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ABSTRACT 

Mixed powders of Bi2O3 and Fe2O3 are shown to yield single-phase, dense nanostructured 

polycrystals of BiFeO3 in reaction flash sintering experiments, carried out by applying a field 

of 50 V cm–1 and with the current limit set to 35 mA mm–2. The furnace was heated at a 

constant rate with the reaction sintering taking place abruptly upon reaching 625oC. 

Remarkably, an intermediate bismuth-rich phase of the oxide that forms just before reaching 

the flash temperature, transforms, and at the same time sinters, into single-phase BiFeO3 

within a few seconds after the onset of the flash. The BiFeO3 so produced is electrically 

insulating, a property that is critical to its applications. This one-step synthesis of single-phase 

polycrystals of complex oxides from their basic constituents, by reaction flash sintering, is a 

significant development in the processing of complex oxides, which are normally difficult to 

sinter by conventional methods.  
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1. INTRODUCTION 

Looking for new methods of synthesis has always been a matter of research in materials 

chemistry.1 The current trend is not only to discover fast, energy-efficient and 

environmentally friendly approaches, but also to induce chemical reactions that are far from 

equilibrium by various kinds of excitations. For instance, in mechanochemistry, mechanical 

energy can produce chemical reactions.2, 3 Microwave radiation is employed in synthesis of 

organic and inorganic compounds.4-7 Lasers have been applied to synthesize materials with 

control at the nanometric scale.8, 9 Sonochemical-based methods use ultrasound irradiation to 

produce liquid phase reactions, induced by cavitation.10  

Electric field assisted-methods have shown that electric current enhances the kinetics of 

inter-diffusion processes in solid-state reactions.11 In Spark Plasma Sintering (SPS), pulsed, 

high DC currents have been used for synthesis.11-14  However, the highly reducing conditions 

in SPS can degrade the properties of the resulting materials. For example, BiFeO3 sintered by 

SPS suffers from high leakage current.15 The application of modest electrical fields (few tens 

of V cm–1) and small DC currents (tens of mA mm-2) can produce a sharp increase in 

conductivity and electroluminescence, which is accompanied by sudden sintering at low 

furnace temperatures.16, 17 This approach, called “Flash Sintering”, has been applied to the 

densification of a number of different materials.18-31  

The aim of the present work is to explore if chemical reactions and sintering can be 

merged into a single step in flash experiments. We are able to show that single phase, nearly 

dense, polycrystals of BiFeO3 can be synthesized from powders of Bi2O3 and Fe2O3 in just a 

few seconds; we call it reaction flash sintering (RFS).  

BiFeO3 is a multiferroic material at room temperature, with potential applications in data 

storage, magnetoelectric sensors and even photocatalytic applications.32-38 Nevertheless, the 

difficulties in obtaining pure phase, highly insulating material is hindering its application. 

Thus, for example, high performance epitaxially grown BiFeO3 thin films can be prepared by 

pulsed laser deposition only from phase-pure ceramic targets.39 In previous work we have 

shown that high quality BiFeO3 pellets could be obtained by flash sintering of nanoparticles 

of pure BiFeO3.40 In the present work, we show that similar results can be obtained in just 

one-step from simple oxides, Fe2O3 and Bi2O3, where the reaction and sintering occur 

concurrently. The results presented here open the door to using flash to produce single-phase 

compounds of complex oxides in a single step from basic starting materials, which is 

normally not possible (or very difficult) by conventional methods. 
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2.  EXPERIMENTAL 

2.1 Sample preparation 

Stoichiometric mixtures of Bi2O3 (Sigma-Aldrich 223891-500G, 10 μm, 99.9% purity) 

and Fe2O3 (Sigma-Aldrich 310050-500G, <5 μm, ≥99% purity) were ball milled for 15 

minutes to obtain a homogenous mixture of the starting oxides. Approximately 800 mg of the 

powders were pressed into dog-bone shaped specimens by applying a uniaxial pressure of 

