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Abstract 

Nanometric cobalt ferrite has been investigated extensively due to its unique combination of magnetic properties. Most of these 

investigations are focused on the properties of nanopowders or individual nanoparticles. However, the possibility of obtaining 

bulk materials retaining the magnetic properties of the nanopowders is relevant for several technological applications. The 

production of nanostructured bulk magnetic materials received limited attention. In particular, the role of the microstructure in 

determining the magnetic properties of the final material is still poorly understood. In this work, we investigated the use of 

cobalt ferrite nanopowders produced using a simple, inexpensive, water-based method for the production of bulk nanostructured 

ferrites. The nanopowders, presenting a strong agglomeration, have been densified by high-pressure field-assisted sintering 

(HP-FAST). Different sintering conditions and powder treatments have been used to obtain materials with a spectrum of 

complex microstructures. We observed that the best magnetic properties are not necessarily associated with the more uniform 

microstructure. The magnetic properties of the obtained macroscopic objects, made of nanometric cobal ferrite grains, are really 

promising if compared with the literature.  
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1. Introduction 

Hard magnetic materials represent a crucial component in a 

large number of relevant technological applications. The best 

hard magnetic properties are presented by alloys, such as rare 

earth (RE) alloys containing neodymium or samarium [1-3] 

or, to a minor extent, ALNICO. However, the limited 

availability and the rising cost of RE metals [4], together with 

their chemical instability and low resistance to corrosion, have 

recently fuelled the interest towards alternative magnetic 

materials. Ceramic oxides represent an attractive alternative, 

as they do not suffer from oxidation or corrosion, are widely 

available, inexpensive, and environmentally friendly. 

However, the magnetic properties in magnetic oxides are still 

largely inferior to RE-based magnetic alloys. On the other 

hand, it has been shown that the nanostructure can 

significantly alter the magnetic properties of these oxides. [5-

8] The nanostructure, in fact, can drastically modify the 
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Figure 1. Schematic illustration of the HP-FAST apparatus. 

 

magnetization, the magnetic anisotropy, and the ordering 

(Curie and Néel) temperature of the magnetic material. [9,10] 

In particular, it is well known that the highest coercivity is 

obtained at the single to multidomain threshold, which for the 

most common magnetic materials falls in the 10-150 nm 

range. Such property is appealing for designing a permanent 

magnet, since a large coercivity is required to sustain the 

residual magnetization. The unusual magnetic properties 

exhibited by cubic ferrites nanoparticles (NP) have spurred a 

broad scientific interest over the last decades. [11,12] Cubic 

ferrites are compounds with a spinel crystal structure and 

general formula AB2O4, with A being a divalent cation and B 

FeIII. [13,14] If compared to their micrometric counterpart, 

nanometric ferrites possess unusual saturation magnetization 

and higher coercive field. [15-17] One of the most promising 

spinel ferrite is cobalt-doped magnetite. Recently, 40 nm 

Co0.6Fe2.4O4 nanoparticles have been proposed as a building 

block for the realization of permanent magnets (PM). [15] The 

substitution of FeII with the higher anisotropic ion CoII, leads 

in fact to the increase of the coercivity, with respect to 

magnetite, without significantly affecting the saturation 

magnetization.  

The magnetic properties of monodispersed nanopowders or 

nanocrystals have been extensively investigated, [18-25] but 

most technological applications require materials to be in bulk 

form. For this reason, the production of macroscopic bulk 

objects retaining the magnetic properties of the nanopowders 

is highly desirable. Despite that, the number of reports on 

cobalt ferrite bulk nanostructured materials is still quite 

limited. [26-30] The main challenges are represented by the 

control of grain growth during the sintering process and the 

preservation of the crystal structure. However, it has been 

recently shown that innovative fast sintering methods, such as 

Field Assisted Sintering (FAST) or Spark Plasma Sintering 

(SPS), offer the possibility to obtain the full densification of 

nanopowders while maintaining a very limited grain growth. 

