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Abstract 

The inherent potential of reaction flash sintering for the preparation of complex oxides is 

evidenced by the one-step synthesis and densification of a ceramic of complex 

stoichiometry. The system Bi0.93La0.07FeO3, a multiferroic ceramic with promising 

technological applications, has been chosen. This system presents three different metals 

in its composition and it is extremely challenging to prepare by conventional procedures. 

Non-stoichiometric materials with unwilling secondary phases are usually obtained by 

conventional methods, due to the high volatility of bismuth oxide at the temperatures 

required for inducing the solid-solid reactions. Here, it is demonstrated that a careful 

control of the experimental flash conditions (applied electric field and selected current 

density limit) is required to obtain a high quality ceramic. Small deviations from the 

optimum conditions result in either non-stoichometric or poorly densified samples. 
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1. Introduction 
 

Flash sintering is a relatively new sintering methodology, proposed for the first time by 

Cologna et al. in 2010 [1]. It essentially consists in the simultaneous exposition of the 

materials to heat and either a DC or AC electric field, allowing the current to flow totally 

through the specimen and, therefore, differing from other FAST techniques, such as Spark 

Plasma Sintering (SPS), where the current flows to both the sample and the graphite die 

[2-3]. Although the mechanism of flash sintering is still under much debate, generally 

speaking, there is a dramatic increase in the conductivity of the materials during flash, 

which is normally accompanied, but not necessarily, by densification and photoemission 

of the material [4-9]. The physical phenomenon corresponding to photoemission is 

unclear [10-11]. 

Since its discovery, flash sintering has attracted the interest of the scientific community, 

with steadily increasing number of published articles year by year. This is not surprising 

given its advantages over other sintering methodologies. For instance, flash sintering 

allows a substantial saving in energy and time [2, 12]. Thus, it has been proved that a 

wide range of materials, from insulators [13-14] to semiconductors [15-19], electronic 

[20] and ionic conductors [1, 21-23], can be sintered within seconds and at furnace 

temperatures much lower than those employed in conventional sintering. Additionally, 

the use of sophisticated and highly costly experimental setups is not required [3, 24]. The 

working atmosphere can also be tuned, which allows studying its effect over the final 

properties of the sintered material [25-26].  Moreover, it has been recently shown that it 

is possible to simultaneously induce the chemical reaction and densification at short 

times. This methodology has been called reaction flash-sintering (RFS), and was 

successfully employed for the first time for the preparation of BiFeO3 of high purity [27].  

Reaction flash-sintering has been quickly extrapolated to other oxide materials, such as 

Li0.5La0.5TiO3 [28], Na0.5K0.5NbO3 [29], Li5.95Al0.35La3Zr2O12 [30], Al2O3-Y3Al5O12 [31] 

and MgAl2O4 [32-33]. However, a systematic study of the influence of the experimental 

parameters on the purity and the density of the samples has not been performed. In this 

work, it is demonstrated that the experimental parameters must be carefully controlled in 

order to obtain high quality ceramics. This is particularly relevant for mixed oxides that 

present a volatile component, such as in the partial substitution of bismuth by other 

cations in BiFeO3 [34]. As bismuth oxide is highly volatile at the temperatures required 
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for inducing the solid-solid reactions (> 1000 K), the materials prepared by conventional 

solid state reaction usually do not have stoichiometric compositions and unavoidably 

present secondary phases (such as Bi25FeO39 and Bi2Fe4O9) [35-37]. Here, 

Bi0.93La0.07FeO3 has been used as an example, and it is demonstrated that just in a very 

narrow range of applied electric fields and current density limits (and, therefore, power 

density) the resulting ceramics are highly pure, dense and electrically homogeneous, as 

confirmed by XRD, EDX analysis and impedance spectroscopy. 