250 MPa. Platinum paste was applied into the holes of the handles of the green-body samples, 

in order to improve the electrical contact with the platinum wires which served as electrodes 

as well as “hangars” for placing the specimens in the furnace. These wires were connected to 

a EA-PS 8720-15 DC power supply, 3000W (EA Elektro Automatik, Helmholtzstraße, 

Germany).  Current and voltage measurements were taken by means of a two channels 

Keithly 2110 5 ½ digital multimeter (Keithley Instruments, Cleveland, USA). The shrinkage 

of the samples was monitored by a 1/3 inch Sony CCD sensor camera (Imaging Source DMK 

23U445). A scheme of the experimental setup is presented in Fig. 1.  

The experiments were performed at a constant heating rate of 10 ºC min-1 in an airflow 

of 100 cm3 min-1. Electrical fields ranging from 25 to 100 V cm-1 were applied until the 

reactive flash event took place. This event was signalled by a non-linear rise of the 

conductivity. When the current reached a prescribed limit, the power supply was switched 

from voltage to current control. Current intensity limit was set in the range 20-50 mA mm-2. 

In every experiment, the flash state was maintained for approximately 60 seconds, before the 

power supply was switched off and the furnace was allowed to cool down. Images of the 

specimen were acquired with the camera at a rate of one per second. A movie of the Flash 

experiment at an applied voltage of 50 V cm-1 and a current intensity limit of 35 mA mm-2 is 

included as supplementary information; it shows that sample shrinkage is accompanied by 

electroluminescence. 

 

 

2.2  Sample characterization 

XRD data were collected on a Rigaku Miniflex diffractometer working at 45 kV and 40 

mA. Additionally, the pattern for Rietveld refinement was collected on a PANalytical X'Pert 

PRO diffractometer, working at 45 kV and 40 mA, using CuKα radiation and equipped with 

an X'Celerator detector and a graphite diffracted beam monochromator. FullProf software 

was used for the Rietveld refinement.41  
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Differential scanning calorimetry experiments were performed in a simultaneous 

TG/DSC Instrument (Q600 SDT, TA Instruments, Crawley, UK) in the temperature range 

from 250ºC to 850ºC. The samples were placed in open alumina pans and the DSC curves 

were recorded on heating and cooling at 10 ºC min-1 under an airflow of 100 cm3 min-1. 

SEM micrographs were collected using a Hitachi S-4800 SEM-FEG, equipped with an 

energy dispersive X-ray spectrometer (EDX), Quantax Bruker. The field-emission gun 

operated at 2 kV in order to obtain the micrographs, while for EDX analysis, it operated at 20 

kV. The samples were Au sputter-coated at room temperature in an Emitech K550 Sputter 

Telstar. 

The reaction mechanism was characterized by a high resolution TEM with field 

mission gun (FEG-HRTEM) from FEI Company, USA, (Model TECNAI G2 F30 S-twin), 

with a Fischione Instruments (USA) high angle annular dark-field detector (HAADF, 0.16 

nm point resolution) to work in STEM mode, and one INBCA ZX-max 80 silicon drift 

detector for EDS analysis. The experiments were performed at 300 kV with a resolution of 

0.2 nm. The samples were prepared by dispersing the powders in isopropanol for 1 hour, 

picking up a drop of the diluted supernatant and the subsequent deposition in a glass sample 

holder. Immediately, a carbon coated grid was smoothly rubbed onto the deposited drops and 

finally the grids were dried slowly at room temperature for the solvent to evaporate. The 

analysis of high resolution micrographs and the first Fourier transform for phase 

interpretation were performed with Digital Micrograph software (Gatan Inc., USA) and the 

Java version of JEM Software. Additionally, the microstructural characterization was carried 

out using a STEM TALOS F200S, working at 200 kV and 5nA. The BiFeO3 foil was prepared 

by means of a Gatan 691 PIPS.   