[31-33] The use of high pressures (up to 1 GPa) coupled with 

fast sintering cycles has demonstrated to be particularly 

effective, even when low-quality nanopowders, presenting a 

high level of agglomeration, are used as starting materials. 

[34] Most studies on the magnetic properties of ferrite 

nanomaterials rely on synthesis methods that are designed to 

produce high-quality, monodisperse nanopowders. [18,35,36] 

These methods, however, are generally expensive, time-

consuming, and present very low yields. As such, they do not 

represent an ideal source of nanopowders for the realization of 

materials in bulk form. On the other hand, simpler and high-

yield methods, such as the Pechini method, [37] generally 

produce badly agglomerated nanopowders that are considered 

not ideal for sintering.  

This work aimed to fill the gap by exploring the possibility 

to prepare bulk nanostructured CoFe2O4 samples by high-

pressure field-assisted sintering (HP-FAST) starting from 

nanopowders produced using a simple, low-cost approach 

based on a modified Pechini synthesis and to characterize their 

magnetic properties.  

2. Methods 

2.1 Synthesis of ferrite NP 

Cobalt ferrite nanopowder has been synthesized using a 

modified Pechini method. 𝐹𝑒(𝑁𝑂3)3 ⋅ 9𝐻2𝑂, 𝐶𝑜(𝑁𝑂3) ⋅

6𝐻2𝑂 with cationic stoichiometry 2:1 and citric acid, with a 

molar ratio equal to 1.1 with respect to the sum of the cations, 

were dissolved in 60 mL of distilled water. The solution was 

kept under stirring at 80 °C for 16 h until a brown gel was 

formed. This gel was dried in a furnace at 120 °C for 2 h, then 

transferred into an alumina crucible and calcined at 600 °C for 

1 h. The product is represented by a strongly agglomerated 

black powder. In some cases, a mild milling treatment was 

performed using a FRITSCH Premium line P7 ball-miller with 

WC jars and balls. The jars were previously cleaned by milling 

7 mL of SiO2 powder at 400 rpm for 30 min.  

2.2 Sintering process 

Bulk nanostructured samples have been prepared using the 

home-made high-pressure field-assisted sintering (HP-FAST) 

apparatus, described in Figure 1. To achieve uniaxial pressures 

up to 1 GPa two-stage dies have been used. These composite 

dies include an external element, where most of the current 

flows and the heat is generated, made of high-density graphite 

and a second internal die, made of SiC or WC, allowing to 

obtain the high pressure. The combination of high pressures 

and high heating rates (200 °C/min) allows us to achieve a 

high level of densification with a minimum of grain growth. 

In a typical experiment, 0.150 g of nanopowders were placed 

in the double stage die with an internal diameter of 5 mm. The 

die was inserted in the HP-FAST apparatus and connected to 

a K-type thermocouple placed in its lateral wall. The HP-

FAST chamber was evacuated to a pressure of 10 Pa. Two 

different experimental procedures have been followed. In one 

case a moderate uniaxial pressure (200 MPa) was initially 

applied to the sample, the temperature was increased linearly 

with a heating rate of 200 °C/min until the sample reached the 
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designated sintering temperature (Tsint, investigated range: 500 

– 800 °C), and the pressure was then rapidly increased to the 

final value (Psint, investigated range: 400 - 600 MPa). The 

sample was kept under these conditions for 5 min.  

 
Figure 2  XRD patterns of the cobalt ferrite nanopowders and 

sintered samples. 

At the end of the sintering cycle the pressure was quickly 

released, and the power supply turned off. In the following, 

the samples obtained using this procedure are labeled SPS_1. 

In the second procedure, the pressure was applied at the 

beginning of the process and maintained constant throughout 

the sintering cycle. The same range of pressure and sintering 

temperature as in the SPS_1 series were investigated. These 

samples are indicated by the label SPS_2. Samples obtained 

through the procedure SPS_1 starting from milled powders are 

indicated by the label SPS_1-m. In all cases, the sintered 

samples were discs of 5 mm in diameter and 1 mm thick.  

