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a b s t r a c t 

Flash (ultra-rapid) sintering of powder materials is a Multiphysics phenomenon which has a potential 

for the quasi-instantaneous fabrication of various components. However, the intrinsic instability of flash 

sintering makes it difficult to apply to complex shapes and large specimens. Here, we circumvent this 

problem by the use of an interface-controlled approach to impose stable and very fast heating to large 

powder samples which become fully dense in a matter of seconds. The Multiphysics simulation demon- 

strated that an electric-thermal-mechanical confinement of the specimen allows a very efficient (and 

selective) heating and sintering of the powder specimen with a homogeneous microstructure and a sub- 

stantial reduction of the grain growth. Our results indicate that the ultra-rapid sintering of large and 

complex shape samples is possible. 

© 2021 Elsevier Ltd. All rights reserved. 
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Under high electric current/field, powder materials have 

emonstrated a particular ability to be consolidated to full density 

n few seconds [1–3] . The discovery of this phenomenon has been 

one gradually through the study of the “ultrafast” and “flash” sin- 

ering process which involve sintering times below 0.1 s and be- 

ween 0.1 and 60 s, respectively [ 4 , 5 ]. Ultrafast high voltage com-

action/sintering uses an electric discharge pulse from a capaci- 

or bank to sinter/consolidate conductive powders [6] . In 2010, the 

ork of Cologna et al. [1] introduced “flash sintering” as a field as- 

isted sintering process which involves electric fields between 7.5 

nd 10 0 0 V/cm with a power dissipation of 10 to 10 0 0 mW/mm 
3 ,

nd “wherein the onset of sintering is accompanied by a non-linear 

ncrease in the conductivity of the material” [1] . This runaway phe- 

omenon accompanied by densification in less than a minute is a 

ypical behavior of materials with the negative temperature coeffi- 

ient (NTC), such as zirconia. 

Since the advent of flash sintering, this technique has been suc- 

essfully implemented in advance processes such as Spark Plasma 

intering or microwave sintering for a broad spectrum of materials 

 4 , 7–9 ]. 

For microwave sintering, the direct interaction of the mi- 

rowaves and the matter enables a very fast heating and sintering 
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f ceramic [7] and metal [ 10 , 11 ] powders. The main advantage of

he microwave flash sintering is in its contactless and volumetric 

eating nature. However, this process suffers from a high inher- 

nt heating instability. The NTC behavior of some materials im- 

licates a greater heat dissipation in the hot areas, which tends 

o amplify the heating instabilities creating hot spot phenomena 

 12 , 13 ]. In the field assisted sintering approaches, the incidents of 

he localized electric current concentration and localized heating 

re reported [ 5 , 13 ] which significantly limit the treatable size of 

he flash sintered specimens, which are generally few millimeters 

hick dog bone shape samples. 

Because of these thermal instabilities, the idea of utilizing the 

ash sintering process for the fabrication of large and complex 

hape components seems very difficult to implement. An excep- 

ion is the lattice structures or 2D shapes [14] ensuring homo- 

eneous electric current density that has been flash treated via 

eactive sintering [15] . However, the new adaptation of flash sin- 

ering to the spark plasma sintering (SPS), which integrates a die 

ressing and a pulsed current Joule heating, opens new interesting 

nd very promising possibilities. The flash spark plasma sintering 

FSPS) is an approach using a sinter-forging configuration able to 

reheat the specimen to activate flash sintering that can be ap- 

lied to various NTC materials such as SiC specimen as large as 

0 mm in diameter [ 9 , 16 ]. In the work of Zapata-Solvas et al. [17] ,

n electrically insulated die is used to have better control of the 

ample shape while concentrating the current in the powder area, 

hich provides close to flash sintering conditions. We previously 

8] employed a similar configuration (reported in Fig. 1 a) to show 

hat an ultra-rapid sintering can be enacted for any kind of powder 

egardless of its electrical conductivity (from electrically insulative 

https://doi.org/10.1016/j.apmt.2021.101293
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Fig. 1. Concept of complex shape flash sintering. The ultra-rapid complex shape sintering method integrates two coupled approaches: a) the flash spark plasma sintering 