 

2. Materials and Methods 

The reaction flash sintering of the samples was carried out from the commercially 

available oxides Fe2O3 (Sigma−Aldrich 310050, ≥99% purity), Bi2O3 (Sigma−Aldrich 

223891, 99.9% purity) and La2O3 (Sigma–Aldrich L4000, ≥99% pure). The powders 

were mixed in an agate mortar in stoichiometric amounts and then uniaxially pressed at 

500 MPa into dog-bone shaped specimens with a rectangular cross-section of 

approximately 1×4 mm2. Platinum paste was applied into the holes of the handles of the 

specimens, which were placed in a tubular furnace by means of two platinum wires 

attached to the handles. The distance between the electrodes was 21 mm. The furnace was 

heated from room temperature at a constant heating rate of 10 K min-1 [27, 38]. The 

platinum wires were connected to a EA-PS 8720-15 DC power supply (EA Elektro 

Automatik). The current and voltage were measured in a Keithly 2110 mutimeter 

(Keithley Instruments), while the shrinkage of the samples was determined from a Sony 

CCD sensor camera (Imaging Source DMK 23U445).  

The reaction flash event was signaled by a non-linear rise of the conductivity of the 

sample, eventually reaching the preset current density limit. At that point, the power 

supply switched from voltage control to current control regime. The flash event was 

maintained for 60 seconds. The effects of the applied DC electric fields and current 

density limits on the purity and density of the samples were studied by using different 

techniques. X-ray diffraction (XRD) patterns were collected in a Rigaku MiniFlex 

diffractometer. FullProf software was used for the Rietveld refinements [39]. The 

background and the peak shapes were refined using a six order polynomial function and 

a pseudo-Voigt profile function with axial divergence asymmetry, respectively. 

Microstructural and compositional characterization of the samples was carried out by 
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using a Hitachi S-4800 scanning electron microscope (SEM), equipped with an energy 

dispersive X-ray spectrometer (EDX). Impedance spectroscopy was employed for the 

assessment of the electrical properties of the sample. The measurements were recorded in 

a Newtons4th Ltd impedance analyzer over the frequency range from 100 Hz to 1 MHz, 

with an AC measuring voltage of 0.1 V and in the temperature range from 573 K to 653 

K.   

 

3. Results and Discussion 

A systematic set of experiments was carried out in order to study the effect of the 

experimental parameters, applied electric field and current density limit, on the purity and 

density of the samples. Figure 1 shows the different experimental conditions employed 

in this work, where three well-differentiated regions can be observed:  

(i) A region where the reaction was incomplete.  

(ii) A region where there was localization of the electrical current producing 

heterogeneous pellets. 

(iii) A region where the reaction was complete and samples were homogeneous.  

High quality specimens were only obtained over a very narrow range of conditions in 

terms of applied electric fields and current density limits (green area in Figure 1). Thus, 

the optimum conditions are 150 V cm-1 and a current density limit of 30 mA mm-2, as 

well as 100 V cm-1 and current density limits from 40 to 50 mA mm-2. These experimental 

conditions correspond to maximum power density values in the range 0.4-0.5 W mm-3. 

Under those conditions, the samples can be uniformly sintered without any distortion of 

the current flow. Deviations from this range of conditions result in either localization (red 

area in Figure 1) or in incomplete reactions and poorly dense specimens (blue area in 

Figure 1), as it is shown in the photographs in Figure 1. Moreover, it seems that there is 

a minimum current density limit that triggers the reaction flash sintering; thus, below 30 

mA mm-2 the chemical reaction and densification of the samples cannot be induced 

regardless the applied electric field. According to the experimental conditions tested in 

this work, 50 V cm-1 is the minimum electric field that induces the reaction flash sintering. 

An increase of the values of either the applied electric field or the current density limit 

from those of the optimum conditions results in severe localization with a non-

homogeneous distribution of the current flow, as it can be observed in the photograph of 
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Figure 1. It has been also reported that another parameter that plays an important role in 

achieving homogeneous heating and sintering is the sample size [40]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Experimental conditions tested for the reaction flash sintering of Bi0.93La0.07FeO3, in 
terms of applied electric field and current density limit. The photographs show reaction flash 
sintered samples prepared under three different experimental conditions which resulted in 
incomplete (50 V cm-1, 20 mA mm-2), optimum (100 V cm-1, 40 mA mm-2) and localized (150 V 
cm-1, 40 mA mm-2) flash reactions. 