The impedance measurements were collected using a PMS 1735 Newtons4th Ltd 

Impedance Analyser (UK), over the frequency range from 100 Hz to 1 MHz, an ac measuring 

voltage of 0.1 V and a temperature range from 300 ºC to 380 ºC. Measurements were carried 

out taking into account the blank capacitance of the conductivity jig and the overall pellet 

geometry, whose opposite faces were previously Au sputter-coated using an Emitech K550 

Sputter Telstar.  
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3.  RESULTS  

The present experiments were carried out by applying an electrical field to the specimen 

and heating the furnace at a constant rate. The onset of flash occurs when the specimen 

reaches a specific temperature (which depends on the electrical field). The abrupt rise in the 

conductivity is a signature event of the flash onset. As the current rises, it is limited by 

switching the power supply from voltage to current control. The power density, P, dissipated 

in the specimen is given by 𝑃  𝐽𝐸, where J is the current density and E is the electric field.  

P reaches a peak when the power supply is switched; its value at the peak being given by the 

product of the applied field and the current limit. Experimental graphs of P, as a function of 

time, for various fields and current density limits, are shown in Fig. 2. Figure 2a gives curves 

for different fields, 50 V cm-1 to 100 V cm-1, at the same current limit, 35 mA mm–2, (flash 

did not occur at a lower field of 25 V cm-1). A linear Arrhenius type of relation between 

applied voltage and the flash onset temperature is expected,42 which is confirmed by the inset 

in Fig. 2a. Figure 2c illustrates the effect of current intensity for a constant applied field of 50 

V cm-1.  

Both the applied voltage and the current limit influence the phase constitution of the 

resulting materials. This is illustrated in X-ray diffraction patterns in Figs. 2b and 2d (the 

intensity of the diffractograms have been depicted in square root so that the secondary phases 

are more noticeable). Note that a phase pure material is obtained within a narrow range of 

experimental conditions, corresponding to an applied voltage of 50 V cm-1 and a current 

intensity limit of 35 mA mm-2. Other experimental conditions produced mixtures with 

secondary phases. Pictures of samples flashed under different conditions are included in Fig. 

3. It is clear that only the said optimum conditions resulted in a homogeneously sintered 

sample without any distortion of the current flow. In other cases the current became localized 

causing non-uniform sintering. 

Rietveld refinement of the X-ray pattern for the “optimum” BiFeO3 sample, described 

above, was carried out in order to obtain reliable information about the phase-purity and 

crystal structure. These results, given in Fig. 4, show that the experimental X-ray profile fits 

well the calculated pattern, using an R3c space group, with good confidence factors (Table 

1). Moreover, there is no evidence of any additional peak (the inset of Fig. 4 represents an 

expanded region from 20º to 35º, where the peaks of the typical secondary phases Bi25FeO39 

and Bi2Fe4O9 would have been noticeable), confirming that we succeeded in synthesizing 

BiFeO3 perovskite, which is essentially phase pure. 
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Complex impedance spectroscopy (IS) is sensitive to the stoichiometry, phases, 

vacancies, changes in oxidation state and microstructure.43 IS has been shown to be 

particularly sensitive to determine the quality of BiFeO3 samples in terms of their 

stoichiometry, the presence of secondary phases, or oxygen vacancies.15, 40 IS results for the 

BiFeO3 sample prepared under optimum conditions, 50 V cm-1 and 35 mA mm-2, are shown 

in Fig. 5. The sample is highly insulating at room temperature with only a modest level of 

semiconductivity above 250 ºC. Figure 5a shows the impedance complex-plane plots 

collected from 300 ºC to 380 ºC. They are composed of single, slightly distorted semicircular 

arcs, which suggests that the material is electrically homogeneous. Figure 5b shows the 

impedance, Z’’, and modulus, M’’, represented as a function of frequency at 320 ºC. It can 

be observed that both signals are single peaks with almost coincident frequency maxima, 

which further confirms that the sample is electrically homogeneous. Figure 5c gives the 

capacitance values at the different temperatures, which remain approximately constant in the 

entire frequency range. A small plateau is observed at high frequencies, with a value of ~ 5 

pF, followed by a small increment at low frequencies. The bulk conductivity data, in 

