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a b s t r a c t 

The incessant technological pursuit towards a more sustainable and green future depends strongly on 

permanent magnets. At present, their use is widespread, making it imperative to develop new process- 

ing methods that generate highly competitive magnetic properties reducing the fabrication temperatures 

and costs. Herein, a novel strategy for developing dense sintered magnets based on Sr-hexaferrites with 

upper functional characteristics is presented. An innovative cold sintering approach using glacial acetic 

acid as novelty, followed by a post-annealing at 1100 °C, achieves a densification of the ceramic magnets 

of 92% with respect to the theoretical density and allows controlling the particle growth. After the cold 

sintering process, a fraction of amorphous SrO is identified, in addition to a partial transformation to 

α-Fe 2 O 3 as secondary crystalline phase. 46 wt% of SrFe 12 O 19 remains, which is mostly recuperated after 

the post-thermal treatment. These findings do not significantly modify the final structure of ferrite mag- 

nets, neither at short- nor long-range order. The innovative process has a positive impact on the magnetic 

properties, yielding competitive ferrite magnets at lower sintering temperatures with an energy efficiency 

of at least 25%, which opens up a new horizon in the field of rare-earth free permanent magnets and new 

possibilities in other applications. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Constant technological requirements lead to research into new 

aterials and development of existing ones with new or improved 

ttractive functional properties. Specifically, the M-type hexafer- 

ites (MFe 12 O 19 , M = Pb, Sr, Ba) exhibit remarkable structural and 

ard magnetic properties [1–3] , and they are widely investigated 

 2 , 4 , 5 ]. Ferrites have a low cost as compared to their competitor

ermanent magnets (AlNiCo, MnBi, MnAl or NdFeB) and they are 

xides. Therefore, they do not present the corrosion problems of 

etallic alloys-based magnets and their manufacturing process is 

uch easier and cheaper with a stability of operation over time, 

emperature, and radiation [6] . Besides, the intrinsic characteristics 

f hexaferrites make them a suitable and green alternative to rare- 

arth-based permanent magnets in a variety of current applica- 
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ions, such as in small electric motors, microwave devices, record- 

ng media, telecommunication and electronic industry, and also in 

icro and nano-systems such as biomarkers, biodiagnostics and 

iosensors [7–11] . 

The ceramic magnets based on hexaferrites usually require high 

intering temperatures ( > 1200 °C) [12] and long dwell times to 

chieve density values > 90% with respect to the theoretical den- 

ity. However, during the solid-state sintering using thermal con- 

entional methodologies, a particle coarsening process towards an 

xaggerated growth takes place, which is detrimental to the mag- 

etic response [ 13 , 14 ]. Currently, many strategies are being investi- 

ated to avoid these issues and the results are often unpromising. 

or example, the incorporation of secondary phases is required to 

nsure densification at moderate particle sizes [12] but the sinter- 

ng temperature are not reduced < 1200 °C. 

An interesting approach to fabricate the ceramics magnets at 

ower temperatures and sintering times, i.e. from a greener per- 

pective, may be the cold sintering process (CSP). The CSP is a rel- 
c. This is an open access article under the CC BY license 
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Fig. 1. Representative scheme of the cold sintering route using GAA followed by a 

post-annealing step at 1100 °C for 2 h for obtaining dense SFO ceramics, 1 → 5. 
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tively new sintering route [15] in which inorganic powder com- 

ounds are mixed with an aqueous solvent that partially solubi- 

izes, promoting mass transport at low temperatures under an ap- 

lied uniaxial pressure, obtaining a dense material [16–18] . This 

intering process has been employed for the densification of a 

arge number of compounds using aqueous solvents, where many 

arameters can be considered to tailor the final properties of sin- 

ered materials [15–18] . Some works in this matter have even con- 

idered the use of pure organic solvents during the CSP. Berbano 

t al. employed ethanol in the CSP of Li 1.5 Al 0.5 Ge 1.5 (PO 4 ) 3 solid

lectrolyte [19] , Ndayishimiye et al. used TEOS as transient liquid 

n the preparation of (1–x ) SiO 2 – x PTFE composites [20] and Kang 

t al. demonstrated the use of dimethyl sulfoxide solutions for the 

ensification of metal oxides [21] . However, despite the great ad- 

ances made in such a short time, there are still many open ques- 

ions and materials that have not been considered or sintered by 

his innovative way. No CSP studies on permanent magnets have 

een reported on this matter. 