 

Figure 2a shows, as examples, the plots of the power dissipation (the product of the 

current density and the electric field) corresponding to the samples shown in the 

photographs in Figure 1, which resulted in incomplete (50 V cm-1, 20 mA mm-2), optimum 

(100 V cm-1, 40 mA mm-2) and localized (150 V cm-1, 40 mA mm-2) reactions. As 

expected, the flash event takes place at lower temperatures as the applied electric field is 

increased. Thus, significant deviations on the onset of the flash are observed for the 

reaction flash sintering of Bi0.93La0.07FeO3, which takes place at 848 K, 788 K and 748 K 

for the incomplete, optimum and localized reactions, respectively. The XRD diffraction 

patterns of these samples are included in Figure 2b. The data has been presented in square 

root in order to make the secondary phases more noticeable. It can be observed that the 

specimens corresponding to the incomplete and localized flash reactions show certain 

amounts of the secondary phase Bi25FeO39. On the other hand, the sample prepared under 
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an applied voltage of 100 V cm-1 and a current density limit of 40 mA mm-2 (optimum 

reaction) is phase pure Bi0.93La0.07FeO3. It is worth noting that partial substitution of 

bismuth with other cations is a common strategy to overcome the challenging synthesis 

of BiFeO3 as well as to improve its physical properties [41-46]. However, the synthesis 

of partially-substituted BiFeO3 materials can be even more challenging than the 

preparation of BiFeO3 itself due to the complex stoichiometry and inhomogeneities in the 

distribution of the different constituents [34]. Interestingly, the XRD data show that it is 

possible to obtain phase pure Bi0.93La0.07FeO3 samples by reaction flash sintering as long 

as the experimental conditions are properly controlled. 

 

Figure 2. (a) Power dissipation profiles and (b) XRD patterns corresponding to the samples shown 
in the photographs in Figure 1. 
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Another interesting feature of these experiments is related to the onset temperature for 

the flash event. Thus, there is a linear dependence of the logarithm of the applied DC 

field, Ln E, and the inverse onset temperature for the flash, 1/Ton (Figure 3), which is in 

agreement with the postulate of Dong et al [47].  

 

 

 

 

 

 

 

 

 

Figure 3. Dependence of the logarithm of the applied DC field, Ln E, and the inverse onset 
temperature for the reaction flash synthesis of Bi0.93La0.07FeO3, 1/Ton. 

 

 

Table 1 summarizes the power density values (in W mm-3), the onset temperature and the 

type of reaction obtained, corresponding to all of the experiments performed. As it can be 

observed, power density values in the range 0.4-0.5 W mm-3 are needed to obtain 

optimum Bi0.93La0.07FeO3 samples. For power densities below 0.4 W mm-3, reactions are 

incomplete, while power densities above 0.5 W mm-3 result in localization. Interestingly, 

the preparation of BiFeO3 by reaction flash sintering requires an applied electric field of 

50 V cm-1 and a current density limit of 35 mA mm-2, which resulted in a flash event at a 

furnace temperature of 898 K. These conditions correspond to a maximum power density 

of 0.175 W mm-3. Therefore, much higher power density values are needed to obtain 

optimum Bi0.93La0.07FeO3 samples than unsubstituted BiFeO3.  
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Table 1. Reaction flash sintering parameters for Bi0.93La0.07FeO3. The optimum reaction flash 
sintering parameters have been marked in bold. 
 

