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a b s t r a c t 

This work demonstrates the first proof-of-concept of Multi-Phase Flash Sintering (MPFS). This novel tech- 

nique essentially consists of applying a rotating electric field to the sample by means of a multi-phase 

voltage source as furnace temperature increases. Several ceramic materials with different types of elec- 

trical conductivities are sintered within seconds at furnace temperatures much lower than those used for 

traditional DC flash sintering due to the higher power densities administered by a multi-phase power 

supply. Thus, ceramic materials are flashed at relatively lower applied voltages which minimizes un- 

desired phenomena such as localization and preferential current pathways. Furthermore, MPFS allows 

diverse electrode configurations to promote a more uniform electric field distribution, enhancing the sin- 

tering of 3D complex-shaped specimens. MPFS could be a true breakthrough in materials processing, as 

3D complex-shaped specimens are homogeneously sintered at reduced temperatures, while keeping all 

the advantages of conventional flash sintering. 

© 2022 Published by Elsevier Ltd. 
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. Introduction 

Since its inception in 2010, Flash Sintering (FS) has become 

ne of the most exciting of the Field-Assisted Sintering Techniques 

FAST) [1] . Rishi Raj ́s group at Colorado University first observed 

hat ZrO 2 could be sintered in just a few seconds at greatly re- 

uced temperatures by applying an external electrical field while 

he sample is being heated [2] . In a typical flash experiment, a 

et voltage is applied allowing the current to flow through the 

ample while the temperature is linearly increased. The electrical 

onductivity of the ceramic rises with temperature which leads to 

n amplification of the current intensity traversing the specimen. 

t a certain temperature, the sample enters the so-called “flash”

tage, revealed by a sudden drop in the electrical resistivity and a 

urge in the power density dissipated by the sample. At this critical 
∗ Corresponding author. 
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oint, the current intensity must be quickly controlled to the pre- 

et value, which is maintained for a given period of time. The flash 

vent is generally accompanied by intense photoluminescence as 

ell as almost instantaneous densification [3] . It is now accepted 

hat the flash onset temperature is inversely related to the ampli- 

ude of the applied electric field [4] . Probably, the most advanta- 

eous feature of FS is its environmental-friendly nature due to the 

nergy and time saving in comparison to conventional procedures. 

S has been demonstrated for many ceramic materials, exhibiting 

ifferent electrical conductivities, and all of them characterized by 

 negative temperature coefficient of resistivity [ 5 , 6 ]. 

Intensive research has been devoted not only to the application 

f FS to conventional and advanced ceramic materials but also to 

he understanding of the flash phenomena. However, the funda- 

ental mechanisms that govern FS remain elusive. Several possi- 

ilities have been proposed, such as Joule heating [7] , preferen- 

ial Joule heating at grain boundaries leading to local melting [ 8 , 9 ]

nd the formation of defects and new species such as Frenkel pairs 

nd electrochemically reduced species, respectively [ 2 , 10–12 ]. Ab- 
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ormal lattice expansion has also been observed by in-situ Energy- 

ispersive X-Ray Diffraction [ 13 , 14 ]. Nevertheless, none of them 

an solely explain by itself the FS phenomena and it is quite likely 

he simultaneous implication of several of the proposed mecha- 

isms during flash [7] . On the other hand, another important body 

f work has been committed to exploit the capabilities of the tech- 

ique. FS promotes the sintering of thermally unstable or hard-to- 

inter materials, such as BiFeO 3 and related materials [15–18] or 

arnet-type solid state electrolytes [19] . In some cases, the spec- 

mens are granted with unique properties, such as superplasticity 

n TiO 2 [20] and enhanced catalytic properties in SrTiO 3 [21] . Addi- 

ional effort s have been devoted to exploit the eco-friendliest side 

f FS, such as further reducing the flash onset temperature by ap- 

lying strong electric fields (higher than 10 0 0 V cm 

−1 [22] ) or us-

ng water or reductive atmospheres [ 23 , 24 ]. Moreover, it has been

ecently developed the so-called “Reactive-Flash Sintering”, which 

erges sintering and chemical reaction in a single step [25] . This 

echnique has been successfully applied to the preparation and 

rocessing of advanced ceramics with complex stoichiometry [26–

9] . 