Here, a novel route based on CSP employing a non-aqueous 

olvent is followed to sinter dense permanent magnets based on 

r-hexaferrites. The innovative approach allows the structural and 

ompositional control of the ceramic magnets, reaching improved 

agnetic properties at lower sintering temperatures and with 

reater energy efficiency. This work also provides a further under- 

tanding of the sintering of hexaferrite-based ceramics, which open 

p a new horizon in the field of rare-earth free permanent mag- 

ets and beyond. 

. Experimental methods 

.1. Materials and processing route 

Dense hexaferrite ceramics were reached by CSP using glacial 

cetic acid (GAA) as a pure organic solvent plus a subsequent post- 

nnealing. Fig. 1 illustrates the sintering steps followed. Prior to 

he CSP, commercial platelet-shaped SrFe 12 O 19 (SFO) particles from 

ax Baermann GmbH Holding (Germany) and GAA from Sigma- 

ldrich were mixed in a proportion of 50/50 wt% in an agate 

ortar for 10 min until the solvent is distributed homogeneously 

round the ferrite particles (Steps 1 and 2). The initial excess of 

AA ensures its homogeneous distribution and the consequent par- 
2 
ial dissolution of the particle surfaces. Subsequently, the resulting 

etted mixture of SFO plus GAA was pressed at 150 MPa (green 

iece, labelled G) for 5 min at room temperature (RT) in a cylin- 

rical die (Step 3). The pieces pressed into the die were submit- 

ed to CSP (labelled CSP) heating with an annealing rate of 20 °C 

in 

−1 at 190 °C and applying a pressure of 400 MPa for 2 h in

ir atmosphere (Step 4). CSP samples were then extracted from 

he die and thermally treated at 1100 °C for 2 h in air (Step 5)

o obtain the final magnets (CSP1100 °C). These sintered ceramics 

ere compared with SFO-based magnets obtained by a conven- 

ional process, which were pressed at 270 MPa and subsequently 

intered at 1100 °C (Cn110 0 °C) and 130 0 °C (Cn130 0 °C) for 4 h in

ir. 

.2. Characterisation procedure 

The relative density of the SFO-based pieces was evaluated by 

he Archimedes method and by the mass/dimensions values. Rel- 

tive densities were calculated considering the theoretical density 

f SFO (5.10 g cm 

−3 ) [22] , α-Fe 2 O 3 (5.26 g cm 

−3 ) [23] and SrO

5.01 g cm 

−3 ) [24] , identified by X-ray diffraction (XRD) and X-ray 

bsorption spectroscopy (XAS) techniques. 

The morphology of the SFO ceramics was analyzed by field 

mission scanning electron microscopy (FESEM), with an S-4700 

itachi instrument at 20 kV. Samples were studied on fresh frac- 

ured surfaces, except to those sintered by conventional route that 

ere polished and thermally etched at a temperature value of 10% 

elow the sintering temperature. ImageJ software was employed to 

enerate the particle size distribution from FESEM images and de- 

ermine the average particle size. 

XRD measurements were carried out in a D8 Advanced Bruker 

iffractometer using a Lynx Eye detector and a Cu K α radiation 

ith a λ = 0.154 nm in the 2 θ range 25–65 deg. Rietveld refine- 

ents of the XRD data were carried out using the software FullProf 

25] in order to obtain quantitative information from the samples. 

he propagation of errors is considered to calculate the uncertainty 

n the refined parameters. In the refinements, a Thompson-Cox- 

astings pseudo-Voigt function was used to model the peak-profile 

26] . The instrumental-contribution to the peak-broadening was 

etermined from measurements of a standard powder (NIST LaB6 

RM® 660b) [27] and deconvoluted from the data. The sample- 

ontribution to the broadening was considered as purely size- 

riginated. 