E (V cm-1) I (mA mm-2) P (W mm-3) Ton (K) Reaction 

50 20 0.1 848 Incomplete 

50 30 0.15 848 Incomplete 

50 40 0.2 848 Incomplete 

50 50 0.25 848 Incomplete 

50 60 0.3 848 Incomplete 

100 20 0.2 788 Incomplete 

100 30 0.3 788 Incomplete 

100 40 0.4 788 Optimum 

100 50 0.5 788 Optimum 

100 60 0.6 788 Localized 

150 20 0.3 748 Incomplete 

150 30 0.45 748 Optimum 

150 40 0.6 748 Localized 

150 50 0.75 748 Localized 

150 60 0.9 748 Localized 

175 20 0.35 738 Incomplete 

175 30 0.525 738 Localized 

 

Figure 4a shows the power dissipation and the shrinkage as a function of the furnace 

temperature of one of the samples obtained within the optimum range of conditions, 

particularly, under an applied electric field of 100 V cm-1 and a current density limit of 

40 mA mm-2. The power dissipation profile is very similar to that obtained for the flash 

sintering of BiFeO3 [27, 38, 48-49] and related materials [50], where the three stages 

commonly categorized in flash sintering can be clearly identified [4]. Indeed, the flash 

regime is recognized by a sharp increase of the power dissipation, due to an abrupt spike 

in the current density. At this point, most of the shrinkage of the sample takes place, which 

may be related to the contribution of both, the solid-state reaction and the sintering of the 

material, as it is discussed later on using ex-situ XRD data (Figure 4b). It is remarkable 

that reaction flash-sintering allows the simultaneous synthesis and sintering of 

Bi0.93La0.07FeO3 at an onset furnace temperature of just 788 K (Figure 4a), which is 335 
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K below the typical temperatures used in conventional solid-state reaction for the 

preparation of this compound [51]. Additionally, the power dissipation fluctuates in the 

temperature range from 620 K to 770 K due to small changes in the conductivity of the 

sample, which can be also evidenced in the shrinkage of the sample (inset in Figure 4a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. a) Linear contraction and power dissipation profile as a function of the furnace 
temperature for the reaction flash-sintering of Bi0.93La0.07FeO3 employing an electric field of 100 
V cm-1 and a current density limit of 40 mA mm-2. b) Ex-situ XRD patterns of the sample taken 
at points 1, 2 and 3 (marked in (a)), which correspond to furnace temperatures of 653 K, 773 K 
and 818 K, respectively.  

 

In order to gain insight into the reaction mechanism, ex-situ XRD patterns were taken at 

different stages during the reaction flash experiment, particularly, at 653 K, 773 K and 

818 K, marked in Figure 4a as points 1, 2 and 3, respectively. Their associated XRD 

patterns are presented in Figure 4b. At 673 K (point 1), which corresponds to a furnace 

temperature just before the fluctuation of the power density, the obtained XRD pattern is 
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consistent with a mixture of the starting materials, where Bi2O3 and Fe2O3 are the main 

components. The XRD data of the sample heated at 773 K (point 2), just after the 

fluctuation of the power density, can be indexed to a mixture of Bi25FeO39 and a small 

amount of Bi0.93La0.07FeO3 (Figure 4b). Hence, this fluctuation of the power density and 

the linear shrinkage can be mainly attributed to the formation of Bi25FeO39 as an 

intermediate phase. Finally, at 818 K, just after the flash event (Figure 4a), there is a 

dramatic transformation of the XRD patterns from the intermediate phase Bi25FeO39 to 

phase-pure Bi0.93La0.07FeO3 in just a few seconds (Figure 4b). Thus, the chemical reaction 

and densification of Bi0.93La0.07FeO3 seem to be concomitant processes. These results are 

similar to those previously reported for the reaction flash sintering of BiFeO3 [27]. 

