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Abstract 

The competition between sintering and coarsening is cited by numerous authors as one of 

the potential factors for explaining the ultra-rapid sintering kinetics of flash sintering. In 

particular, surface diffusion is a mechanism decreasing the driving force of sintering by 

changing the initial highly reactive microstructures (particle contact) into poorly reactive 

porous skeleton structures (spherical porosity). We show by finite element simulations that 

flash SPS experiments high specimen temperatures close to 2000°C. These high temperatures 

are not sufficient to explain the ultra-rapid sintering kinetics if typical spherical pore 

theoretical moduli are employed. On the contrary, reactive experimentally determined moduli 

succeed in explaining the ultra-rapid sintering kinetics. Mesoscale simulations evidenced that 

the origin of such reactive experimental moduli is a porous skeleton geometry with a 

significant delay in surface diffusion and particle rearrangement. This highlights the important 

role of the surface diffusion negation (favoring higher stress intensification factor) in flash 

sintering. 

 

Graphical abstract 

 
_________________________________ 
* Corresponding author: CM: Laboratoire de cristallographie et sciences des matériaux (CRISMAT), 6 Bvd du 

maréchal Juin 14050 CAEN CEDEX 4, France 

Ph.: +33.2.31.45.13.69 ; E-mail address: charles.maniere@ensicaen.fr  

Conventional sintering Flash sintering/SPS

Sintering time
Surface diffusion

Stress intensification

10 h
High
Low

20 s
Low
High

0

2

4

6

8

10

12

0.5 0.6 0.7 0.8 0.9

Ф
S

tr
es

s 
in

te
n

si
fi

ca
ti

o
n

 

fa
ct

o
r

Relative density

SIM x=100 %

SIM x=40 %

SIM x=10 %

SIM x=0 %

SIM x=0 % θ 10%

EXP

10%

Mesoscale simulation can explains the 
experimental high reactivity of flash SPS40 nm



 2 

Highlights 

 Short sintering time of flash sintering implicates less surface diffusion 

 Surface diffusion decrease makes higher stress intensification and sintering reactivity 

 Demonstration of microstructure reactivity based on mesoscale simulation 

 

Nomenclature 

θ Porosity 

�̇� Porosity elimination rate (s
-1

) 

𝜌 Relative density 

𝜎 Stress tensor (N.m
-2

) 

𝑠 Deviatoric stress tensor (N.m
-2

) 

𝜎𝑒𝑞 Equivalent stress (N.m
-2

) 

𝜀̇ Strain rate tensor (s
-1

) 

𝜀�̇�𝑞 Equivalent strain rate (s
-1

) 

n Creep law stress exponent 

m Creep law grain size exponent 

A Creep law deformability term (s
-1

Pa
-n

) 

𝐴0 Deformability pre-exponential factor (Ks
-1

Pa
-n

) 

𝑄 Deformability activation energy (J.mol
-1

) 

R Gas constant 8.314 (J.mol
-1

.K
-1

) 

T Temperature (K) 

𝜑 Shear modulus 

𝜓 Bulk modulus 

Pl Sintering stress (Pa) 

𝕚 Identity tensor 

𝛼 Surface energy (J.m
-2

) 

𝑟 Particles radius (m) 

𝑃 Hydrostatic stress (N.m
-2

) 

𝜏 Shear stress invariant (N.m
-2

) 

𝜀�̇� Radial strain rate tensor component (s
-1

) 

𝜀�̇� Axial strain rate tensor component (s
-1

) 

𝜎𝑟 Radial stress tensor component (N.m
-2

) 

𝜎𝑧 Axial stress tensor component (N.m
-2

) 
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𝑠𝑟 Radial deviatoric stress tensor component (N.m
-2

) 

𝑠𝑧 Axial deviatoric stress tensor component (N.m
-2

) 

𝜃𝑐 Critical porosity 

𝜇 Bulk modulus exponent 

𝑎, 𝑏, 𝑐 Fitting constants 

𝑡 Time (s) 

H A constant 

D Diffusion coefficient (m
2
.S

-1
) 

k Boltzmann Constant (1.380 649 × 10
−23

 J.K
-1

) 

𝜙 Stress intensification factor 

SPS Spark Plasma Sintering 

 