Arrhenius format, are represented in Fig 5d. Extrapolating from the Arrhenius plot, the 

resistivity value at room temperature is ~2ꞏ1015 Ω cm, which proves that a highly resistive 

material has been obtained. Additionally, the activation energy, 1.21 eV, is in good agreement 

with the values reported for high quality samples.15, 33 Therefore, IS confirms that the material 

obtained by RFS is highly insulating at room temperature and is electrically homogeneous. 

Differential scanning calorimetry (DSC) is a useful technique to study the quality of 

BiFeO3, since thermal effects and phase transition temperatures depend on the presence of 

impurities.44-47 Figure 6 presents a DSC trace registered on heating and cooling between 

250ºC and 850ºC for the BiFeO3 sample obtained under optimum conditions. Two 

endothermic peaks are obtained in this temperature range; at 365ºC a weak transition is 

observed that corresponds to the antiferromagnetic-paramagnetic transition (TN), while at 

820ºC the sharp peak indicates the ferroelectric-paraelectric transition (TC), also known as 

the α-β transition. On cooling, a hysteresis is obtained only for TC, because the TN is a second 

order phase transition. These results are in good agreement with high quality samples of 

BiFeO3.45-47 

The final density of the specimen obtained under the optimum Flash reaction conditions 

was 87% of the theoretical density for BiFeO3, as measured by the Archimedes method. The 

microstructure of the BiFeO3 sample was characterised by SEM, TEM and EDX (Fig. 7). The 

chemical composition was homogeneous within the entire sample as deduced by the 

representative experimental elemental atomic composition spectrum obtained by EDX (Fig 
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7e), which shows that the composition of the sample is in close agreement with the 

theoretically expected values. The microstructure of the sample corresponds to a well-sintered 

nanostructured material (Fig. 7a). The grain size distribution histogram (Fig. 7b) was 

calculated by measuring the longest diameters of the grains in the scanning electron 

micrograph presented in Fig. 7a. A fairly uniform distribution with an average gran size of 

83  29 nm was obtained. HRTEM images of a triple junction (Fig. 7c) and an enlargement 

of the marked grain boundary, (Fig. 7d) show crystalline grains with sharp interfaces between 

these crystalline grains, without any evidence of amorphous phases.  

In contrast, SEM micrographs (Figures S1 and S2) corresponding to the samples shown 

in Figures 3a and 3c flashed under non-optimum conditions, show highly heterogeneous  

microstructure with melted areas, large pores and even unsintered parts. 

For the sake of comparison, a BiFeO3 sample was synthesized using the conventional 

solid-state reaction procedure. Thus, Bi2O3 and Fe2O3 powders were mixed stoichiometrically 

in an agate mortar using ethanol, and the powder was heated at 800ºC for 30 min. Then, the 

powder was milled again in the mortar and a pellet was prepared, which was subsequently 

heated at 850ºC for 15 minutes. The density of the pellet was 81%. Figure S3 shows the X-

ray pattern of the sample, in which the diffraction peaks corresponding to the secondary 

phases Bi25FeO39 and Bi2Fe4O9 are evident in the 2θ range 22º-32º. Figure S4 presents the 

SEM micrograph of a cross section of the pellet. A heterogeneous microstructure is observed, 

with a grain size in the range of 2-0.5 μm, much larger than the grains of the sample flashed 

under optimum conditions. Moreover, the lower density, as compared to the flashed sample, 

is confirmed by the presence of pores with sizes up to 0.5 μm. 

 

4.  DISCUSSION 

In this study, we have investigated reaction flash sintering (RFS) where simple oxides 

(Bi2O3 and Fe2O3) can react and sinter at the same time to produce a single phase of a complex 

oxide, BiFeO3.  