The Bi0.93La0.07FeO3 sample prepared by reaction flash sintering at 100 V cm-1 and 40 mA 

mm-2 (marked as 3, Figure 4) was characterized in terms of crystal structure, 

microstructure, elemental composition and electrical properties. Figure 5 shows the 

Rietveld refinement of the XRD pattern of the sample. It can be observed that the 

calculated profile fits well (χ2=4.02) the experimental XRD pattern for the R3c space 

group, characteristic of BiFeO3 and related compounds at room temperature (Table 2) 

[52-53]. Moreover, no additional peaks corresponding to secondary phases appeared, as 

it can be inferred from the inset in Figure 5, which is taken in the 2 range where the 

peaks corresponding to the typical impurities of BiFeO3 are more noticeable. Therefore, 

it is confirmed that the resulting Bi0.93La0.07FeO3 sample is a phase-pure ceramic.  

 

 

 

 

 

 

 

 

 

 

Figure 5. XRD pattern of Bi0.93La0.07FeO3 prepared by reaction flash sintering (100 V cm-1 and 40 
mA mm-2). The solid line corresponds to the fit from the Rietveld refinement. Bragg reflections 
for the R3c space group are indicated by sticks. The inset shows an expanded section of the region 
from 30º to 34º 2.  
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Table 2. Rietveld refinement structural parameters obtained from the XRD pattern of 
Bi0.93La0.07FeO3 prepared by reaction flash sintering (100 V cm-1 and 40 mA mm-2). 

 

Bi0.93La0.07FeO3 

 
 

Cell parameters 

R3c 
a (Å) b (Å) c (Å) 

5.579 (1) - 13.834 (1) 
Volume (Å3) 
373.950(3) 

 
Atomic positions Bi La Fe O (1) 

x 0.00,
0.00,
0.00 

0.00,
0.00,
0.00 

0.00, 
0.00, 

0.2224 (2) 

0.4453 (4)   
0.0148 (5)   
0.9534 (7) 

y 
z 

 
Confidence factors RBragg Rexp Rwp χ2 

7.6 6.05 3.01 4.02 
 

 

Figures 6a and 6b depict SEM micrographs of the surface and a cross section, 

respectively, of a specimen of the Bi0.93La0.07FeO3 sample prepared by reaction flash 

sintering at 100 V cm-1 and 40 mA mm-2. The sample is composed of micrometric grains 

with a homogeneous size of approximately 1-2 μm. Some small pores are also observed. 

Interestingly, a drastic change in the microstructure is observed as compared to BiFeO3 

prepared by reaction flash sintering, in which nanometric grains were obtained with an 

average grain size of 83 nm [27]. This microstructure change may be related to the much 

higher power density applied for the reaction flash sintering of Bi0.93La0.07FeO3. The 

semiquantitative analysis of the EDX spectrum (Figure 6c and Table 3) reveals that there 

is very little discrepancy between the theoretical and the experimental elemental atomic 

composition, which confirms that the stoichiometry of the sample has not been modified 

during the preparation and processing process. On the other hand, the sample tested under 

an applied voltage of 100 V cm-1 and a current density limit of 20 mA mm-2, which 

correspond to a region where the reaction was incomplete (Figure 1), is heterogeneous 

and poorly dense, as can be seen in the microstructure of the surface of the specimen 

(Figures 6d and 6e).  

 

 



12 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. SEM micrographs showing the microstructure of the Bi0.93La0.07FeO3 sample prepared 
by reaction flash sintering at 100 V cm-1 and 40 mA mm-2: (a) surface, (b) cross section and (c) 
EDX spectrum. Micrographs (d) and (e) show the microstructure of the sample prepared at 100 
V cm-1 and 20 mA mm-2. 

 

 

Table 3. Semiquantitative elemental analysis of Bi0.93La0.07FeO3 prepared by reaction flash 
sintering (100 V cm-1 and 40 mA mm-2). 

 

 

Atomic composition (%) 

Element Theoretical Experimental 

Fe 50 50.1 ± 1.0 

La 3.5 3.8 ± 0.5 

Bi 46.5 46.1 ± 3.6  
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The electrical properties of the Bi0.93La0.07FeO3 specimen prepared by reaction flash 

sintering at 100 V cm-1 and 40 mA mm-2 were measured by impedance spectroscopy. This 

technique has been proved a powerful tool for testing the quality of different kinds of 

ceramic materials, because it is extremely sensitive to the stoichiometry, the 

microstructure and the presence of secondary phases and vacancies [38, 54-62]. 

