is accepted. 

In the earlier study [16] it was observed that crystal precipitation increased along with the 

relative density of the unfired samples and the cooling rate of the thermal cycle . In the 

present study it has been observed that the concentration of crystal precipitates also 

increases with sintering temperature and sintering time. In this case, however, it emerges 

that, for a sufficiently long sintering time, the density of the crystal precipitates actually 

begins to decrease, or even completely disappears, above a given sintering temperature. 

Part I [16] showed that crystal precipitation occurred during the densification and grain-

growth stages when these stages were developed with an oxygen deficiency (as would be 

the case of specimens with high relative density, in which pore size distribution is thin 

and narrow, and the network that is formed between particles is more tortuous, making 

gas access difficult). Additionally, when the cooling stage was prolonged enough to allow 

oxygen to enter the sample (as in the case of the lowest cooling rate tested), the re-

dissolution of the crystal precipitates during the cooling stage was also taken into 

consideration.  

In the present study it has been observed that the presence of crystal precipitates in the 

specimens in terms of crystal density and affected area increases with sintering 

temperature, which matches that observed in the Fe2O3-ZnO-NiO ternary phase diagram 

mentioned in Part I [16], and passes through a maximum with sintering time. The Fe2O3-

ZnO-NiO ternary phase diagram shows a ZnO + (Zn,Ni)Fe2O4 ss + (Ni,Zn)O ss area, that 

is very close to our composition (without the Cu content), in the temperature range of 

950-1180ºC. Although the corresponding quaternary phase diagram could not be found 

in the literature, the behaviour of this phase might be expected to resemble that of Ni-Zn 

ferrites, and the ferrite composition might be expected to play the same determining role 

in the possible precipitation of ZnO and certain other crystalline phases during sintering. 
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When the evolution of the relative density of the sintered samples as a function of 

sintering time, shown in Table 1, is compared with the precipitation scheme depicted in 

Fig. 4, it can be observed that, for each temperature tested, the time at which crystal 

precipitates begin to be detected corresponds to relative densities of around 0.95. This 

suggests that the influence of sintering time on the density of the crystal precipitates and 

affected area also stem from the oxygen concentration in the sample. At sintering onset, 

the porosity of the sample (defined as 1-) is greater and its pore structure less tortuous 

and more accessible from the outside, which allows a continuous inflow of oxygen into 

the sample. As the sintering stage progresses, the porosity of the specimen decreases, the 

sample shrinks, and the tortuosity of the pore structure increases, leaving isolated pores 

inside it. This new structure makes it more difficult for the oxygen to access the inner 

region of the sample, causing crystal precipitation to begin in this area. However, when 

sintering time is long enough, oxygen is able to penetrate into the sample (gas diffusion), 

triggering the dissolution of the previously precipitated crystals, thereby decreasing the 

overall density of crystal precipitates in the sample and even, at sufficiently long sintering 

times, causing the precipitates to completely re-dissolve (as occurred at a temperature of 

1100ºC). Needle-shaped crystals were observed to dissolve before the round ones. 

(3) EDX, XRD, and XPS results 

In order to identify the composition of the crystal precipitates detected by SEM, three 

experimental techniques were used: energy-dispersive X-ray (EDX) microanalysis, X-ray 

diffraction (XRD) analysis, and X-ray photoelectron spectroscopy (XPS). 

Fig. 5 shows the microstructure and grain boundaries of a sintered specimen with crystal 

precipitates. Three different regions may be distinguished, which have been labelled as 

follows: 

F: (grey) ferrite matrix 

Z: (light-coloured) round crystal precipitates located on the grain surface, on the grain 

boundaries, and at triple joint points 

C: needle-shaped crystal precipitates (lighter-coloured than the Z crystal precipitates) 

located on the grain surface and around Z crystal precipitates. 

The EDX analyses of the three different regions, as previously reported [16], suggest that: 

1. The average chemical composition of specimens with and without crystal 

precipitates is very similar to the chemical composition of the ferrite powder. In 
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the case of the specimen with crystal precipitates, a small increase in the Zn peak 

is noted. 

2. The point chemical composition of the F area is also similar to the average 

chemical composition of the specimen without crystal precipitates and to that of 

the ferrite powder. 

3. The point chemical composition of the Z crystal precipitates displays a very 

significant increase in the Zn peak, while the point chemical composition of the 

C crystal precipitates similarly exhibits a considerable rise in the Cu peak. These 

results suggest that the Z crystal precipitates are zinc oxide crystals, and the C 

crystal precipitates are copper oxide crystals. 