2.3 Samples characterization  

The densities of the sintered samples were determined at room 

temperature by immersion in EtOH using the Archimedes 

method. The density of cobalt ferrite grains was evaluated 

from crystallographic data. [38] The structural 

characterization was made by X-ray diffraction. XRD data 

were acquired on a Bruker D8 Advance diffractometer with 

Bragg-Brentano geometry, using a step size of 0.03° (2θ) and 

an acquisition time of 5 s per step.  The microstructural 

characterization of the samples was performed using a high-

resolution scanning electron microscope (SEM, TESCAN 

Mira 3) operated at 15-25 kV. The content of Fe and Co was 

determined by energy dispersive spectrometry (EDS, EDAX). 

Microstructural characterizations of the sintered materials 

have been performed on ceramographic sections. In this case, 

the sample was embedded in epoxy resin (Buehler EpoThin 2 

Resin), sectioned, and polished. Before SEM analysis, all 

samples were coated with a carbon film using a Cressington 

carbon coater HR 208. The grain size of the nanopowder and 

of the sintered samples were calculated from the XRD pattern 

using the Scherrer equation and measured from SEM images 

using the software ImageJ. In this case, the reported values 

 

 

 
 

Figure 3: (a, top) SEM high-magnification and (b, bottom) 

SEM low-magnification images of the cobalt ferrite 

nanopowder. 

 

represent the average of at least 100 grains for each sample. 

The magnetic measurements were carried out at room 

temperature on sintered discs, inserted with the axial direction 

(i.e., the normal to the plane of the discs) perpendicular to the 

applied DC field. The magnetic response was recorded as a 

function of the applied field using a Physical Property 

Measurement System (PPMS) with a Vibrating Sample 

Magnetometer (VSM) by Quantum Design Inc. The energy 

product (BHmax) value was estimated from the BH curve, 

using the disc measured density and a demagnetizing factor of 

0.1, according to the value reported in the literature for the 

same geometry and orientation. [39] 

3. Results and Discussion 

3.1 CoFe2O4 nanopowders 

The nanopowder synthesized using the modified Pechini 

method were single-phase CoFe2O4, as evidenced by the XRD 
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pattern reported in Figure 2. The lattice parameter a, 

calculated using the Pawley method, [40] was 0.8382(2) nm,  

 

Figure 4 Hysteresis loops of the as-synthesized (black curve) 

and the ball-milled nanopowders (red curve).  

a value comparable with that reported in the literature for 

stoichiometric cobalt ferrite, [38] while the crystallite size, as 

calculated from the XRD pattern, was ca. 45 nm. The average 

particle size was confirmed by HR-SEM analysis (Figure 3a). 

Low-magnification images (Figure 3b) evidenced the 

presence of an extensive agglomeration. It is worth to stress 

that the obtained average grain size is very close to the value 

for which the energy product of cobalt ferrite has been 

reported to be maximum. [15] The magnetic hysteresis loop 

recorded at room temperature on this nanopowder is reported 

in Figure 4, while a summary of the magnetic properties is 

reported in Table 1. The values for saturation magnetization 

(MS, 71 emu/g), remnant magnetization (MR, 33 emu/g) and 

coercive field (HC, 2150 Oe) are comparable with the one 

reported in the literature for cobalt ferrite nanopowders 

obtained by various synthetic methods. [41-43] The BHmax, 

calculated considering the density of the stoichiometric cobalt 

ferrite (5.22 g cm-3), and the sample shape (hand pressed pellet 

in Teflon tape with oriented with the normal perpendicular to 

the applied field, demagnetizing factor=0.05), was 6.0 kJ/m3.  