1. Introduction 

Flash sintering is a very interesting process involving sintering times of few seconds and a 

significant energy saving compared to conventional processes requiring hours of 

processing[1–5]. Since the discovery of the flash phenomenon in 2010[6,7], numerous 

possible mechanisms have been proposed for explaining such ultra-rapid sintering 

mechanism. Among them, we can cite the current/field effect[5,8,9] such as the 

ponderomotive forces[10–12], electroplasticity[9,13,14], electromigration[15]. For the 

thermal effects, we can also cite the thermodiffusion[16], grain boundary heating[5,6] and 

reduced coarsening kinetics[17–19]. The latter is studied in the present article and reduces the 

densification kinetics by extending the diffusional distances and by reducing the capillarity 

forces at the necks. This aspect is often studied by coupling the densification model with grain 

growth[20–25]. Such model allows to predict the final stage reduction of the sintering kinetics 

and the sintering trajectory. The last aspect is very interesting to conduct optimizations of the 

thermal cycle[26]. 

Among the coarsening mechanisms, the surface diffusion mechanism also competes with 

densification having material sources at the center of the grain boundary. Surface diffusion 

redistributes the material at the pore surface diminishing the pore surface energy to gradually 

form a spherical pore. This spheroidization process of the porosity shape is accompanied by a 
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significant decrease of the sintering driving force[17]. In the case of SPS which is studied in 

this paper, this reduction involves less capillarity forces (higher porosity neck radii) and a less 

effective stress in the active zone of sintering (the grain boundary). The latter phenomenon is 

represented by the stress intensification factor Φ defined in the typical analytical hot pressing 

model below [27]. 

−𝜀�̇� =
1

𝜌

𝑑𝜌

𝑑𝑡
=

𝐻𝐷(𝑇)𝜙(𝜌)𝑛𝜎𝑧
𝑛

𝐺𝑚𝑘𝑇
          (1) 

In this equation (1), n = 1, m = 2 correspond to lattice diffusion, n = 1, m = 3 to grain 

boundary diffusion, and n = 1 or 2, m = 1 to grain boundary sliding and n > 3, m = 0 to 

dislocation based creep. 

The stress intensification factor (see figure 1) is a function of the porosity that is defined as 

the ratio between the area of a small element unit cell (A1) and the grain boundary area (Agb), 

giving Φ=A1/Agb. This parameter is strongly impacted by the porosity shape. In conventional 

sintering, the long sintering time allows advanced pore surface shape redistribution (large 

curvature radius, microstructure on the right in figure 1). For flash sintering, the few seconds 

of sintering time which significantly delay the surface diffusion may result in the preservation 

of the initial reactive porous skeleton characterized by higher stress intensification factor 

(microstructure on the left in figure 1) [17]. This factor is generally assumed as a unique 

function of the porosity and approximated theoretically[27–31]. However, considering the 

surface diffusion in conventional vs flash sintering, it appears clearly that at the same 

porosity, flash sintering with reduced surface diffusion may result in higher values of Φ (see 

AGB evolution in figure 1 at θ=15%). 



 5 

 

Figure 1 2D scheme of the porosity spheroidization of a 4-grain model at constant porosity 

(15%) under the action of surface diffusion; correlation with the stress intensification factor, 

this shape evolution strategy will be applied in 3D structures of a half particle. 

 

The flash sintering densification kinetics are generally not explained by the conventional 

model[5]. The question is then to know which mechanism cited earlier is responsible for this 

fast sintering response. In this article we explore the impact of the surface diffusion on the 

porosity shape and then on the stress intensification factor. It is difficult to determine the 

porosity function of the stress intensification factor experimentally, without risk of 

disturbance with other microstructure development terms like grain growth. However, we 

recently find a method based on instrumented sinter-forging tests able to determine separately 

these parameters for zirconia[32]. This study investigates the sinter-forging in a stable grain 

size zone below 90% of densification[33]. Using the SPS sinter-forging moduli, we were able 

to reproduce the flash SPS curve [34]. This suggests the identified moduli were reactive 

enough to explain the sintering kinetics as fast as flash SPS. Because latter identification was 

conducted in isothermal/insulated conditions after a fast heating (100 K/min); we suspect that 

short heating and the fast sintering time of SPS (~15min) enable to identify parameters with 

less impact of surface diffusion and preservation of the initial microstructure reactivity. In 

order to test this impact indirectly via stress intensification factor, we will try to explain the 

reactivity of the experimental stress intensification factor with mesoscale simulations that take 

A1

Agb

Grain 1 Grain 2

Grain 3 Grain 4

Pressure

surface diffusion, rp, sintering time, porosity spheroidization ↗

rp

sintering reactivity of the pore geometry, Ф ↗
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different geometrical hypotheses of porosity and different levels of porous shape reactivity 

(from sharp edges to spherical pores). 