Despite the new opportunities brought about by FS, a few is- 

ues must be overcome for practical implementation. Some of 

hem are related to the thermal management during Flash that 

eads to heterogeneities of different natures (such as abnormal 

rain growth, redox reaction at the electrodes or local melting [30–

2] ) due to the formation of preferential current paths promoting 

hermal gradients that are amplified by cooling fluxes at the sur- 

ace of the samples, leading to the formation of hot spots [33] . The

ormation of those hot spots depends on several factors such as 

he sample geometry, properties of the materials, electrodes com- 

osition and configuration as well as the employed experimental 

onditions. Note that this is precisely the reason of the small cross 

ection of the dog bone samples typically used in FS, as this shape 

inimizes the gradients between the core and the surface of the 

amples. Nevertheless, several strategies have been developed to 

lleviate the effects of these thermal management issues in FS. 

or instance, the operational conditions can be carefully controlled 

n order to avoid the common power spike in conventional FS by 

unning isothermal experiments with different controlled current 

amp profiles [34–36] . Ultrahigh heating rates and the use of ther- 

al insulators to minimize the heating cavity air volume in FS 

etups, have been reported to promote homogeneous heating by 

inimizing cooling fluxes and heat loses at the surface of the spec- 

men [37] . The redox reactions at the electrodes, amply reported in 

onic conductors such as zirconia, can be partially mitigated by a 

uitable electrode composition and configuration [38–40] . The ad- 

ition of electrical conductive additives to ceramic matrix also de- 

reases the probability of hot spots formation but, on the other 

and, can detrimentally modify the final properties of the materi- 

ls [ 41 , 42 ]. Moreover, sintering homogeneity can be generally en- 

anced by applying AC fields, although the effect of frequency re- 

ains controversial. In spite of these efforts, none of these strate- 

ies or the combination of several of them seem to be a univer- 

al approach to overcome the thermal management issues and the 

ractical implementation of FS. Additionally, another burden for 

ractical applications is that finding the optimum combination of 

lectrical field amplitude and maximum current density leading to 

 dense and homogeneous sample is currently more art than sci- 

nce, as this pair normally lies within a very limited range of ap- 

lied power [ 4 , 26 ]. Yet, probably the most important obstacle for

he practical implementation of FS is that the experimental setup 

s limited to two electrodes. This restricts the specimen shapes to 

og-bones, rods, cylinders, plates [12] (and very recently thick and 

hin films [ 43 , 44 ] are also under investigation), which unavoidably 

onstrains the technological applications. Furthermore, localization 

nd preferential current path issues are exacerbated in these lim- 
2 
ted configurations, as the current flow is necessarily either uni- or 

i-directional. Therefore, a true breakthrough in materials process- 

ng would be the development of a novel FS technique for sintering 

hree dimensional (3D) samples with complex geometry, leading 

o substantial energy and time saving among the many other ben- 

fits of FS. Moreover, the rapid growth of 3D-printing in the last 

ew years would ease the possibility of manufacturing complex- 

haped samples which would expand the domain of applications 

f ceramic materials [45] . 

Here, we propose the application of a rotating electric field to 

nhance FS in ceramic materials. Under this configuration, three 

lectrodes (or more) are equidistantly placed over the edges of 

he sample and connected to a multi-phase power supply, creat- 

ng a rotating electric field across the entire sample. It is shown 

hat 3D complex-shaped specimens are homogeneously sintered 

ithin seconds at furnace temperatures much lower than those 

sed in conventional DC-FS. This novel Multi-Phase Flash Sintering 

MPFS) technique has been successfully applied to several materi- 

ls with different electrical conductivities such as 8 mol% yttria- 

tabilized zirconia (8YSZ), BiFeO 3 (BFO) and ZnO, proving the wide 

pplicability of the technique. It is noteworthy that quite recently 

n attempt to sinter a complex-shaped gear by traditional DC-FS 

as been made by applying a DC voltage between the two faces 

f the green body [46] . Nevertheless, this approach requires of a 

pecimen with two flat parallel surfaces and it has been observed 

rain size and hardness variations along its geometry. As shown 

n the present work, this serious issue is overcome with the pro- 

osed MPFS technique, which leads to a uniform distribution of 

he electric field across the material. Different types of multi-phase 

lectrodes configurations can be disposed in convoluted arrange- 

ents for complex geometries while all the advantages of tradi- 

ional FS are preserved. All in all, the proposed MPFS methodology 

an constitute a true breakthrough in ceramics processing, opening 

he venue to innovate multi-phase electrodes configurations and 

ostering the technological applications of Flash-Sintered materials 

ith 3D-structures. 