The level of agglomeration decreased considerably after ball 

milling (see SI for SEM images), while the phase composition 

remained unchanged. The lattice parameter remained also 

constant (0.8384(2) nm), while a small decrease of the 

crystallite size, down to 35(5) nm, was observed. The 

hysteresis loop recorded at room temperature is shown in 

Figure 4, while the magnetic properties are summarized in 

Table 1. The saturation magnetization and the remanence 

remained almost unchanged (72 emu/g and 34 emu/g, 

respectively), while it was observed a slight decrease of the 

coercivity, from 2150 to 2000 Oe. The BHmax value was 6.2 

kJ/m3. These little differences are in the error range of the 

measurement technique (± 3 % on the magnetic moment 

value) and confirm that the milling process did not affect the 

crystallinity of the nanomaterial but decreased its 

agglomeration level.  

3.2 CoFe2O4 sintered samples 

Sintered samples were prepared using different combinations 

of temperature and pressure, using both as prepared and milled 

nanopowders. The sintering process did not produce 

modifications in the phase composition of the material that 

remained in all cases single-phase cobalt ferrites, as shown in 

Figure 2. The lattice parameters remained also unchanged (ca. 

0.8385(2) nm), while the crystallite size could not be 

determined due to X-ray focalization errors, commonly 

observed when the sintered samples are analyzed, because 

they are too small considering the width of the x-rays beam 

and so it hits also the lateral surface. The dependence of the 

relative density of the samples (i.e. measured to bulk cobalt 

ferrite density ratio) on the sintering temperature is reported in 

Figure 5 for an applied pressure of 500 MPa, as a 

representative case. All samples obtained from the as prepared 

nanopowder densified at T ≥ 600 °C and presented a relative 

density above 95 %, reaching a maximum of 98 % at 700 °C. 

 

Table 1 Structural and magnetic properties of the selected samples: coercive field (HC), saturation magnetization (MS) and 

remanent magnetization (Mr) recorded at room temperature and the calculated maximum energy product (BHmax); grain size 

evaluated by SEM images; relative density calculated as the ratio between the measured density and that of bulk cobalt ferrite.

 Hc (Oe) 

300K 

Ms (emu/g) 

300K 

Mr (emu/g) 

300K 

BHmax (kJ/m3) 

300K 

Grain size 

SEM (nm) 

Relative density (%) 

Powder 2150 71 33 6,0 35(5) - 

Milled Powder 2000 72 34 6,2 35(5) - 

SPS_1-opt 1040 77 37 5,5 65(10) 90 

SPS_2-opt 1000 73 30 3,8 55(10) 96 

SPS_1-m-opt 2150 77 41 8,2 60(20) 96 



 
Figure 5 Relative density of the sintered samples for the series 

SPS_1, SPS_2, and SPS_1-m as a function of the sintering 

temperature. Uniaxial pressure: 500 MPa. 

 
Figure 6 Grain size evaluated by SEM analysis of the sintered 

samples for the series SPS_1 and SPS_1-m as a function of 

the sintering temperature. Uniaxial pressure: 500 MPa. 

 

Milled nanopowders, presenting a reduced agglomeration, 

were densified more efficiently (Figure 5). In this case full 

density was achieved at temperatures just above 600 °C using 

a pressure of 500 MPa. 

It must be noted that pressure values of 400 MPa or higher are 

well above the typical values used in SPS or FAST processes, 

that are tens of MPa. However, such high pressure is essential 

to obtain high relative density values while keeping the 

sintering temperature and the sintering time low enough to 

avoid significant grain growth. Sintering times of only 5 

minutes have been indeed used in this work. However, the data 

in Figure 6 show that even using such short times the grain 

size increases rapidly with the sintering temperature. In fact, 

the grain size increased from 50(10) nm to 120(40) nm when 

temperature is varied between 500 °C and 700 °C, for the 

SPS_1 series and from 60(20) to 130(40) for temperature 

increase from 550°C to 700 °C, for the SPS_1-m series. 

 

 

 
 

Figure 7 SEM images of a polished cross-section of SPS_1-

opt. The detector used is a backscattered detector. 