As previously reported [16], and as shown in Fig. 6, an XRD analysis of the cross-

sectional area of the rectangular etched surface containing crystal precipitates (sample 

referred to as WITH) allowed identification of two crystal structures: franklinite 

(corresponding to the ferrite) and zincite (corresponding to zinc oxide). The zincite 

structure matches the EDX results of the Z crystal precipitates, which formed primarily 

in the inner area. No crystal structure corresponding to the C crystal precipitates was 

identified. However, this can likely be ascribed to the fact that C crystal concentration is 

much lower than Z crystal concentration. 

Fig. 7 shows the peaks (including the Auger peaks) in XPS spectra of the cross-section 

of two sintered specimens, with and without crystal precipitates. It can be observed that 

zinc and copper contents are higher in the sample containing crystal precipitates than in 

that the sample without. The XPS semi‐quantitative analysis shows a 4.1 mol% Cu and 

17.2 mol% Zn in the sample with crystal precipitates versus a 1.3 mol% Cu and 10.8 

mol% Zn in the sample without.  

The enclosed area inside each of the high intensity peaks (Zn 2p, Zn LMM, Cu 2p, Ni 2p, 

Fe 2p, and O 1s) was quantified, taking into account the sensitivity factors proposed by 

the CasaXPS software for data treatment [21,22], and the results of the deconvolution of 

the Zn 2p, Cu 2p and O 1s peaks are shown in Table 2.  

These XPS results, as with those previously reported [16], suggest: 

1. Ni and Fe are only present in the ferrite structure and not in the crystal precipitates 

for both of the samples tested. 
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2. Cu appears in the ferrite structure in both spectra. However, the spectrum of the 

specimen with crystal precipitates also exhibits peaks corresponding to the Cu-O 

chemical bond in CuO and, likely also, in Cu2O. 

The contribution of the Zn-O bond in the ferrite appears in both specimens. For 

the specimen with crystal precipitates, the contribution of the Zn-O bond in the 

ZnO compound needs to be considered. 

3. Two contributions should be considered in the specimens without crystal 

precipitates to explain the two different (octahedral and tetrahedral) sites defined 

by the oxygen network. In the specimens with crystal precipitates, an additional 

contribution needs to be considered, which again confirms the joint occurrence of 

copper and zinc oxides in the ferrite structure. 

Based on the deconvoluted XPS peaks studied and the XPS semi-quantitative analysis 

results, atomic composition of the crystal precipitates can be estimated at 12.7 mol% 

oxygen, 10.5 mol% zinc and 2.2 mol% copper in two different chemical compounds: CuO 

and Cu2O. Therefore, the crystal precipitates found in the ferrite likely contain ZnO, CuO, 

and Cu2O. Zinc oxide may be estimated at around 24 wt%, cupric oxide at about 3wt% 

and cuprous oxide at about 2wt%. 

(4) Comments 

Under certain conditions, crystal precipitates can occur when Cu-doped Ni-Zn [16,23–

25] or Mn-Zn ferrites are sintered. However, contrary to that suggested in the literature 

[26], zinc loss (and its subsequent precipitation) can be observed in samples prepared 

using a different process besides the hydrothermal route, as was observed in this study.  

Cooling speed seems to have a marked influence on the occurrence of crystal precipitates, 

affecting the kinetics of the precipitation process, while oxygen concentration was also 

found to have a determining influence. Higher green relative density causes lower open 

porosity, leading to closed porosity in the first sintering stage. This resulting closed 

porosity blocks oxygen from entering the structure. Similarly, slow cooling rates allow 

oxygen into the pores better than fast cooling. Green relative density and cooling rate are, 

therefore, both determining factors in the presence or absence of oxygen inside the pores. 

In the present study it was observed that higher sintering temperatures led to a higher 

occurrence and/or density of crystal precipitates, which impacted on the system’s 

thermodynamics. The same statement can be made for the influence of sintering time, 
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though in this case only up to a maximum time, beyond which the density of the crystal 

precipitates and/or the affected area decreased. 

Sintering temperature and sintering time (as well as green relative density and cooling 

speed) have a marked influence on the occurrence of crystal precipitates. As in the 

previous paper [16], the results in the present study are consistent with ZnO and CuO 

precipitation (with the possible subsequent reduction of Cu(II) to Cu(I)) being largely 

dependent on the oxygen concentration in the pores. The chemical reactions proposed 

(reactions 1 and 2) are again consistent with the experimental data obtained in this study, 

as well as with those reported in the literature [23–25]. As was stated  in the previous part, 

a Fe2O3-ZnO-NiO-CuO quaternary phase diagram would probably explain the marked 

dependence of reaction (1) on composition and temperature, just as the Fe2O3-ZnO-NiO 

ternary phase diagram explains this dependence in the case of Ni–Zn ferrites. Also as 

mentioned in Part I [16], the CuO obtained in reaction (1) is unstable at high temperatures, 

as reported in the traditional chemistry literature [27,28],. Therefore, the decomposition 

shown in reaction (2) should be developed. 