The preparation of BiFeO3 as a pure highly–insulating compound, by conventional 

methods, is extremely challenging,44, 48-50 principally because BiFeO3 is a metastable phase. 

The Gibbs energy differences between BiFeO3 and the secondary phases Bi25FeO39 and 

Bi2Fe4O9 are so small that BiFeO3 decomposes easily into these two compounds.47, 51 47, 52 

Therefore, BiFeO3 is unstable at temperatures needed to induce a solid-solid reaction between 

Bi2O3 and Fe2O3. Furthermore, it has been shown that above the α−β transition BiFeO3 
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decomposes according to the Avrami−Erofeev nucleation and growth model.45 Poor electrical 

properties such as high leakage current, dielectric loss and spontaneous polarization are 

attributed to the presence of such secondary phases.53-56  

In this work, we have demonstrated that it is possible to produce phase pure specimens 

of BiFeO3 that are electrically homogeneous and highly insulating, within a narrow window 

of the electric field and current density. It is intriguing 

(i) why the formation of secondary phases is prevented in RFS,  

(ii) why the reaction between the constituent oxides occurs so quickly, and  

(iii) why sintering and reaction can occur at the same time at equal pace.   

  It is to be expected that Joule heating which induces a rise in the specimen 

temperature57, 58 plays a role, for example the higher temperature can accelerate sintering.59 

Nevertheless, whether or not Joule heating alone can explain sintering in mere seconds 

remains controversial.60 Other effects, obtained from in-situ experiments at synchrotrons have 

been reported, for example (i) anisotropic lattice expansion which has been attributed to 

defect generation,61 (ii) emergence of new phases during flash 62 and (iii) significant 

differences between the measured optical emission spectrum, and black body radiation 

anticipated from the measurement of specimen temperature using the platinum standard.57 

There are also reports of in situ TEM studies where even a non-contacting electric field 

produces enhancement in the shrinkage of the agglomerates63 or modification of  the grain-

boundary mobility.64 It has been reported that electric current produces an increase in the 

diffusion coefficient in diffusion couples.65-67 

The present work shows that iron and bismuth oxides can be reacted during flash to 

produce single phase BiFeO3. Thus, the question arises whether the electric field modifies the 

reaction mechanism, in comparison to the solid-state reactions that have been studied in the 

past. Therefore, the flash experiment was interrupted at different stages and the specimens 

were examined ex-situ by X-ray diffraction, high resolution TEM, and SEM-EDX. Figure 8a 

shows the linear shrinkage and power dissipation, 𝑃, as a function of temperature (the 

experiment was done at a constant heating rate of 10oC, 50 V cm–1 and 35 mA mm–2). 

Specimens were extracted at the three points as marked in the figure.  

X-ray diffraction data from the above samples are shown in Fig. 8b. Point #1 

corresponds to a furnace temperature of 480 ºC, which is much below the temperature of the 

flash event. At this point diffraction peaks corresponding to residual Fe2O3 and Bi25FeO39 

produced by an incipient reaction of the iron and bismuth oxides, are observed. Chemical 

mappings in the SEM micrographs of Fig. 9 shows a heterogeneous material where bismuth 
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enriched areas are predominant on the surface, supporting the formation of Bi25FeO39. These 

results agree with previous studies of the diffusion process according to the Kirkendall effect, 

where it has been concluded that Bi3+ ions diffuse into Fe2O3 particles.48 It is of note that 

Bi25FeO39 is often an intermediate phase before the formation of BiFeO3 in different methods 

of synthesis, including solid-state reaction,18 hydrothermal precipitation68 and 

mechanosynthesis.19    

Point #2 in Fig. 8a corresponds to a furnace temperature of 580 ºC, just before the onset 

of the flash. This sample has a composition similar to that at Point #1; Bi25FeO39 and some 

Fe2O3 are the main phases, although very small peaks for BiFeO3 are starting to emerge (Fig. 