. Materials and methods 

.1. Materials and characterization 

Commercial powders of 8 mol% yttria-stabilized zirconia (8YSZ) 

Tosoh Corporation, TZ-8Y) and ZnO (Sigma-Aldrich, 544,906, 

anopowder, < 100 nm) were directly used, whereas BFO pow- 

ers were prepared by mechanosynthesis. To this end, stoichio- 

etric amounts of Fe 2 O 3 (Sigma-Aldrich, 310,050, < 5 μm, ≥ 99%) 

nd Bi 2 O 3 (Sigma-Aldrich, 223,891, 10 μm, 99.9%) were milled ac- 

ording to the procedure described by the reference herein [47] . 

o make the pellets, the powders were mixed by a 5% w/w with a 

% PVA solution in distilled water (Sigma-Aldrich, 363,138, 98.0–

8.8%). The mixtures were dried overnight at 80 °C and uniaxi- 

lly pressed at 250 MPa into 10 mm diameter and 1.5 mm thick- 

ess disk-shaped pellets. 3D complex-shaped samples (triangle and 

lover) were obtained from 20 mm diameter cylindrical pellets of 

YSZ, which were cut into the desired shape. Details about the di- 

ensions of these green bodies are shown in Fig. S1. The binder 

as removed by heating the green compacts at 500 °C for 30 min. 

The density of the samples was measured by Archimedes’ 

ethod using distilled water at room temperature as the immer- 

ion liquid. Microstructural characterization was carried out using 

 Scanning Electron Microscopy (SEM) Hitachi S-4800 SEM-FEG op- 

rated at 2 kV. 
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Fig. 1. Total power density profile as a function of furnace temperature generated 

during MPFS of a cylindrical 8YSZ pellet connected to the power supply in Delta 

configuration. 
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.2. Experimental setup 

The MPFS setup is similar to those used in conventional DC-FS 

nd basically consists of a furnace, camera, computer, power sup- 

ly and power analyzer. A schematic representation is depicted in 

cheme 1 (a). The main differences with respect to a conventional 

S setup lie on the employed power supply. MPFS tests use a 3- 

hase AC voltage source. The samples are connected to the power 

upply using two basic configurations: Delta and Star (also known 

s Y/Wye), which are schematically represented in Scheme 1 (b) 

nd (c), respectively. Delta configuration wiring consists of three 

ires or phases equidistantly placed (at 120 ° for cylindrical sam- 

les) at the edges of the samples. Each wire is connected to the 

djacent ones through their endpoints forming a triangle, as shown 

n Scheme 1 (b). This configuration is a 3-phase 3-wire system and 

 particular phase by itself serves as a return line for the others. 

lternatively, the Star configuration is a 3-phase 4-wire system. 

he 3 phases are connected to a common point where the neutral 

ire is attached, similarly to a wye. To this end, a hole is drilled in

he geometric center of the sample as shown in the photograph of 

cheme 1 (c). 

In order to perform the MPFS experiments, the samples were 

onnected to a 3-phase AC power supply (AST1503A1 AMETEK As- 

erion, USA) in either Delta or Star configuration using platinum 

aste as electrodes and NiCr wires. A tubular furnace was em- 

loyed for heating up the samples at a constant rate of 5 °C min 

−1 

y means of a Eurotherm 3216 PID controller. A k-type thermo- 

ouple in the vicinity of the sample monitored the local temper- 

ture. Simultaneously, a rotating electric field was applied using 

hree AC voltage signals of same amplitude and frequency (50 Hz) 

nd phase shifted by 120 °. The power supply was operated in a 

oltage-controlled mode until the flash event took place. At this 

ritical point, the power supply automatically switched to current- 

ontrolled mode to counteract the abrupt non-linear rise of the 

onductivity. The flash event was maintained for a certain time 

ag before the power supply was turned off. The applied electric 

eld and current density were recorded with a 3-phase power an- 

lyzer (PPA1500 Newtons4th Ltd, UK). Material densification and 

emperature were monitored using an infrared camera (PI 1M, Op- 

ris GmbH, Germany). Additionally, optical images were recorded 

y means of a high-definition digital camera (ELP-USBFHD08S-MFV 

5–50), ELP). 