conditions and configuration [8] b) the complex shape deformed interface approach [18] . 
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ighly pure alumina to metals like nickel) via an imposed electric 

urrent control. We obtained 10 mm diameter net shape pellets 

ith a very homogeneous microstructure. We showed also by the 

nite element simulation that this homogeneity is due to the com- 

ination of the thermal confinement by the lateral thermal contact 

esistance and the hybrid heating where the lateral graphite foil 

issipates an external heating which plays a role similar to sus- 

eptor (by analogy with microwave sintering). The powder can be 

onsidered to be electro-thermally and mechanically confined. 

The typical hybrid heating within this setup makes it suited 

or larger-scale applications of flash sintering. In addition, the me- 

hanical confinement (provided by the die) helps to impose a 

niform displacement field in the specimen. We recently showed 

hat this FSPS concept can be applied to larger specimens of 

0 mm [19] . This opens a very interesting opportunity for the 

abrication of complex shapes through the “deformed interface ap- 

roach” [18] enabling specimens with size of at least 15–30 mm 

o be handled. In this approach (represented in Fig. 1 b), an as- 

embly of powders separated by a deformable interface is em- 

loyed. This method (described in the “Method” section) is based 

n the mutual densification of the complex shape fabricated parts 

nd sacrificial parts, which results in the possibility to fully sin- 

er complex shape objects. When used under spark plasma sinter- 

ng, this approach has already shown the ability to generate fully 

ense shapes, as complex as turbine blades, regular and twisted 

ear shapes, etc. (see Fig. 2 ). 

Thus, the combination of the “Flash Spark Plasma Sintering”

onditions (which we showed to be “all materials inclusive” [8] ) 

nd the “Deformable Interface Approach” (which has been shown 
2 
o be “all shape inclusive” [18] ) enables the flash sintering of com- 

lex shapes. In other words, the fabrication of complex shapes 

rom powder materials in a few seconds becomes possible. This 

nterface-aided flash sintering approach may be coupled with 

he recently developed volumetric [20] , continuous [21] , multi- 

aterials additive manufacturing methods with printing time of 

econds or minutes to generate the graphite interfaces after the 

olymeric in situ decomposition [22] . 

In the following description, we will discuss first the probable 

hysical basis of this ultra-rapid sintering technique. Then we will 

onsider in detail the results of our first fabrication of the flash 

intered complex shape. 

Based on the continuum theory of sintering [23] , the classical 

ow heating rate (10 K/min) sintering models fail to explain the 

ltra-rapid densification of the same materials when high heating 

ates are used up to the temperature close to the melting point 

11] . This suggests the presence of additional phenomena respon- 

ible for such an acceleration of the sintering kinetics. The phys- 

cal origin of these additional factors is still intensely debated. 

n particular, localized heating at preferential sites, such as grain 

oundaries and particle surfaces, was considered by Cologna et al. 

1] . Despite the high diffusivity of the heat in small size particles 

24] contradicts this hypothesis, melted or softened grain bound- 

ries have been observed for SPS [25] and microwave [7] sinter- 

ng. Another main mechanism is the influence of the electric cur- 

ent and temperature on the defects’ nucleation (vacancy, dislo- 

ation, Frenkel pairs, etc.) causing the potential enhancement of 

he sintering mass transport. Defects can affect the dislocation mo- 

ion intensifying local Joule heating and therefore create more de- 
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Fig. 2. Complex shape parts obtained by the deformed interface approach and in combination with the flash spark plasma sintering approach. 
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ects. Using the electro-plasticity approach, we analyzed this phe- 

omenon for conductive powders during SPS [ 26 , 27 ]. In the follow-

ng equation, the deformability term A is the sum of the thermal 

 (T ) and non-thermal A (J) terms where the cumulative thermal 

nergy at the defects is taken into account [26] : 