 

2. Theory and calculations 

The continuum theory of sintering is detailed in[35] and the details of the analytical equations 

of SPS are detailed in [32]. In this section, we will develop the formulation of the equivalent 

mesoscale simulation equations. These equations will be used to identify the equivalent shear 

and bulk sintering behavior of the zirconia specimen for different porous skeleton hypotheses. 

 

2.1. Analytic formulation of SPS 

In this study the Skorohod-Olevsky model of sintering [35] is employed. This continuum 

model can be implemented in a finite element code. In order to determine the sintering 

behavior before conducting simulations, analytical equations can be defined for each specific 

sintering case like free-sintering, sinter-forging, isostatic pressing or hot pressing. The 

analytics equation of hot pressing (2) is very useful to describe the sintering under SPS 

conditions. 

𝜀�̇� = 𝐴(𝑇, 𝐺) (𝜓 +
2

3
𝜑)

−𝑛−1

2 (1 − 𝜃)
1−𝑛

2 (𝜎𝑧 − 𝑃𝑙)
𝑛       (2) 

This formula can be compared with the solid-state model (1) of hot pressing that neglects the 

capillarity forces (Pl = 0). 

The link between the stress intensification factor 𝜙 that depends on the pore geometry and the 

shear (𝜑) and bulk (𝜓) moduli appears clearly. 

𝜙 = ((𝜓 +
2

3
𝜑)

−𝑛−1

2 (1 − 𝜃)
1−𝑛

2 )

1

𝑛

 and 𝐴(𝑇, 𝐺) =
𝐻𝐷(𝑇)

𝐺𝑚𝑘𝑇
       (3) 

It is clear in equations (1), (2) and (3) that a higher stress intensification factor and 

consequently lower moduli (𝜑,𝜓) result in higher densification kinetics 
1

𝜌

𝑑𝜌

𝑑𝑡
.  
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In this article we will compare the experimental moduli with mesoscale simulated moduli to 

determine if SPS and flash SPS ultra-rapid densification kinetics can be explained by reactive 

porous geometry resulting in a less effective surface diffusion. In the section below, the 

analytical equations employed to extract the moduli from the mesoscale simulation are 

described. A 2D-axisymmetric simulation of a die compaction configuration will be explored 

to determine an approximation of the 3D geometry with low computation times. 

 

2.2. Mesoscale equivalent die pressing test identification equations 

The following general formulas (4) are considered for the Skorokhod-Olevsky continuum 

model. Analytic die pressing equations (typical SPS configuration) will be considered starting 

from these general equations to identify the shear ad bulk moduli from the mesoscale 

simulations.  

𝜀̇ = 𝐴𝜎𝑒𝑞
𝑛−1 (

𝑠

𝜑
+
(𝑃−𝑃𝑙)

3𝜓
𝕚) , 𝑎𝑛𝑑 𝜎𝑒𝑞 =

√
𝜏2

𝜑
+
(𝑃−𝑃𝑙)2

𝜓

√1−𝜃
       (4) 

The mesoscale model idealizes the SPS die pressing case by a Representative Elementary 

Volume (REV) where different porous skeleton geometries are tested. With the numerical 

information of the axial (Z) stress (𝜎𝑧) and strain rate (𝜀�̇�) and the radial (R) stress (𝜎𝑟), it is 

possible to determine numerically the shear and bulk modulus.  

Neglecting the capillarity stress Pl, the identification consists of a system of two equations 

using the following term (𝑍(𝜃)) originating from the equation (2) in axial direction (Z). 

𝜓 +
2

3
𝜑 = (|𝜀�̇�|

−
1

𝑛(1 − 𝜃)
1−𝑛

2𝑛 𝐴
1

𝑛|𝜎𝑧|)

2𝑛

𝑛+1
= 𝑍(𝜃)       (5) 

In radial direction (R), no displacement occurs and equation (4) becomes: 

𝜀�̇� = 𝐴𝜎𝑒𝑞
𝑛−1 (

𝑠𝑟

𝜑
+
𝑡𝑟(𝜎)

9𝜓
) = 0         (6). 