The optimal sintering conditions for the process carried out on 

the milled nanopowders were identified to be at T = 575 °C 

and P = 650 MPa. Using these conditions, indeed, it was 

possible to reach high relative density (97 %), while the grain 

size was still below 60 nm. The samples obtained using the 

SPS_2 procedure showed a maximum density at 700 °C (96 

%). At higher temperature the material became too brittle. The 

microstructure of the sintered materials was strongly 

dependent on the type of starting nanopowders and on the 

sintering conditions.  
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Figure 8 SEM images of a polished cross-section of SPS_1-

m-opt. The bright spots correspond to amorphous WC 

deriving from the milling medium. The detector used is a 

backscattered detector. 

Bulk samples obtained from unmilled nanopowder, using 

the procedure SPS_1 presented a quite inhomogeneous 

microstructure. SEM-BS images of polished cross-sections of 

a sample sintered at 575 °C and 650 MPa and show how the 

agglomeration present in the starting nanopowder was 

retained in the sintered material (Figure 7). The images show 

the presence of some fully dense areas, micrometric in size, 

surrounded by regions presenting residual nanoporosity. No 

macro or mesoporosity was observed. The use of a mild 

milling treatment considerably improved the homogeneity 

(Figure 8). The large agglomerates were not observed 

anymore, although higher magnifications images showed the 

evidence of a residual agglomeration, sub-micrometric in size, 

together with some nanoporosity. Notably, the samples that 

underwent milling treatment always showed the presence of 

contamination from amorphous WC, deriving from the 

milling medium. The presence of this impurity was confirmed 

by the SEM analysis using EDS.  

 

 
 

Figure 9 SEM images of a polished cross-section of SPS_2-

opt. The detector used is a backscattered detector 

 

A much more uniform microstructure was obtained using 

the densification strategy SPS_2. In this case, the maximum 

uniaxial pressure was applied at the beginning, and it was 

maintained throughout the entire sintering cycle. In this way, 

the agglomerates were drastically reduced, as they were 

probably effectively crushed in the early stages of the process, 

where plastic deformation was still not possible (Figure 9).  

In order to determine which procedure provide the samples 

with the best magnetic properties, we investigated in detail 

three samples belonging to the different series prepared by 

keeping constant the sintering parameters (Tsint = 575 °C and 
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Psint = 650 MPa). These samples are called SPS_1-opt, SPS_2-

opt and SPS_1-m-opt.  

 
Figure 10 Hysteresis loop for the sintered samples SPS_1-opt, 

SPS_2-opt, and SPS_1-m-opt. 

 

The magnetic properties of the optimized samples produced 

during this investigation are summarized in Table 1, while 

Figure 10 shows the hysteresis loops measured at room 

temperature. First of all, it is instructive to compare the 

properties of the sintered samples with the nanopowders: for 

samples SPS_1-m-opt and SPS_1-opt both MS and MR at 300 

K increased after sintering up to 77 emu/g and 48 emu/g, 

respectively. Conversely, no increase is observed for SPS_2-

opt. The coercive field instead decreased in the sintered 

samples SPS_1-opt and SPS_2-opt to ca. 1000 Oe but not in 

SPS_1-m-opt, where it remained comparable to the starting 

nanopowder (2150 Oe). Consequently, the maximum energy 

product, evaluated using the density of the sintered pellet, is 

lowest for SPS_2-opt (3.8 kJ/m3 ), slightly increases for 

SPS_1-opt (5.5 kJ/m3) and reach the highest value of 8.2 kJ/m3 

for SPS_1m-opt, with an increase respect to the starting 

nanopowder of ca 30 % (6.2 kJ/m3). However, it deserves to 

be noted that a comparison with BHmax obtained on powder 

sample is hampered by the fact that the latter was estimated 

using the particle density and not the actual density of the 

pellet (unknown), and thus is overestimated. Finally, it is 

worth to mention that the values of the magnetic parameters 

we observed in our sintered samples were, in most cases, 

superior to those reported in the literature for densified cobalt 

ferrite materials [26-30,42,43] as described in Table 2. 

Particularly relevant is the considerable higher values of HC 

observed in the case of deagglomerated powder (SPS_1-m-

opt).  