XAS was performed on the sintered samples to evaluate the ef- 

ect of the sintering method in the short-range structural modi- 

cations of the SFO structure. Powdered samples were character- 

zed at the Fe and Sr K-edge at the BL22 CLÆSS beamline of the 

LBA synchrotron facility (Barcelona, Spain). XAS measurements 

ere collected on pellets prepared by mixing proper amount of 

ample with cellulose, at RT in transmission mode. The monochro- 

ator used in the experiments was a double Si crystal oriented 

n the (311) direction, with an incident energy resolution less than 

.3 eV at Fe K-edge. Higher harmonic rejection was achieved by 

 proper choice of angle and coating of collimating and focusing 

irrors. The incident and transmitted intensity were detected with 

wo ionization chambers filled with N 2 and inert gases in order to 

ave 10 and 75% absorption, respectively. Metal foils were mea- 

ured and used as reference to calibrate the energy. SFO starting 

owders, α-Fe 2 O 3 and SrO powder references were also measured 

s reference from transmitted photons. 

For the theoretical extended X-ray absorption fine structure 

EXAFS) calculations, Fourier transform was performed in the 

 

3 χ ( k ) weighted EXAFS signal between 2.5 and 13.0 Å 

−1 at the Fe

-edge and between 3 and 11.5 Å 

−1 at the Sr K-edge. Experimen- 

al EXAFS results were fitted in R -space in the range 1.4–3.8 Å and

.5–4.4 Å at the Fe and Sr K-edge, respectively, using the FEFFIT 
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Fig. 2. (a) Relative densities for G (Step 3), CSP (Step 4), CSP1100 °C (Step 5), Cn1100 °C and Cn1300 °C. FESEM images of (b) starting SFO powders and SFO ceramic processed: 

(c) Cn1100 °C, (d) Cn1300 °C, (e) CSP and (f) CSP1100 °C. The white bars correspond to 5 μm. 
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ode [ 28 , 29 ]. The fitting was performed by fixing the shift at the

dge energy for each absorption edge, which were previously cal- 

ulated from the starting SFO powders (used as reference). There- 

ore, the coordination number N , the interatomic distance R and 

he Debye-Waller (DW) factors for each shell are used as free pa- 

ameters. Only the most intense single-scattering paths were con- 

idered for the fitting. At the Fe K-edge position, a first shell pro- 

uced by the interaction of a Fe absorbing atom with six O atoms 

nd a second one constituted by two shells of six Fe atoms each 

ere considered. At the Sr K-edge position, a three-shell model 

as considered with a first and a second shell produced each by 

he interaction of a Sr absorbing atom with six O atoms and a third 

hell formed by the interaction of a Sr absorbing atom with fifteen 

e atoms. 

Magnetic properties of the sintered ferrites were evaluated by 

 vibrating sample magnetometer (PPMS-VSM model 60 0 0 con- 

roller, Quantum Design system) and acquired under a maximum 

pplied magnetic field of 5 T at RT. Therefore, here the magnetiza- 

ion values are given at 5 T (M 5T ) instead of saturation magnetiza- 

ion (M S ) [30] . 

. Results and discussion 

.1. Morphological and structural properties of hexaferrite permanent 

agnets 

The innovative strategy by CSP using GAA as a novelty plus 

 subsequent post-annealing was followed to sinter dense hex- 

ferrite ceramics with improved magnetic properties. During the 

intering process of the SFO, the relative density of the pieces 

as evaluated and data are shown in Fig. 2 a. The piece obtained 

rom the mixture of SFO and GAA compacted in Step 3 (pellet 
3 
) presents a relative density of 61%, which is increased to 85% 

fter the CSP (Step 4). Subsequent annealing at 1100 °C for 2 h 

CSP1100 °C) induces a remarkable increase of the relative den- 

ity to 92%, which is a satisfactory ceramic densification for many 

urrent magnetic applications. This density value supposes a sig- 

ificant increase of 20% with respect to the hexaferrite magnet 

intered by a conventional route at same temperature for 4 h 

Cn1100 °C). It is required to pass the temperature from which the 

errite particle size grows significantly (Cn1300 °C) to get the high- 

st relative density of 97%, with the negative consequences on the 

agnetic properties. 