Consequently, the formation of zinc and copper oxide crystal precipitates could be due to 

the sintering process being faster than the rate of oxygen diffusion from outside into the 

pores. The absence of oxygen inside the pores leads to the proposed chemical reactions, 

resulting in the bulk precipitation of ZnO and CuO and the transformation of CuO to 

Cu2O. After the densification and grain-growth stage, and in the cooling stage, the 

proposed chemical reactions might shift to the left, depending on how much oxygen 

enters the pores. This process becomes more important when specimen porosity is high 

enough, the thermal cycle is long enough and/or the cooling speed low enough to allow 

oxygen diffusion in all cases, even where the diffusion coefficient is small. The net effect 

is the re-dissolution of crystal precipitates in the ferrite crystal structure, proceeding from 

the outermost area inwards. 

As seen in Fig. 1, the imaginary part of the complex magnetic permeability (µ") worsens 

with the occurrence of crystal precipitates. Some authors suggest [23,24,29] that when 

zinc oxide loss occurs, grain boundary migration might be increased, resulting in the 

formation of giant grains. In the present study, it has been observed that the higher the 

grain growth, the higher the density of crystal precipitates, suggesting that, as indicated 

in the literature, a relationship must exist between the zinc loss and the grain growth of 

the microstructure.   
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As grain size increases, multi-domain grains are obtained, which leads to higher 

permeability values due to the domain wall contribution [30,31], provided that there is no 

evidence for exaggerated or abnormal grain growth. Also, an increase in the sintered 

relative density of the ceramics not only results in the reduction of the demagnetizing 

field due to the elimination of pores, but also raises the spin rotational contribution, which 

in turn increases permeability [32]. 

When grain growth is high, the mobility of the grain boundaries is higher than pore 

mobility. This means that the pores are left behind, resulting in pores that are trapped 

inside (intraporosity), and not between (interporosity), the grains. This intragrain 

porosity, which is practically impossible to eliminate, hinders the magnetization process 

by pinning the domain [33], reducing the permeability of the material [19]. Moreover, 

crystals precipitates at the grain boundaries inhibit the rotation of spins, making domain 

wall motion and domain rotation difficult and leading to a decrease in the effective initial 

permeability of the sample [34].  

IV. Conclusions 

The occurrence of crystal precipitates was found to vary with sintering temperature and 

sintering time. Crystal density and affected area were observed to increase against 

sintering temperature (except for the lowest temperature of 1000ºC) and with sintering 

time, though in the case of the latter this is true only until a maximum value is reached. 

Beyond this maximum, both crystal density and affected area decrease and, in some cases, 

the precipitates completely disappeared. 

The results obtained in this and the previous study suggest that the precipitation of zinc 

oxide (ZnO) and copper oxide (CuO and Cu2O) crystals during the sintering of Cu-doped 

Ni-Zn ferrites occurred during the densification and grain-growth stages, when these 

stages are developed with an oxygen deficiency. This oxygen deficiency in turn depended 

on the microstructure of the sample. So, when pore size distribution is finer and narrower, 

and the network formed between the particles is more tortuous, making it difficult for 

oxygen to enter, the oxygen concentration inside the sample decreases, leading to the 

observed crystal precipitation. However, the results obtained also indicate that the partial 

or total dissolution of these crystal precipitates can also occur during the cooling stage, 

provided that this stage is long enough to allow oxygen to enter the sample. 
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It has also been observed that crystal precipitates, which mainly occur at the grain 

boundaries, worsen the electromagnetic performance of these ferrites, hindering the 

magnetization process through the inhibition of spin rotation and domain wall motion. 
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Figures and tables captions 

Table 1. Evolution of fired relative density (), average grain size (G), width of the grain size distribution 

(S) and the imaginary part of the relative magnetic permeability (µ") with sintering temperature and 

sintering time. 

Table 2. Deconvolution of the Zn 2p, Cu 2p and O 1s XPS diagram of a sintered specimen with crystal 

precipitates. 

Fig. 1. Evolution of the imaginary part of the relative magnetic permeability (µ") with fired relative density 

() and average grain size (G), for a sintering temperature range of 1000-1200°C and a sintering time range 

of 0.0-30.0 h (see data in Table 1). 