The Bi0.93La0.07FeO3 sample resulted to be highly insulating at room temperature up to 

~553 K. Therefore, impedance measurements were registered from 573 K to 653 K, 

considering that above 673 K the gold electrodes start to degrade. The collected data 

demonstrate that, as a first approximation, the sample can be considered electrically 

homogeneous. Thus, capacitance data (Figure 7a) are reasonably constant in the entire 

frequency range, with a plateau that corresponds to a value of ~18 pFcm-1. The impedance 

complex plane plots (Figure 7b) show almost ideal single arcs at the different 

temperatures, and the M’’ and Z’’ spectroscopic plots at 593 K (Figure 7c) are single 

peaks almost coincident in their frequency maxima. Figure 7d presents the bulk 

conductivity data in Arrhenius format. The data have been calculated from the intercept 

of the Z” arc at low frequency (Figure 7b), which gives the total resistivity of the sample 

at the selected temperature. Extrapolating from the Arrhenius plot, the resistivity value of 

the sample at room temperature is approximately 1ꞏ1013 Ω cm. Additionally, the 

activation energy is in good agreement with the values reported for Bi0.93La0.07FeO3 

prepared by mechanosynthesis [53, 55]. It is important to point out that Bi0.93La0.07FeO3 

prepared by reaction flash sintering is several orders of magnitude more insulating than 

samples prepared with the same composition using other methods, such as conventional 

solid state reaction and SPS [51]. For instance, samples sintered by SPS require a post-

sinter oxidative anneal to fully reoxidise them, due to the highly reductive conditions used 

in this technique [55]. Therefore, reaction flash sintering presents the additional 

advantage over SPS that an insulating multiferroic material, an essential property for any 

possible practical application, can be directly obtained without the need of any additional 

post-sintering treatment. It can be concluded from the analysis of the impedance data that 

Bi0.93La0.07FeO3 prepared by reaction flash sintering is electrically homogeneous and 

highly insulating at room temperature, which joined to the EDX analysis is another 

indication that the stoichiometry of the sample has not been modified during the 

concomitant processes of synthesis and sintering. Thus, a phase-pure sample with no 
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evidence of secondary phases or additional sources of conductivity has been obtained by 

reaction flash-sintering.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Impedance data for Bi0.93La0.07FeO3 prepared by reaction flash sintering at 100 V cm-1 

and 40 mA mm-2: a) C’ versus frequency, b) impedance complex plane plots, c) M’’ and Z’’ 
spectroscopic plots at 593 K and d) Bulk conductivity data in Arrhenius format. 

 

 

4. Conclusions 

In this work, it is demonstrated that a careful control of the experimental conditions 

(applied electric field and current density limit) is required to obtain high quality ceramics 

by reaction flash sintering. The multiferroic ceramic Bi0.93La0.07FeO3 has been chosen due 

to the complexity involved in preserving the stoichiometry when preparing these 

compounds. Up to 17 different experiments have been performed using combinations of 

electric fields and current density limits. It is demonstrated that small deviations from the 
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optimum conditions either on the applied electric field or the current density limit and, 

therefore, the optimum power density range, give rise to non-stoichiometric or poorly 

densified samples. Hence, it is shown that an accurate control of the experimental 

parameters is essential to obtain phase-pure, highly insulating, electrically homogeneous 

Bi0.93La0.07FeO3 ceramics from a mixture of the starting oxides. Moreover, the 

Bi0.93La0.07FeO3 ceramics can be obtained in mere seconds and at furnace temperatures 

~335 K lower than those employed in conventional solid-state reaction. All in all, it can 

be concluded that reaction flash sintering is a powerful, energy efficient and versatile on-

step methodology for the synthesis and sintering of complex multifunctional ceramics. 
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