The effect of the sintering process on the ceramic morphology, 

nalyzed by FESEM, is shown in Fig. 2 b–f. The starting SFO pow- 

ers show a platelet-like morphology as commented above with 

 bimodal average size of 1–3 μm and 10 0–50 0 nm, which grow 

s the conventional route is followed at 1100 °C to more homo- 

eneous particles with an average value of 1.7(3) μm. A particle 

rowth with an average value of 7(2) μm is reached at 1300 °C. 

t should be mentioned that the presence of triple point junctions 

aving 120 ° angles with straight particle boundaries and the ex- 

stence of closed porosity indicate that the third stage of sintering 

s achieved at 1300 °C. This is not observed for Cn1100 °C where 

he particle morphology continues retaining a platelet shape with 

 slight growth and an open porosity that point to the microstruc- 

ural equilibrium not being completely attained. 

When the SFO powders are processed by CSP using GAA as or- 

anic solvent, a particle refinement is identified with respect to the 

tarting powder. The coalescence of smaller particles in equiaxed 

articles and an average size of 1.1(4) μm are noted. After the post- 

nnealing process of the CSP ceramics at 1100 °C, a change in the 

article morphology is identified with more rounded and homoge- 

eous particles of around 1.0(2) μm in size that signaled the influ- 
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Fig. 3. (a) Rietveld refinement (continuous lines) of the XRD patterns (grey dots) for 

CSP and CSP1100 °C, indicating the phase proportion after the CSP. (b) The crystallite 

size (squares) and the unit cell volume (triangles) are also represented along the 

values calculated for the ceramics sintered by conventional route and the starting 

SFO powders. 
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Table 1 

Results of LCF performed in the XANES range showing the phase 

composition of the permanent magnets sintered. Fraction of each 

phase is calculated considering the results at both absorption 

edges. 

Sample SFO (%) SrO (%) α-Fe 2 O 3 (%) 

CSP 46.0(5) 28.2(4) 25.8(5) 

CSP1100 °C 92.4(3) 7.6(3) 0.0(1) 

Cn1100 °C 96.2(3) 3.8(5) 0.0(1) 

Cn1300 °C 99.2(4) 0.8(1) 0.0(1) 
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nce of the sintering route in the effective particle growth inhibi- 

ion. 

The identification of phases and long-range structural modifi- 

ations of the SFO lattice induced with the sintering process have 

een investigated by means of XRD. Fig. 3 a shows the XRD pat- 

erns related to CSP and CSP1100 °C. For the CSP magnet, along 

ith the SFO diffraction pattern [22] , Bragg’s peaks related to α- 

e 2 O 3 phase [23] are recognized and a crystalline fraction of 34% 

s obtained by Rietveld refinement. Thus, a partial destruction of 

he ferrite phase is induced by the CSP under pressure, which is 

ecovered after the annealing process at 1100 °C (CSP1100 °C sam- 

le) that also helps to improve the densification. 

The model-to-data agreement of the XRD patterns for the rest 

f samples is shown in Fig. S1 in the supplementary information 

SI). In the ceramics sintered by the conventional methodology, 

nly the reflections associated with ferrite are identified [22] , and 

o other crystalline secondary phases are detected. In addition, the 

FO lattice parameters (see SI) and unit cell volume ( Fig. 3 b) cal-

ulated for the CSP ceramic are similar to those obtained for the 

FO starting powders, while the rest exhibits an expansion of the 

attice. Concerning the crystallite size, just the Cn1300 °C ceramic 

hows a growth with a value around 117 nm larger than the SFO 

owder (97 nm). It should be pointed out that all samples show 
4 
arge differences between the particle and crystallite sizes, indicat- 

ng the large number of crystallites are forming the SFO particles. 

he crystalline growth in the sintered magnets during the sintering 

rocesses could have been inhibited by the presence of secondary 

nd amorphous phases identified by XRD and XAS. 

Possible non-crystalline phases, unidentified by XRD, may be 

iven during the sintering process, especially after the CSP step. In 

ddition, important modifications on the Fe and Sr stoichiometry 

nd on the short-range SFO structure could have happened. This 

nvestigation was carried out by XAS experiments, at the Fe and 

r K-edge. Both X-ray absorption near-edge structure (XANES) and 

XAFS experiments were performed. 