˙ = −[ A ( T ) + A ( J ) ] 

(
3 θ

2 

) m +1 
2 m 

( 1 − θ ) 
m −1 
2 m 

(
σz 

G 

) 1 
m 

(1) 

 ( J ) = βω 

[
t f 

∫ 
t 0 

J 2 L λ

G 

dt 

]ω 

(2) 

here θ is the porosity, m is the strain rate sensibility, σz is the ap- 

lied stress, G is the shear modulus, J L is the local electric current 

ensity, λ is the electrical resistivity, and ω is the electric current 

ensitivity exponent. 

Finally, the case of the ultra-rapid densification of a highly pure 

lumina ( Fig. 1 a) highlights a different aspect of the flash sintering 

hat involves the enhancing effect of the high heating rates (with- 

ut the contribution of the electric current). It has been shown 

hat fast firing, such as using Ni and Al exothermic reaction, can 

ead to an ultra-rapid densification (without electric current) of zir- 

onia [28] , similar to flash sintering. This can be due to the preser-

ation of the early stage high reactivity due to the retention of 

on-equilibrium grain boundaries [ 29 , 30 ] or pore coarsening [31] . 

The first prototype of the flash sintered complex shape is a 

0 mm diameter zirconia gear. This case addresses the problem 

f the thermal stability during flash sintering of large specimens 

nd its capacity to generate complex shapes. The powder assem- 

ly process uses a graphite foil skeleton and is described in de- 

ail in the Method section. The flash conditions are based on a 

trategy similar to the one employed in the 10 mm size speci- 

en ( Fig. 1 a): a rapid increase of the electrical current is applied

see Fig. 3 a). In this case, the electric current is held longer time 

fter reaching the maximum density to ensure the stable heat- 

ng and uniform microstructure. The densification is very fast and 

akes roughly 20 s during the electric current increase after tak- 

ng additional 20 s to stabilize. The flash sintered zirconia spec- 

men is reported in Fig. 3 b; the flash sintered pellet with the 

raphite foil interfaces is shown in the upper image. After ejecting 

he sacrificial parts, the gear shape is finally obtained. The simu- 

ation of this experiment ( Fig. 4 ) shows a very selective heating 
3 
n the specimen where the electric current lines passing through 

he graphite foil extend to the powder that becomes conductive at 

igh temperatures [2] . The grain sizes obtained in the center and 

t the edge of the sample are largely under 500 nm and very ho- 

ogeneous. The temperature differences in the sample are about 

00 K but it appears that the short sintering time prevents mi- 

rostructure non-uniformity. Another interesting aspect is the tran- 

ition from white to black zirconia. Zirconia is an ionic conductor 

nd under the vacuum reducive conditions of SPS, it transforms 

o black zirconia [32] and becomes an electronic conductor that 

an ensure a volumetric heating of the powder. The contact with 

raphite elements significantly increases these reduction phenom- 

na. The sensitivity to this transformation can be reduced by AC 

urrent [ 33 , 34 ]. However, the improvement of zirconia electric and 

hermal conductivity, when becoming black zirconia, has a stabi- 

izing effect on the thermal distribution, and, at the same time, 

he mechanical properties of black zirconia are still high [ 35 , 36 ].

o determine the mechanical resistance of black zirconia, SPS sin- 

ered white and black zirconia specimens have been compared 

ia 100 K/min (white) and 10 0 0 K/min (black) experiments (on 

5 mm pellets [19] ). We obtain similar values of Vickers hardness 

nd toughness; HV 2.0 12.25 ± 0.23 GPa, K lc 5.70 ± 0.14 MPa m 
1/2 

or white zirconia and HV 2.0 13.45 ± 0.13 GPa, K lc 5.62 ± 0.13 

Pa m 
1/2 for black zirconia. These values are close to those ob- 

ained for the same powder by conventional sintering (1400 °C); 
V 2.0 12.54 ± 0.23 GPa, K lc 4.88 ± 0.28 MPa m 

1/2 [37] . 