 
Figure 11 Coercive field and saturation magnetization for the 

sintered samples of the series SPS_1-m as a function of the 

sintering temperature.

Table 2 Comparison of the magnetic properties with the literature. 

 Hc (Oe) 300K Ms (emu/g) 300K Grain size (nm) Relative density (%) 

This study 750-2150 70-86  45-150  88-100 

[28] 239 78.9 120 97 

[28] 666 70.0 100 97 

[29] 640 79.3 28 91 

[26] 222 83 71 97 

[27] 580 51 10 92 

[27] 525 69 12-15 93 

[27] 660 70 40-50 93 

[30] 826.1 82.1 <200 / 

https://www.zotero.org/google-docs/?rJqipm


Figure 12 Coercive field and saturation magnetization as a function of the relative density and grain size for all the sintered 

samples produced in this work. 

This result suggests that the microstructure plays an important 

role in determining the magnetic properties of the final 

sintered product. Surprisingly, a very uniform microstructure 

does not seem to be particularly advantageous to this goal. In 

fact, samples SPS_2-opt, which is characterized by a very 

homogeneous microstructure, presents a lower BHmax than 

SPS_1-opt, which has comparable relative density and grain 

size, but a very inhomogeneous microstructure, characterized 

by the presence of large agglomerates. On the other hand, 

SPS_1-m-opt shows the best magnetic properties, particularly 

regarding the coercive field, although the material presents an 

intermediate agglomeration and contains some contamination 

from the milling medium. Apparently, the material obtained 

using this procedure presents the best microstructure, in terms 

of grain size, relative density, and separation between the 

grains, to maximize loop area. 

Some further insight on the role played by the microstructure 

in defining the magnetic properties can be obtained from the 

data in Figure 11. In these figures, the coercive field and 

saturation magnetizations for the material presenting the best 

combination of magnetic properties (SPS_1-m) are reported 

as a function of the sintering temperature in the range 550-700 

°C. The coercive field and the magnetization presented an 

opposite trend: on increasing the sintering temperature the 

coercive field reduced to almost half the value of the starting 

powder, while MS slightly increased.  

To better identify the influence of structural parameters on the 

magnetic properties, HC and MS were plotted in 3D graphs as 

a function of the relative density and grains size (Figure 12) 

for all the sintered samples produced in this investigation. 

Despite some spreading in the data, the plot shows that, at least 

in the investigated range, the coercive field depends mainly on 

the relative density, being higher when the relative density is 

lower (the largest HC values were obtained for density in the 

range 80-90 %). However, a small influence of the grain size 

is also observed. The behavior of the magnetization is more 

complex: fully dense materials present the highest MS, while 

no clear trend with the grain size emerged.  

4. Conclusions 

We demonstrated that high-pressure field-assisted sintering 

(HP-FAST) allows obtaining almost fully dense cobalt ferrite 

macroscopic objects maintaining a nanometric grain size, 

even when the starting nanopowders present a significant level 

of agglomeration. The use of very high uniaxial pressures, up 

to 600 MPa, allows obtaining a significant plastic deformation 

of the agglomerates, removing all macro- and mesoporosity 

even using relatively low sintering temperatures and times, 

reduced to few minutes. The magnetic properties of the 

starting nanopowders are almost entirely retained in the bulk 

samples when a mild milling treatment is used before 

compaction. On one hand we found that the presence of large 

agglomerates affects the magnetic properties of the sintered 

material, on the other some level of heterogeneity in the 

microstructure helps preserving to a certain extent, the 

appealing properties of the nanopowders As a matter of fact 

the material sintered following the SPS_1-m procedure 

exhibits a much larger energy product of the compacted 

powder.  

The densification process introduces stronger interactions 

between the nanograins. Our results confirm that the role of 

these interactions in defining the magnetic characteristics of 

the sintered material is quite complex particularly in the case 

of materials presenting complex microstructures deriving 

from agglomerated nanopowders. 
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