8b). Chemical mappings, shown in Fig. 9 shows a more homogeneous material than that at 

Point #1, but still with a bismuth enriched surface. The Bi and Fe atomic percentages as 

obtained by EDX analysis, marked on the surfaces of the four nanograins in Fig. 10c, also 

corroborates an enriched bismuth surface. TEM analysis shows the presence of Bi25FeO39 

particles on the surface of the material: Fig. 10a displays a SAED pattern belonging to 

Bi25FeO39, which is oriented along the [1 0 2] zone axis of the cubic structure (I23 space 

group). Another crystal of about 150 nm can be observed in the high resolution micrograph 

in Fig. 10b, where an interplanar spacing of 0.72 nm corresponding to the (110) plane can be 

observed. Small nanoparticles of Bi25FeO39, 5 nm - 10 nm, are seen deposited on the edges 

of the larger particles in this figure.  

A dramatic change in the X-ray diffraction pattern is evident in the sample extracted at 

Point #3 (Fig. 8a) immediately after the flash event which takes place 625 ºC and lasts just a 

few seconds. It is remarkable that the complex phases shown just before the flash for Point 

#2, immediately react to produce single-phase BiFeO3, as seen in Fig. 8b in such a short 

period of time. The chemical mappings, given in Fig. 9, show a dense ceramic material with 

homogeneous distribution of iron and bismuth. TEM images of the specimen from Point #3 

confirm that the sample is monophasic BiFeO3 with rhombohedral structure (R3c space 

group). Figure 10d shows a dot-ED pattern oriented along the [0 0 1] zone axis of the 

rhombohedral BiFeO3 structure, while Fig. 10e presents a HRTEM micrograph oriented 

along [3 1 0] with its FFT depicted in the inset. It is also of note that there is no evidence of 

an amorphous phase at grain boundaries leading to the inference that the reaction sintering 

occurred by solid-state mass transport mechanisms.  

It is to be emphasized that reaction and consolidation takes place simultaneously during 

the flash experiment. In conventional processing with bismuth and iron oxides the evolution 

of a secondary phase, such as Bi2Fe4O9 blocks the diffusion of Bi3+ ions into the Fe2O3 
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particles, making it difficult to obtain pure BiFeO3.48 It may be that the electric field amplifies 

the diffusion of Bi3+ into the Fe2O3 particles, which prevents the formation of the iron-rich 

secondary phase Bi2Fe4O9, and therefore the reaction proceeds to the formation of phase pure 

BiFeO3. 

The present results are different from experiments with the titania-alumina system 

during flash sintering, where sintering during the flash was followed by a reaction between 

alumina and titania when the specimen was held under current control for over 100 s.58 In the 

present instance, the reaction occurs in just about 2 s and happens concurrently with sintering, 

just after the power peak. Clearly, the reaction pathway between these two sets of experiments 

is quite different, presumably reflecting the different chemistries.  

In a recent work, flash experiments with three-phase ceramic composites constituted 

from equal volume fractions of α-Al2O3, MgAl2O4 spinel, and 8YSZ, reported dissolution of 

alumina into the spinel phase to form a high-alumina spinel solid solution within 30 s at 

temperatures several hundreds of degrees below those required in conventional heating.69 In 

the present case, the flash conditions also seem to enhance bismuth diffusion in Bi25FeO39 

which forms just before flash but then transforms into BiFeO3 (by reacting with Fe2O3) in just 

a couple of seconds after the onset of the flash. The high homogeneity of the sample that 

forms so rapidly under flash is quite remarkable. It may be related to recent discoveries by 

cathodoluminiscence spectroscopy that show that the flash mechanism occurs within the 

grains rather than at the boundaries.70 

5.  CONCLUSIONS 

Nanostructured and highly insulating, single-phase, BiFeO3 specimens have been 

obtained by applying a small DC voltage to a mixture of Bi2O3 and Fe2O3, at furnace 

temperature of 625oC, in ambient air, in just a few seconds. The quality of the specimens 

depended on the applied field and the current limit set for the flash experiment; homogeneous 

and phase pure specimens were obtained with a field of 50 V cm-1 and a current limit set to 

35 mA mm-2.  The constituent oxides reacted and sintered simultaneously with the process 

being completed within seconds. Impedance spectroscopy measurements show the specimens 

to be homogeneous and highly insulating at room temperature. 