XANES results for the sintered ceramic magnets along with the 

ANES profiles of the starting SFO, α-Fe 2 O 3 and SrO references are 

hown in Fig. 4 a. From the absorption edge position at the XANES 

egions, the average valence of the absorbing atoms for all ceram- 

cs is calculated to be 3 + and 2 + for the Fe and Sr cations, re-

pectively (see Fig. S2 in SI) [ 31 , 32 ]. Besides, a similar XANES pro-

le of the sintered ferrite to that of the SFO powders is identified 

n both absorption edges, with changes in some resonances for the 

ase of the CSP ferrite. By a linear combination fitting (LCF) of the 

ANES signal, around a 46% of SFO and a 26% of α-Fe 2 O 3 phase

re obtained for the CSP ceramic ( Fig. 4 b and Table 1 ). These find-

ngs suppose a ratio of α-Fe 2 O 3 and SFO phases of 0.56, corrob- 

rating the XRD results where a α-Fe 2 O 3 /SFO ratio of 0.52 was 

ound. Interestingly, along the α-Fe 2 O 3 phase, already identified by 

RD, here a proportion of a second secondary phase is recognized: 

rO phase with a 28%, which may be considered an amorphous 

ompound generated during the CSP step from the Sr cations lo- 

ated in the Sr ferrite structure. As the post-annealing of the CSP 

agnet is carried out, the ferrite phase is almost completely re- 

overed, obtaining a slight quantity of amorphous SrO (8%) and 

ithout evidences of the hematite polymorph. By comparing the 

intering process by using GAA with the standard aqueous solvent 

n the CSP step [15] , the aqueous solvent inhibits the densification 

f material and the recovery of SFO after the post-annealing (see 

igs. S4 and S5 in SI). During the sintering process by CSP using 

queous solutions, more problems in maintaining the formulation 

f the compound are identified [ 21 , 33 ]. Besides, a low dissolution

f particle surface during the first stages of CSP can be considered 

aking into account the similar morphological characteristics to the 

tarting SFO particles and the lower relative density of 84% with 

espect to the permanent magnets sintered by CSP using pure sol- 

ent (GAA). 

Particularly, the pre-edge peak in the XANES region at the Fe 

-edge (related to 1s → 3d transitions) [34] shows intensity mod- 

fications with the sintering process, see Figs. 4 a and S3 in SI. The 

ighest intensity is found for the Cn1300 °C sample, indicating a 

istortion of site symmetry for Fe 3 + cations respect to those of the 

tarting SFO powders that show a lower intensity with a coordina- 

ion closer to the octahedron. In addition, for the Cn1300 °C sam- 

le, the intensity at the whiteline is the lowest in agreement with 

he largest decrease of the coordination number as the EXAFS re- 

ults confirm below. With respect to the position of the pre-edge 
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Fig. 4. (a) XANES spectra (continuous lines) at the Fe and Sr K-edge and LCF curves (dashed lines) for CSP, CSP1100 °C, Cn1100 °C and Cn1300 °C. (b) Fraction of each phase 

obtained from the LCF of the XANES spectra at the Fe K-edge (left) and the Sr K-edge (right) for all ceramics sintered. 

Fig. 5. Fourier transform modulus of the EXAFS spectra (dots) at the (a) Fe and (b) Sr K-edge and best-fitting simulations by a three-shell model (continuous lines) of the 

processed magnets and SFO powders, along with α-Fe 2 O 3 and SrO references. 
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eak, similar values are identified for all samples, indicating that 

he oxidation state of Fe cations is the same, 3 + [31] , as calcu-

ated above. 

Short-range ordering analysis of cations around the Fe and Sr 

ations and the parameters obtained by EXAFS are shown in Fig. 5 

nd Table 2 . The most significant alterations are found in the struc- 

ure of the SFO-based ceramic after the CSP. Some modifications 

t the second and the third Fe-Fe shells are distinguished close to 

he signal of the hematite structure, corroborating the phase trans- 

ormation with the CSP and the XANES data. With respect to the 

r ions, an intensity reduction at the three modeled coordination 

hells is obtained after the CSP ( Table 2 ). As the post-annealing 

s performed, the SFO structure is recovered achieving similar EX- 

FS parameters than the starting SFO powders. For all samples, no 

odifications in the DW factors are observed at both absorption 

dges with respect to the reference powders, neither with the sin- 
5 
ering step nor with the sintering process. To conclude, the reduc- 

ion of the coordination number at both edges for the sintered ce- 

amics (mostly in Cn1300 °C) with respect to the starting SFO pow- 

ers (see Table 2 ) should be mentioned, which indicates the loss 

f some atoms into the structure inducing defects (e.g. vacancies) 

uring the sintering process [14] . 