Fig. 2. Evolution of the  microstructure of the samples against sintering time at a sintering temperature of 

1100ºC: (a) 0 h, (b) 0.2 h, (c) 0.5 h, (d) 1 h, (e) 2 h, (f) 5 h, (g) 15 h and (h) 30 h. 

Fig. 3. Evolution of the  microstructure of the samples against sintering temperature at a sintering time of 

5 h: (a) 1000ºC, (b) 1025ºC, (c) 1050ºC, (d) 1075ºC, (e) 1100ºC, (f) 1150ºC and (g) 1200ºC. 

Fig. 4. Evolution of the cross-sectional area occupied by crystal precipitates and precipitated crystal density 

against sintering temperature and sintering time. 

Fig. 5. Cross-sectional SEM micrograph showing the microstructure and grain boundaries of a sintered 

specimen with crystal precipitates. 

Fig. 6. XRD diffractograms of two sintered specimens, with and without crystal precipitates. 

Fig. 7. Cross-sectional XPS spectra of two sintered specimens, with and without crystal precipitates. 
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Table 1 

Evolution of fired relative density (), average grain size (G), width of the grain size distribution (S) 

and the imaginary part of the relative magnetic permeability (µ") with sintering temperature and 

sintering time. 

T (ºC) t (h)  G (µm) S (µm) µ" 