. Results and discussion 

Firstly, the two conventional connections of 3-phase systems, 

elta and Star, were assessed. FS experiments were performed in 

ylindrical pellets of 8YSZ using both Delta and Star configura- 

ions. Fig. 1 shows an example of the total power density profile 

enerated in Delta configuration. Similar trends and stages were 

btained with Star-connected samples. This profile is the sum of 

he power generated by each one of the three phases, which can 

e seen in Fig. S2 (along with the total applied voltage and elec- 

rical current curves), divided by the total volume of the sample. 

s for single-phase FS, the three stages commonly categorized are 

lso observed in MPFS ( Fig. 1 ): incubation, transient and steady 

tate (a.k.a. Stage I, II and III, respectively) [48] . During the incu- 

ation period there is a linear increase of electrical conductivity 

ith temperature, which leads to a rise of the dissipated power. 

his stage culminates in the flash event, clearly identified by a 

on-linear increase of conductivity and a spike in the dissipated 

ower. It is currently accepted that the flash is triggered by a ther- 

al runaway [49] . The amount of generated heat overcomes the 

eat that can be dissipated by the specimen and that considerable 

ncrease of temperature leads to a great rise of the conductivity in 

 self-feed process [50] . At this point, the power supply is automat- 
3 
cally switched from voltage to current controlled mode to regulate 

he electrical runaway to the preset current limit (see also Fig. S2). 

inally, the flash is maintained for 60 s under current-controlled 

ode, delivering constant power. 

As mentioned above, both connections (Delta and Star) exhibit 

imilar total dissipated power density trends. Simulations revealed 

lmost the same electric field distribution in these two settings 

Fig. S3). Detailed information about the simulations can be found 

n SI (1. Computational Simulations). The created rotating elec- 

ric field for both configurations can be seen in Videos S1 and 

2, where simulations over time are shown. For a given elec- 

ric field distribution and temperature, it should not be expected 

oo much difference between the two configurations in terms of 

onductivity, and, therefore, in the corresponding current densi- 

ies. However, in Star-connected samples, current intensity spreads 

rom phases to neutral while passing through smaller areas com- 

ared to Delta loads, where no neutral is required, and the cur- 

ent is driven from terminal to terminal. As a result, in Delta se- 

ups the current density goes through a larger effective area com- 

ared to Star connections. Therefore, as the current density passes 

hrough smaller effective areas in Star loads, it concentrates the 

ocal Joule heating in smaller regions, which eventually can trig- 

er the flash selectively as higher conductivities are reached in 

hose areas. Experimentally, a close examination of the intensity 

rofiles in MPFS setups included in Fig. 2 (a) and (b) shows that 

he Star connection brought forward the onset compared to the 

alues registered in Delta configuration. This evidence is in good 

greement with the mainstream about the thermal activation of 

he flash [49] . Additionally, Fig. 2 (a) shows that the flash event is 

nitiated simultaneously in the three phases under the Delta con- 

guration. As confirmed by optical and IR thermographic images 

f the specimen during flash ( Fig. 2 (a) inset and 2 (c), respectively),

he flash quickly spreads throughout the whole geometry of the 

ellet, favoring a more homogeneous surface temperature distribu- 

ion across the sample. This leads to more uniformly densified pel- 

ets, even for those with complex shape as will be shown ahead. 

onversely, a time lag between the different phases is observed 

or the Star configuration ( Fig. 2 (b)). Phases 1 and 3 firstly flash, 

hile flash of phase 2 is lagged. Flash phase delay is detrimental 

o achieve homogeneity and densification of the material ( Fig. 2 (b) 

nset). IR thermographic images ( Fig. 2 (d)) reveal significant tem- 

erature gradients across the surface of the sample, with differ- 

nces of up to 200 °C between the areas where the flash has been 

nitiated and those in which has not. Thus, the specimens cannot 
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Fig. 2. Intensity profiles as a function of the furnace temperature and IR thermographic images of the specimens during flash in Delta (a), (c) and Star (b), (d) configuration 

for cylindrical 8YSZ specimens. The insets included in figures (a) and (b) are optical images of the specimens during flash, while the SEM micrograph corresponds to the 

microstructure close to the neutral of a 8YSZ sample connected to the power supply in Star configuration. 
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Table 1 

Activation Energies, E a , obtained from the fit of Arrhenius curves to the data plotted 

in Fig. 3 (b) for ZnO, 8YSZ and BFO under DC-FS and MPFS. 