To conclude, the flash sintering conditions, traditionally utilized 

n small size specimens, are possible to implement, based on the 

nterface aided flash sintering, in larger scale specimens resulting 

n homogeneous microstructures with very limited grain growth. 

he heating appears to be very selectively concentrated in the 

pecimen which makes the process very energy efficient. The elec- 

rically insulated die enables a very homogeneous and predictable 

isplacement field in the powder which allows applying the de- 

ormable interface method to fabricate any kind of complex shapes. 

ethods 

The flash spark plasma sintering approach: Our flash SPS ap- 

roach uses a die & punches configuration (reported in Fig. 1 a), 

here graphite foil is introduced in the vicinity of the punch/die 

nd sample/die interfaces. In order to concentrate the electric cur- 
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Fig. 3. Flash sintering of 30 mm zirconia gear. a) Current and displacement curves recorded during the flash spark plasma sintering experiment b) the upper part shows the 

sintered pellet where the gear shape appears along with the sacrificial parts and graphite foils interface, the lower part shows the released gear shape after ejection of the 

sacrificial parts. 

Fig. 4. Physical field uniformity and correlation with obtained microstructures. The upper part (a) shows the temperature distribution and electric current lines during 

the electric current peak, the lower part (b) represents the SEM fracture images in the center and at the edge of the sintered sample which demonstrate a homogeneous 

microstructure with grain size clearly lower than 500 nm. 

4 
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ent in the area of the powder, the inner die hole is electrically 

nsulated by the boron nitride spray coated directly on the exter- 

al graphite foil surface. In this way, the electric current can flow 

n the powder, or to the surrounding graphite foil, if the powder 

as too low conductivity. For the flash SPS of zirconia, this con- 

guration allows preheating through the graphite foil to activate 

he onset of the flash sintering helping the transition from the low 

onductivity of the powder at room temperature to the higher con- 

uctivity at high temperatures. For electrically insulative powders, 

such as highly pure alumina), the graphite foil becomes the main 

eating element in direct contact with the powder which also al- 

ows an ultra-rapid densification. The graphite foil helps stabilize 

he heating during the flash regime, by providing a highly local- 

zed additional and external heating. Larger specimens can then be 

ash sintered thanks to this hybrid heating. 

In the traditional flash sintering approach, the negative temper- 

ture coefficient (NTC) behavior of materials, such as zirconia or 

ilicon carbide, causes a thermal runaway heating profile accompa- 

ied by an ultra-rapid densification [ 13 , 38 ]. In order to impose an

ltra-rapid densification regardless of the powder conductivity, we 

mpose directly a spike of the electric current controlling its inten- 

ity and holding time to generate an imposed ultra-rapid heating 

nd sintering profile. For 10 mm specimen ( Fig. 1 a) we imposed a

imple peak of the electric current up to the full density without 

olding time. For 30 mm specimen with the inner complex shape, 

e hold the electric current for a longer time to ensure a spatially 

table heating. 

The spark plasma sintering experiments were performed (using 

he SPS device SPSS DR..SINTER Fuji Electronics model 5015) under 

onstant pressure of 90 MPa for the 10 mm specimens and 50 MPa 

or the 30 mm gear experiment. The following powders have been 

sed: a highly pure alumina as the electrically insulative powder 

Cerac, Al 2 O 3 99.99% pure, 37 nm), nickel as the conductive pow- 

er (Cerac, Ni 99.9% pure, 5 μm), and a partially yttria stabilized 

irconia powder 3Y-ZrO 2 (Tosoh- zirconia TZ- 3YS, 100 nm) has 

een used as the intermediate conductivity powder with NTC be- 

avior. 