1000 

0 0.676 ± 0.002 1.20 ± 0.05 1.43 ± 0.05 20 ± 10 

0.2 0.710 ± 0.003 1.11 ± 0.08 1.31 ± 0.08 42 ± 10 

0.5 0.746 ± 0.003 1.23 ± 0.06 1.31 ± 0.06 75 ± 10 

1 0.782 ± 0.002 1.51 ± 0.05 1.62 ±  0.05 131 ± 10 

2 0.828 ± 0.001 1.60 ± 0.05 1.75 ± 0.05 204 ± 10 

5 0.888 ± 0.003 2.2 ± 0.1 2.5 ± 0.1 318 ± 10 

15 0.942 ± 0.001 4.1 ± 0.2 5.9 ± 0.2 429 ± 10 

30 0.955 ± 0.001 6 ± 5 11 ± 5 465 ± 10 

1025 

0 0.705 ± 0.004 1.36 ± 0.06 1.56 ± 0.06 31 ± 15 

0.2 0.756 ± 0.004 1.38 ± 0.06 1.54 ± 0.06 72 ± 15 

0.5 0.810 ± 0.003 1.51 ± 0.09 1.61 ± 0.09 159 ± 15 

1 0.857 ± 0.009 1.9 ± 0.1 2.1 ± 0.1 233 ± 15 

2 0.901 ± 0.005 2.8 ± 0.1 3.2 ± 0.1 325 ± 15 

5 0.941 ± 0.002 4.3 ± 0.2 7.3 ± 0.2 413 ± 15 

15 0.960 ± 0.001 11 ± 1 25 ± 1 466 ± 15 

30 0.963 ± 0.001 12 ± 5 29 ± 5 496 ± 15 

1050 

0 0.735 ± 0.003 1.19 ± 0.06 1.35 ± 0.06 57 ± 15 

0.2 0.812 ± 0.005 1.26 ± 0.04 1.32 ± 0.04 153 ± 15 

0.5 0.871 ± 0.003 1.94 ± 0.07 2.12 ± 0.07 284 ± 15 

1 0.914 ± 0.004 3.4 ± 0.2 4.1 ± 0.2 364 ± 15 

2 0.938 ± 0.002 4.9 ± 0.6 7.3 ± 0.6 430 ± 15 

5 0.955 ± 0.001 9.0 ± 0.8 14.0 ± 0.8 455 ± 15 

15 0.965 ± 0.001 14 ± 1 19 ± 1 497 ± 15 

30 0.963 ± 0.001 19 ± 3 22 ± 3 509 ± 15 

1075 

0 0.782 ± 0.004 1.11 ± 0.04 1.33 ± 0.04 119 ± 20 

0.2 0.871 ± 0.006 2.1 ± 0.3 2.5 ± 0.3 269 ± 20 

0.5 0.922 ± 0.004 5.0 ± 0.5 6.3 ± 0.5 376 ± 20 

1 0.941 ± 0.001 6.6 ± 0.3 8.4 ± 0.3 421 ± 20 

2 0.953 ± 0.001 10.0 ± 0.7 12.4 ± 0.7 443 ± 20 

5 0.961 ± 0.001 12.7 ± 0.9 15.6 ± 0.9 485 ± 20 

15 0.966 ± 0.001 16.0 ± 0.9 20.1 ± 0.9 515 ± 20 

30 0.963 ± 0.001 19.0 ± 0.6 23.9 ± 0.6 524 ± 20 

1100 

0 0.830 ± 0.006 1.6 ± 0.1 1.7 ± 0.1 181 ± 20 

0.2 0.914 ± 0.004 5.1 ± 0.5 6.0 ± 0.5 369 ± 20 

0.5 0.943 ± 0.001 7.6 ± 0.4 8.1 ± 0.4 422 ± 20 

1 0.953 ± 0.001 10.4 ± 0.4 10.8 ± 0.4 457 ± 20 

2 0.957 ± 0.001 14 ± 1 16 ± 1 483 ± 20 

5 0.964 ± 0.001 17.1 ± 0.6 21.0 ± 0.6 506 ± 20 

15 0.964 ± 0.001 20.3 ± 0.8 23.0 ± 0.8 526 ± 20 

30 0.967 ± 0.001 22.0 ± 0.9 26.2 ± 0.9 532 ± 20 

1150 

0 0.935 ± 0.002 4.7 ± 0.1 3.9 ± 0.1 382 ± 25 

0.2 0.956 ± 0.001 100 ± 10 113 ± 10 405 ± 25 

0.5 0.958 ± 0.001 131 ± 8 136 ± 8 428 ± 25 

1 0.958 ± 0.001 129 ± 10 157 ± 10 437 ± 25 

2 0.958 ± 0.001 146 ± 10 138 ± 10 445 ± 25 

5 0.958 ± 0.001 150 ± 40 173 ± 40 466 ± 25 

15 0.961 ± 0.001 126 ± 8 199 ± 8 472 ± 25 

30 0.958 ± 0.001 130 ± 8 134 ± 8 473 ± 25 

1200 

0 0.957 ± 0.001 110 ± 50 130 ± 50 379 ± 25 

0.2 0.959 ± 0.001 130 ± 7 158 ± 7 379 ± 25 

0.5 0.958 ± 0.001 124 ± 8 138 ± 8 393 ± 25 

1 0.958 ± 0.001 138 ± 2 165 ± 2 392 ± 25 

2 0.958 ± 0.001 115 ± 20 143 ± 20 357 ± 25 

5 0.959 ± 0.001 100 ± 10 155 ± 10 417 ± 25 

15 0.958 ± 0.001 118 ± 2 129 ± 2 472 ± 25 

30 0.953 ± 0.001 116 ± 3 135 ± 3 469 ± 25 
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Table 2 

Deconvolution of the Zn 2p, Cu 2p and O 1s XPS diagram of a sintered specimen with crystal 

precipitates. 

Chemical element 
Peak position (binding energy, eV) 

mol% 
Zn 2p3/2 Zn 2p1/2 Energy difference 

Zn in ferrite 1018.9 1042.0 23.1 38.9 

Zn in ZnO 1018.7 1041.5 22.8 61.1 

 Cu 2p3/2 Cu 2p1/2 Energy difference  

Cu in ferrite 930.0 949.5 19.5 46.4 

Cu in CuO 932.1 951.9 19.8 32.2 

Cu in Cu2O 930.5 950.1 19.8 21.4 

 O 1s   

O in ferrite 529.5 and 530.8  77.4 

O in precipitates 530.3  22.6 
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Fig. 1. Evolution of the imaginary part of the relative magnetic permeability (µ") with fired relative density 

() and average grain size (G), for a sintering temperature range of 1000-1200°C and a sintering time range 

of 0.0-30.0 h (see data in Table 1). 
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Fig. 2. Evolution of the  microstructure of the samples against sintering time at a sintering temperature of 

1100ºC: (a) 0 h, (b) 0.2 h, (c) 0.5 h, (d) 1 h, (e) 2 h, (f) 5 h, (g) 15 h and (h) 30 h. 
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Fig. 3. Evolution of the  microstructure of the samples against sintering temperature at a sintering time of 

5 h: (a) 1000ºC, (b) 1025ºC, (c) 1050ºC, (d) 1075ºC, (e) 1100ºC, (f) 1150ºC and (g) 1200ºC. 

 

Fig. 4. Evolution of the cross-sectional area occupied by crystal precipitates and precipitated crystal density 

against sintering temperature and sintering time. 

 

Fig. 5. Cross-sectional SEM micrograph showing the microstructure and grain boundaries of a sintered 

specimen with crystal precipitates. 
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Fig. 6. XRD diffractograms of two sintered specimens, with and without crystal precipitates. 

 

Fig. 7. Cross-sectional XPS spectra of two sintered specimens, with and without crystal precipitates. 

 

 