Material System (E a ± �E a ) eV 

ZnO DC-FS 0.9094 ± 0.0454 

MPFS 1.0447 ± 0.0519 

8YSZ DC-FS 0.3438 ± 0.0123 

MPFS 0.3671 ± 0.0139 

BFO DC-FS 0.4730 ± 0.0543 

MPFS 0.3833 ± 0.0141 
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e homogeneously densified. Indeed, this issue can be clearly ob- 

erved by a simple visual inspection of the resulting specimens. As 

hown in Fig. S4, the obtained sintered samples by the Star config- 

ration are significantly deformed. Additionally, heterogeneities in 

heir microstructure are clearly seen in SEM images ( Fig. 2 ). The 

EM micrograph depicted in Fig. 2 was collected at low magni- 

cation in an area close to the neutral, where a melted region, 

robably caused by a preferential current path, along with poorly 

ensified areas can be discerned. As inferred from computer sim- 

lations, Star-connected samples can experience a more significant 

ocal Joule heating, which may result in a localized non-uniform 

ash. These local effects can lead to the patterns reported in sam- 

les exposed to significant thermal gradients (i.e. blackening effect, 

orosity and inhomogeneous grain distribution, as well as abnor- 

al grain growth [ 33 , 38 , 51 ]). A further disadvantage of the Star

onfiguration is that it requires an extra wire to connect the neu- 

ral, which adds complexity and cost to scale-up the MPFS technol- 

gy. Beside, an additional step in the sample preparation is needed, 

s a hole must be drilled in the center of the sample for the 

eutral connection. Therefore, Delta over Star configuration is pre- 

erred for MPFS systems. Experimental results hereafter reported 

orrespond to Delta configuration tests. 

Several materials with diverse types of conductivities (8YSZ, 

nO and BFO) were tested using the Delta configuration to as- 

ess the versatility and applicability of the MPFS technique (see 

lso Fig. S5 that includes photographs of specimens before and af- 

er the MPFS as a way of examples). 8YSZ is an ionic conductor 

ith almost negligible electronic conductivity, whereas ZnO and 

FO are semiconductors presenting n -type and p -type conductiv- 

ty, respectively. Fig. 3 (a) shows the Arrhenius power density pro- 

le plots for ZnO and BFO at 20 V and for 8YSZ at 40 V using

D

4 
C-FS and MPFS. Power profiles follow the typical expected be- 

avior independently of the applied field and electrical properties 

f the materials. Thus, a linear increase of the power density is ob- 

erved up to the flash onset, which is followed by an abrupt power 

pike. The flash event is triggered in a very narrow range of dis- 

ipated power density from about 6 to 30 mW/mm 

3 as reported 

n previous works [4] . A remarkable feature of MPFS as compared 

o conventional DC-FS is that for the same applied voltage, at a 

iven temperature the power delivered to the material is much 

igher. Consequently, the flash event is displaced to significantly 

ower temperatures, e.g. up to 80 °C in the case of BFO for an ap-

lied voltage of 20 V. Fig. 3 (b) shows the Arrhenius-type depen- 

ence of the applied voltage versus the flash onset temperature 

or ZnO, 8YSZ and BFO flashed under DC and 3-phase AC fields. 

he higher the applied voltage, the lower the flash onset temper- 

ture as typically observed in other works [52] . Interestingly, the 

rrhenius-type dependence is almost parallel for the diverse ma- 

erials. Thus, the activation energies ( Table 1 ) are very similar. It 

s noteworthy that 8YSZ cannot be flashed under the conventional 

C configuration below an applied voltage of 30 V (represented in 
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Fig. 3. (a) Power density and (b) applied voltage versus onset temperature (Arrhenius plots) for ZnO, 8YSZ and BFO using DC-FS and MPFS. 
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ig. 3 (b) by an empty triangle). Fig. S6 shows the power density 

rofiles for DC-FS and MPFS of 8YSZ at 30 V. It can be clearly seen

hat the generated power density in DC-FS is below the threshold 

alue to activate the flash, in contrast to MPFS where the applied 

ower is much higher and within the range at which the flash is 

ctivated. Indeed, 8YSZ ceramic can be flashed at voltages as low 

s 20 V using the MPFS technique, which demonstrates the effi- 

iency of this novel method. 