Deformed interface approach for complex shapes: This ap- 

roach includes three main steps reported in Fig. 1 b: 1) the pow- 

er assembly of at least two powder areas separated by a non- 

interable, deformable interface is generated, 2) the powder assem- 

ly is sintered by a die compaction method such as “hot pressing”

r “spark plasma sintering”. During this step, the separation inter- 

ace follows the mutual densification of the powders. 3) The last 

tep is the ejection of the sacrificial parts, which is possible thanks 

o the internal separation interface [39] . This interface can be made 

f a powder (graphite, oxides, nitrides, carbides) or a semi-rigid 

oil skeleton and should be able to accompany the mutual dis- 

lacement of the fabricated complex shape part and the sacrificial 

rea during sintering without significantly disturbing the displace- 

ent field. Using 3D printing of a polymer shell, it is possible to 

enerate directly a graphite powder separation interface between 

he powders after partial decomposition of the polymer during the 

eating in SPS device (for oxygen-free atmosphere) [22] . By this 

pproach very complex shell architecture geometries ( Fig. 2 ) can 

e 3D printed to ease the ejection of the shapes and allow multi- 

le parts production. Powders in both areas should be ideally the 

ame to ensure the homogeneous specimen’s displacement field. 

owever, for cost efficiency, the powder of the sacrificial area can 

e different, although the densification behavior of both powders 

hould be as close as possible. The shape surface aspect depends 

n the nature of the printed interface or the graphite tool in con- 

act. An additional powder bed can be placed at the punch/sample 

nterface to ease the sample ejection. This may create some surface 

oughness (nickel gears Fig. 2 ) that can be improved by polishing 

r sandblasting. 
5 
This approach addresses the problem of thickness variation in 

he die compaction process, where the high thickness areas are 

enerally very difficult to fully densify as they need more shrink- 

ge than the lower thickness zones [40] . Solving this problem re- 

uires complicated multiple punches approaches [ 41 , 42 ] eventually 

sing sacrificial materials [43] . The advantage of this approach is 

o use a regular compaction tooling which, with the addition of 

omplex separation interfaces, can be designed to generate com- 

lex shape parts and/or multiple part specimens simultaneously 

ensified. The non-restrictive nature of the internal interface de- 

ign makes this approach “all shape inclusive”. 

Combined flash of deformed interfaces approaches: The com- 

ined approach utilized in this work renders the flash spark 

lasma sintering conditions in a 30 mm diameter cylindrical work- 

ng space with graphite foil interfaces introduced for the cre- 

tion of a complex shape zirconia gear. To increase the thermal 

onfinement of the heat generated in the powder, two graphite 

oils are added in the lateral punch/die and sample/die interfaces; 

nd, to reduce the cooling flux through the sample/punches in- 

erfaces, three graphite foils are introduced. The gear shape has 

een imposed via the graphite foils with the help of a 3D printed 

GEEETech prusa i3) polymer (ABS) gear mold. The zirconia powder 

s then filled around the graphite foil skeleton to apply the “de- 

ormed interface approach”. Each step of the preparation from the 

D printed ABS gear with desired shape to finial flash sintered zir- 

onia gear is reported in supplementary material. As shown by the 

imulation Fig. 4 , the heat is guided by the inner graphite separa- 

ion interface and is propagated to the rest of the powdered speci- 

en due to the high electrical conductivity of zirconia at high tem- 

erature. At high temperature and for oxygen-deficient conditions, 

he flash sintered zirconia specimen may become highly electroni- 

ally conductive due to an electrochemical reduction [34] . 

Electro-thermal-mechanical (ETM) finite element simulation: 

he ETM model predicts both the Joule heating of the SPS Pressing 

olumn and the densification of the powder. The governing equa- 

ions and boundary conditions are fully described in ref [ 40 , 44 ].

he electric and thermal contact resistances (ECR and TCR) in all 

he interfaces have a significant impact on the thermal field and 

he heat confinement of the powder [ 45 , 46 ]; the values of the

CR and TCR are based on ref [47] . In the interfaces with several

raphite foils, the ECR and TCR have been calculated accounting for 

he equivalent electric and thermal resistance of each graphite foil. 
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