Hence, the selectivity of XAS analysis has allowed to detect 

hat happens to the ferrite during the sintering process and where 

he Sr cations are located as the ferrite structure is transformed 

i.e. forming a SrO amorphous secondary phase). Furthermore, 

hese findings can explain why Sr surplus is generally required to 

roduce α-Fe 2 O 3 -free SFO as identified in some studies [ 35 , 36 ],

hich has represented an issue in ferrite manufacturing for a long 

ime. While the stoichiometric Sr:Fe ratio of the ferrite is 1:12 [3] , 

atios as high as 1:1 have been needed for its synthesis, which en- 

ails a great Sr excess resulting in the formation of amorphous SrO. 
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Table 2 

Results of the EXAFS fittings by a three-shell model at the Fe and Sr K-edge of ferrite ceramics. EXAFS parameters are compared with results obtained from magnets 

processed by the conventional route and starting SFO, α-Fe 2 O 3 and SrO references. 

Fe K -edge Sr K -edge 

Sample shell N R ( ̊A) DW( ̊A 2 ) shell N R ( ̊A) DW( ̊A 2 ) 

Starting SFO powder 

Fe-O 6 1.960(4) 0.013(2) Sr-O 6 2.795(3) 0.007(2) 

Fe-Fe 6 2.970(6) 0.006(2) Sr-O 6 2.99(1) 0.004(2) 

Fe-Fe 6 3.465(4) 0.009(1) Sr-Fe 15 3.690(6) 0.015(2) 

Cn1100 °C 
Fe-O 5.8(2) 1.959(4) 0.013(1) Sr-O 5.4(4) 2.79(1) 0.007(2) 

Fe-Fe 4.7(1) 2.968(8) 0.005(2) Sr-O 5.5(3) 2.98(1) 0.004(1) 

Fe-Fe 6.1(2) 3.459(4) 0.009(1) Sr-Fe 14.3(3) 3.692(7) 0.015(2) 

Cn1300 °C 
Fe-O 5.3(1) 1.954(4) 0.013(1) Sr-O 5.6(4) 2.792(9) 0.006(2) 

Fe-Fe 3.9(2) 2.956(8) 0.005(1) Sr-O 5.9(3) 2.98(1) 0.004(2) 

Fe-Fe 6.1(1) 3.451(4) 0.009(1) Sr-Fe 14.8(1) 3.688(6) 0.015(1) 

CSP 

Fe-O 5.8(1) 1.959(5) 0.012(1) Sr-O 3.8(3) 2.79(1) 0.006(2) 

Fe-Fe 5.3(1) 2.961(8) 0.003(2) Sr-O 4.5(3) 2.98(1) 0.005(2) 

Fe-Fe 3.6(2) 3.417(8) 0.005(2) Sr-Fe 9.5(1) 3.69(1) 0.015(1) 

CSP1100 °C 
Fe-O 6.1(2) 1.956(4) 0.012(1) Sr-O 6.0(4) 2.79(1) 0.006(2) 

Fe-Fe 5.8(2) 2.968(8) 0.006(1) Sr-O 5.8(3) 2.98(1) 0.004(2) 

Fe-Fe 6.0(2) 3.452(4) 0.008(1) Sr-Fe 15.0(3) 3.691(6) 0.015(2) 

α-Fe 2 O 3 powder reference 

Fe-O 6 1.96(1) 0.013(1) 

Fe-Fe 4 2.948(7) 0.006(1) 

Fe-Fe 3 3.375(8) 0.006(1) 

SrO powder reference Sr-O 6 2.621(3) 0.011(1) 

Sr-Sr 12 3.728(6) 0.021(2) 