All in all, the experimental results reported in the present work 

uggest the potential applicability and versatility of the proposed 

ovel MPFS technique. Ceramic materials characterized by differ- 

nt electrical conduction mechanisms are sintered at significantly 

ower temperatures than those necessary for conventional DC- 

ystems at a given applied voltage. This result opens the venue to 

inter materials in a more efficient way. Not only the flash onset 

emperature can be reduced but also hard or impossible to flash 

aterials could be flashed by this newly developed MPFS method. 

dditionally, MPFS may avoid undesired local phenomena com- 

only occurring in conventional FS or reactive FS [ 25 , 29 ]. Essen-
5 
ially, sintering uniformity across the material is enhanced by a ro- 

ating electric field as opposed to a unidirectional field in conven- 

ional FS, which may magnify local phenomena in typically het- 

rogeneous samples. Moreover, preferential current paths are less 

ikely since, as observed for 8YSZ in the present work, the flash 

vent occurs at notably lower voltages and, therefore, lower ap- 

lied electric fields. 

The possibility of achieving homogeneous sintering of complex- 

haped specimens by MPFS has been also explored in our work. 

hus, 8YSZ 3D samples of different geometries, whose dimensions 

an be found in Fig. S1, were shaped and flash sintered using the 

elta configuration. Fig. 4 shows details about a 8YSZ 3D trian- 

le and clover-like specimens. The computational simulations in 

ig. 4 (a) and (e) suggest a homogeneous electric field distribution 

overing the whole surface of both samples. Additionally, the dif- 

erent shapes seem to contribute to different electric field distribu- 

ions. The clover-like specimen accumulates charge density at the 

obe border, which unveils that an adequate contour could mod- 

fy the electric field distribution within the material for sintering 
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Fig. 4. (a) Simulation, (b) IR thermographic, (c) Optical Images during MPFS of an 8YSZ 3D triangle and (d) SEM micrograph of the areas marked in (c). (e) Simulation and 

optical images of an 8YSZ 3D clover-like specimen at different stages during the MPFS experiment. 
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niformity purposes. Nevertheless, in terms of densification uni- 

ormity, no significant differences were observed experimentally 

or the triangle and clover-like specimen as commented as follows. 

ig. 4 (b) and (c) includes the experimental results for the 3D tri- 

ngle. Both IR thermographic and optical images suggest a homo- 

eneous distribution of the flash characterized by uniform temper- 

ture profiles. Video S3 shows the MPFS process of the triangu- 

ar specimen as recorded by the IR thermographic camera, which 

as carried out at 30 V and 2.5 A. The flash takes place at a fur-

ace temperature of 860 °C. The small temperature gradients ob- 

erved in Video S3 and Fig. 4 (b) may be attributed to the cooling

uxes at the surface and edges of the sample, that are normally 

esponsible of temperature gradients leading to heterogeneities, as 

ell as the tilted position of the sample with respect to the IR 

amera. The typical strategies applied in conventional FS to allevi- 

te these thermal gradient issues, such as running experiments in 

sothermal conditions with current-controlled ramps profiles com- 

ined with ultrafast heating rates and thermal insulators in the FS 

avities could be definitely applied to MFPS [33] . Nevertheless, in 

his case, these reduced gradients are not even noticeable in the 

ptical image and the SEM micrographs carried out near the elec- 

rodes and at the center of the sample, suggesting uniform den- 

ification with low porosity and an average grain size of approxi- 

ately 800 nm ( Fig. 4 (d)). The density of the sample as measured

y the Archimedes’ method is 97%, assuming 5.9 g cm 

−3 (Ref. Code 

0-048-0224) as theoretical density. Similar results were obtained 

or the clover-like specimen plotted in Fig. 4 (e) where the high de- 
t

6 
ree of contraction and, therefore, densification (94% measured by 

rchimedes’) of the material is clearly evidenced in the optical im- 

ges taken before (pre-flash) and after (post-flash) MPFS. For fur- 

her details, see Video S4 that shows the MPFS event for the green 

ompact at 30 V and 1.5 A. 