 The reaction mechanism was studied by ex-situ X-ray diffraction measurements, high 

resolution TEM, and SEM-EDX of specimens obtained by interrupting the experiment at 

temperatures just before and just after the flash. Before flash the iron and bismuth oxides 
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react to produce bismuth rich Bi25FeO39 along with residual Fe2O3. However, these phases 

transform into clean single-phase BiFeO3 in a matter of a few seconds after the onset of the 

flash. The reaction is accompanied by sintering. The absence of amorphous phases at grain 

boundaries in the flashed specimens suggests that the process occurred by solid state 

diffusion. The electric field and current apparently unblock the diffusion of bismuth in the 

secondary phase, which is known to impede the reaction in conventional processing. 

The new flash reaction sintering method reported here can be a breakthrough in material 

processing since it can enable the synthesis of complex oxides, which is normally not 

possible, or very difficult, in conventional methods, especially when the oxides are 

constituted from low melting and volatile elements, and when the time-temperature 

processing schedule can encounter undesirable intermediate phases.   
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Table 1. Structural parameters and confidence factors obtained from the Rietveld 

refinement of the XRD pattern of BiFeO3 synthesized by reaction flash sintering at 50 V 

cm-1 and a current limit of 35 mA mm-2. 

BiFeO3 

Cell parameters 
R3c 

a (Å) b (Å) c (Å) 
5.5795(2) 5.5795(2) 13.8756(1) 

Volume (Å3) 
373.950(3) 

Atomic positions 
Bi Fe O (1) 

0.00, 
0.00, 
0.00 

0.00, 
0.00, 

0.22074(4) 

0.43094(2), 
0.01363(3), 
0.95496(5) 

Confidence factors 
RBragg Rexp Rwp χ2 

7.2 4.9 9.3 3.6 
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FIGURE CAPTIONS 

Figure 1. Scheme of the experimental setup used for the flash experiments. 

Figure 2. Power dissipation profiles (a) and X-ray diffraction patterns (b) of the resulting 
pellets obtained under different electric fields and a current limit of 35 mA mm-2, and 
power dissipation profiles for an electric field of 50 V cm-1 and different current limits (c) 
and their corresponding X-ray diffraction patterns (d). The intensity of the X-ray 
diffraction patterns is represented in square root in order to make the secondary phases 
more noticeable. 

Figure 3. Photographs of the specimens synthesized by reaction flash sintering at a) 100 
V cm-1, 35 mA mm-2 , b) 50 V cm-1, 35 mA mm-2 and c) 50 V cm-1, 50 mA mm-2. 

Figure 4. XRD pattern of BiFeO3 obtained by reaction flash sintering at 50 V cm-1 and a 
current limit of 35 mA mm-2 (dots). The solid line corresponds to the fit from the Rietveld 
refinement. Bragg reflections for R3c space group are indicated by sticks. The inset shows 
an expanded section of the diffractogram in the 2θ region from 20º to 35º. 

Figure 5. a) Impedance complex-plane plots, b) Z″/M″ spectroscopic plots at 320 ºC, c) 
C′ versus frequency and d) bulk Arrhenius plot for BiFeO3 prepared by reaction flash 
sintering at 50 V cm-1 and a current limit of 35 mA mm-2. 

Figure 6. DSC trace registered at 10ºC min-1 on heating and cooling for BiFeO3 prepared 
by reaction flash sintering at 50 V cm-1 and a current limit 35 mA mm-2. 

Figure 7. a) SEM micrograph, b) grain size distribution histogram, c) HRTEM image of 
a triple junction, d) grain boundary detail of the selected area marked in c) and e) EDX 
spectrum and elemental atomic composition for BiFeO3 obtained by reaction flash 
sintering at 50 V cm-1 and 35 mA mm-2.  