Fig. 6. Hysteresis loops representing the magnetic response for (a) Cn1100 °C and Cn1300 °C and (b) CSP and CSP1100 °C. (c) Dependence between the M 5T values and SFO 

wt%. (d) M R /M 5T ratio versus H C obtained from the magnetic curves. 
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.2. Magnetic performance of hexaferrite permanent magnets: 

mproving functional response 

The functional magnetic response of the sintered ferrites was 

valuated and represented in Fig. 6 . For all ceramic magnets a 

haracteristic hysteresis loop of a ferromagnetic material is mea- 

ured with singular properties depending on the sintering pro- 

ess. Cn1100 °C presents a H C of 2.2 kOe and a M 5T of 72.2 emu

 

−1 . However, despite the interesting magnetic properties as hard 
6 
agnetic material, the relative density of the magnet is low and 

he mechanical integrity is poor. By increasing the sintering tem- 

erature to 1300 °C, densification is achieved as shown above, 

ut reducing considerably the H C to 1.0 kOe due to the particle 

rowth (see Fig. 6 a). Conversely, for CSP magnet (see Fig. 6 b), who

resents 85% relative density, the partial decomposition of SFO into 

-Fe 2 O 3 and SrO compounds with the sintering process is traduced 

n a reduction of coercivity (H C of 1.5 kOe) and magnetization at 

 T (M 5T = 49.2 emu g −1 ). These results are in agreement with
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he presence of non-magnetic SrO phase and the low saturation 

agnetization of α-Fe 2 O 3 . However, after the post-annealing at 

100 °C (CSP1100 °C), in addition to the increased density to 92%, 

 clear improvement of magnetic properties is obtained with a H C 

f 2.8 kOe and M 5T = 73.7 emu g −1 , as a consequence of recrystal-

ization of the ferromagnetic SFO phase. For that, the role of GAA 

n the CSP is crucial allowing also to refine the particle size dur- 

ng the sintering process, which results in an improvement of the 

oercivity value. In all cases, the BH max values are estimated from 

he open hysteresis loops and non-orientated samples, obtaining 

he highest merit figure for the CSP1100 °C magnet (see Table S3 in 

I). Besides, the dependence between the M 5T values and the wt% 

f the ferromagnetic phase (i.e. SFO) is also recognized and dis- 

layed in Fig. 6 c. These properties are perfectly competitive when 

ompared to commercial ferrite magnets (Hitachi metals NMF-7C 

eries offer H C = 2.8–3.3 kOe and M S = 68 emu g −1 ) [37] . Addi-

ionally, given that competent ferrite magnets can be sintered at 

200–1250 °C by the incorporation of secondary phases, our pro- 

edure allows reaching similar performance at 8–12% lower tem- 

eratures which means an energy efficiency of at least 25%. 

During the CSP, a slight increment of the degree of magnetic 

lignment between particles is also attained, with a M R /M 5T ra- 

io of 0.54, exceeding the predicted value for an assembly of 

on-interacting particles randomly oriented [38] . The M R /M 5T ra- 

io rises even more up to 0.62 with the post-annealing for the 

SP1100 °C magnet, as Fig. 6 d shows. This magnetic improvement 

s likely due to a favourable arrangement under pressure of the 

errite platelets facilitated by the liquid solvent. 

. Conclusion 

Herein a strategy to sinter ceramic magnets based on Sr- 

exaferrites with interesting structural and magnetic characteris- 

ics is developed. An approach combining the CSP as an intermedi- 

te step, in which GAA is employed as pure solvent, plus a sub- 

equent post-annealing has densified the ceramic magnets to a 

elative density of 92%. Despite the partial transformation of the 

agnetic phase during the CSP, which is accompanied by a reduc- 

ion of the magnetic properties, after the post-annealing of the CSP 

eramic at 1100 °C the magnetic phase is recovered with parti- 

le refinement. An improvement in the final functional response 

f the ceramic magnets is achieved, greatly surpassing the per- 

ormance of the hexaferrite magnets processed by conventional 

oute and with very competitive response at lower temperatures. 

hese investigations are the first step in a very promising direc- 

ion, demonstrating a feasible and green sintering way towards the 

evelopment of dense rare-earth free oxide permanent magnets for 

 large number of technological applications. 
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