Very recently, Yang et al. reported the sintering of a complex 

ear-shaped 3YSZ specimen by conventional DC-FS [46] . DC voltage 

as applied between the two faces of the green body as this is the 

nly possible option with conventional 2-electrodes FS. In contrast 

o the samples presented here, the specimen suffered from signifi- 

ant grain size and hardness gradients as well as porosity. The au- 

hors suggested that a greater homogeneity could be obtained by 

eans of AC-FS. Even so, in single-phase AC systems the supplied 

ower falls to zero twice in a cycle and therefore the power deliv- 

red, which may also contribute to heterogeneities. This limitation 

s partially avoided by the MPFS method since each phase deliv- 

rs independent 120 ° shifted AC voltage signals and the supplied 

ower never drops to zero. Thus, this relatively constant power 

upply as well as the possibility of multiple electrode configura- 

ions to achieve different distributions of the electric field promote 

omogeneous sintering even in samples with complex geometries. 

dditionally, the combined use of MPFS and 3D printing can con- 

titute the basis of a promising technique to produce ceramic spec- 

mens of complex shape. 

Finally, we would like to emphasize the potential and versatil- 

ty of MPFS. Fig. 5 shows the simulation results for a MPFS ex- 

eriment using 6 phases. In comparison to the 3-phase simula- 

ion at the same voltage included in Fig. S3(a), not only the ap- 
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Fig. 5. Electric field distribution obtained from simulations of a MPFS system using 

6 phases in Delta configuration. 
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Scheme 1. (a) MPFS experimental setup and details of sample connectio

7 
lied electric field is more homogeneous but also the covered sur- 

ace due to the higher supplied power. As mentioned above, this 

as several practical implications for the sintering of materials in 

omparison to traditional FS, beside the advantageous possibility 

f a more convoluted configuration of the electrodes for the sin- 

ering of complex-shaped samples. Firstly, the applied voltage re- 

uired for flash triggering is obviously lower in MPFS, which serves 

o mitigate localization phenomena and preferential current path- 

ays commonly encountered in conventional FS. Secondly, at the 

ame applied voltage, the supplied power is approximately pro- 

ortional to the number of phases. In this way, samples with big- 

er volumes and more complicated geometries can be sintered at 

educed temperatures, which boosts energy efficiency. Thus, MPFS 

as the potential to expand the domain of applications of ceramic 

aterials. 

. Conclusions 

This work constitutes the first proof-of-concept of Multi-Phase 

lash Sintering (MPFS). It is demonstrated that 3-phase power sup- 

ly can efficiently flash-sinter materials characterized by different 
n to a 3-phase power supply: (b) Delta and (c) Star configurations. 
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lectrical conduction mechanisms as well as 3D complex-shaped 

pecimens. 

Delta configurations exhibited a much more resilient behav- 

or under electrical stress than Star setups. Delta settings reached 

 homogeneous flash in different complex samples. At the same 

ime, in similar conditions, Star configurations showed local effects 

s preferential paths, limiting the homogeneity of the flash, and 

onsequently the uniformity of the densification process. Therefore, 

elta setups are the recommended settings in applications such as 

PFS to mitigate the inception of hot spots and preferential path- 

ays. The applicability of the MPFS technique to a wide range of 

aterials and shapes is also demonstrated. Materials with different 

onductivities, i.e. ZnO, 8YSZ and BFO, can be sintered in a matter 

f seconds at furnace temperatures lower than those used in con- 

entional DC-FS under the same applied voltage. This is mainly due 

o the higher power densities applied in MPFS. Additionally, MPFS 

ffers multiple possibilities of electrode configurations for the sin- 

ering of complex-shaped specimens. The most important practical 

mplications for the enhanced sintering of materials by MPFS are: 

1) the flash can be initiated at reduced voltages and (2) uniform 

lectric fields over bigger volumes of complex geometries can be 

chieved. Hence, energy efficiency is improved and the typical is- 

ues related to the thermal management in conventional FS such 

s undesired local phenomena and preferential current pathways 

an be better coped in MPFS. Beside, the common strategies used 

n traditional FS to alleviate these thermal issues can be also ap- 

lied to MPFS. Thus, specimens with complex geometries can be 

niformly sintered, as demonstrated in the present work for the 

D triangle and clover-like specimens. These results pave the way 

o efficiently produce complex-shaped ceramic materials. 

The newly developed MPFS method entails the next natural 

tep in the future development of FS. The synergistic effect of in- 

reasing the number of phases in FS while reducing the onset flash 

emperature enables the efficient and homogeneous sintering of 3D 

omplex-shaped ceramics, while keeping all other advantages of 

onventional FS. MPFS can be considered as an interesting method- 

logy for industrial applications due to its smaller energy footmark 

n comparison to traditional sintering methodologies and even to 

onventional FS. Moreover, the combined use of 3D printing and 

PFS can promote new applications of ceramic materials. 
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