Figure 8. a) Linear shrinkage curve, ∆𝐿/𝐿 , and power dissipation, P, as a function of 
furnace temperature and b) ex-situ XRD patterns of the sample at points #1, #2 and #3, 
marked in Figure a.   

Figure 9. SEM micrographs (backscattered electrons) and chemical mappings by SEM-
EDX taken at points #1, #2 and #3 marked in Figure 8a. Bi = green and Fe = red. 

Figure 10. Figure 10. a) ED pattern of a Bi25FeO39 crystal along the [1 0 2] zone axis. b) 
HRTEM image of some Bi25FeO39 crystals. c) Four position profile EDS/HAADF 
analysis and the STEM image showing the positions where the EXD analysis was done. 
d) ED pattern of a BiFeO3 crystal along the [0 0 1] zone axis. e) HRTEM micrograph of 
a BiFeO3 crystal and the corresponding FFT in the inset along [3 1 0].  
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Figure 1. Scheme of the experimental setup used for the flash experiments. 
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Figure 2. Power dissipation profiles (a) and X-ray diffraction patterns (b) of the resulting pellets obtained 
under different electric fields and a current limit of 35 mA mm-2, and power dissipation profiles for an 
electric field of 50 V cm-1 and different current limits (c) and their corresponding X-ray diffraction patterns 
(d). The intensity of the X-ray diffraction patterns is represented in square root in order to make the 
secondary phases more noticeable. 
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Figure 3. Photographs of the specimens synthesized by reaction flash sintering at a) 100 V cm-1, 35 mA 
mm-2 , b) 50 V cm-1, 35 mA mm-2 and c) 50 V cm-1, 50 mA mm-2. 
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Figure 4. XRD pattern of BiFeO3 obtained by reaction flash sintering at 50 V cm-1 and a current limit of 
35 mA mm-2 (dots). The solid line corresponds to the fit from the Rietveld refinement. Bragg reflections 
for R3c space group are indicated by sticks. The inset shows an expanded section of the diffractogram in 
the 2θ region from 20º to 35º. 
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Figure 5. a) Impedance complex-plane plots, b) Z″/M″ spectroscopic plots at 320 ºC, c) C′ versus frequency 
and d) bulk Arrhenius plot for BiFeO3 prepared by reaction flash sintering at 50 V cm-1 and a current limit 
of 35 mA mm-2. 
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Figure 6. DSC trace registered at 10ºC min-1 on heating and cooling for BiFeO3 prepared by reaction flash 
sintering at 50 V cm-1 and a current limit 35 mA mm-2. 
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Figure 7. a) SEM micrograph, b) grain size distribution histogram, c) HRTEM image of a triple 
junction, d) grain boundary detail of the selected area marked in c) and e) EDX spectrum and elemental 
atomic composition for BiFeO3 obtained by reaction flash sintering at 50 V cm-1 and 35 mA mm-2.  
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Figure 8. a) Linear shrinkage curve, ∆𝐿/𝐿 , and power dissipation, P, as a function of furnace temperature 
and b) ex-situ XRD patterns of f the sample at points #1, #2 and #3, marked in Figure a.   
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Figure 9. SEM micrographs (backscattered electrons) and chemical mappings by SEM-EDX taken at points 
#1, #2 and #3 marked in Figure 8a. Bi = green and Fe = red. 
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Figure 10. a) ED pattern of a Bi25FeO39 crystal along the [1 0 2] zone axis. b) HRTEM image of some 
Bi25FeO39 crystals. c) Four position profile EDS/HAADF analysis and the STEM image showing the 
positions where the EXD analysis was done. d) ED pattern of a BiFeO3 crystal along the [0 0 1] zone axis. 
e) HRTEM micrograph of a BiFeO3 crystal and the corresponding FFT in the inset along [3 1 0]. 

 

 