With the radial deviatoric stress expression 𝑠𝑟 =
𝜎𝑟−𝜎𝑧

3
, it is possible to determine the 

following ratio to the radial and axial stresses. 
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𝜎𝑟

𝜎𝑧
=

𝜓−
1

3
𝜑

𝜓+
2

3
𝜑

            (7) 

Then, rearranging (5) and (7), it is possible to obtain the following system of equations (8) 

allowing the shear and bulk modulus determination from the simulated data, in particular the 

calculated radial and axial stress ratio. 

{
𝜑 = 𝑍(𝜃) (1 −

𝜎𝑟

𝜎𝑧
)

𝜓 =
𝑍(𝜃)

3
(1 + 2

𝜎𝑟

𝜎𝑧
)
           (8) 

If Pl is not neglected, the new term 𝑍′(𝜃) is expressed as: 

(𝜓 +
2

3
𝜑) = (𝜀�̇�

−1𝐴(𝑇, 𝐺)(1 − 𝜃)
1−𝑛

2 (𝜎𝑧 − 𝑃𝑙)
𝑛)

2

𝑛+1
= 𝑍′(𝜃)     (9). 

The term Pl of the mesoscale model was determined by the resulting capillarity compressive 

stress on the cell and assuming flat grain boundary. The local surface stress (𝜎𝑠𝑢𝑟𝑓) was 

imposed on the porosity curved surfaces by the following formula that takes the two principal 

surfaces radii of curvature (r1 and r2). 

𝜎𝑠𝑢𝑟𝑓 = 𝛼 (
1

𝑟1
+

1

𝑟2
)           (10) 

Using a similar method for the determination of equation (7), the new radial/axial stress ratio 

is, 

𝜎𝑟

𝜎𝑧
=

(𝜓−
1

3
𝜑)+

𝜑𝑃𝑙

𝜎𝑧

𝜓+
2

3
𝜑

           (11). 

Finally, the new identification system of equations considering the capillarity stress Pl is the 

following. 

{
 
 

 
 𝜑 = 𝑍′(𝜃)

(
𝜎𝑟
𝜎𝑧
−1)

(
𝑃𝑙

𝜎𝑧
−1)

𝜓 = 𝑍′(𝜃)(1 −
2

3
(

𝜎𝑟
𝜎𝑧
−1

𝑃𝑙

𝜎𝑧
−1
))

         (12) 
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3. Method 

In this work, the sintering response of moduli identified experimentally and by mesoscale 

simulation is investigated. In a first step, two insulated die SPS tests at 100 and 1000K/min 

(see figure 2) are studied to compare the potential of experimentally obtained moduli and 

theoretical ones to reproduce the SPS and flash SPS densification kinetics. To compare the 

sintering with previously identified moduli [32], the same zirconia powder was used (tosoh 

TZ-3Y-E). The expression of experimental moduli identified for the TZ-3Y-E powder is 

detailed below. 

𝜑 = (1 −
𝜃

0.6
)
3.4

           (13) 

𝜓 = 0.07
(1−𝜃)5.8

𝜃
           (14) 

The simulated sintering response will be explored using these moduli and different theoretical 

moduli. An electro-thermal-mechanical-microstructural (ETMM) model[34] is employed to 

simulate the thermal gradients that significantly raise the effective specimen temperature. The 

two SPS tests (100 and 1000K/min) used a constant applied pressure of 50 MPa. These two 

tests data and their ETMM simulation conditions are reported in our previous article[34]. All 

the physical properties used in the simulation are reported in the appendix (table A), the 

electrical properties taken for zirconia used the in situ measurement data of ref[36] that were 

conducted in vacuum. 
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Figure 2 Configuration of the 15mm diameter SPS tests conducted at 100 K/min and 

1000 K/min, the location of the two pyrometers and simulation temperature probes are 

indicated by the red arrow and points. 

In a second step, mesoscale simulations are employed to identify simulated moduli 

corresponding to different pore skeleton hypotheses. The impact of surface diffusion is tested 

not by surface diffusion kinetics but by different particles contact geometries with different 

neck radii of curvature. The grain boundary dimension is tuned to explore different relative 

densities for the same neck radii of curvature. When the neck radii of curvature are similar to 

the particle radii, the porosity becomes nearly circular and the 3D revolution gives a torus 

shape similar to the cylindrical porosity geometry employed by Coble [37] in intermediate 

stage sintering. This torus shape corresponds to the case where surface diffusion dominates 

(low reactivity case close to spherical pore case); on the contrary, low neck radii correspond 

to the particle contact case with delayed surface diffusion and high stress intensification. The 

configuration is reported in figure 3. Two rigid materials with slip and no penetration 

conditions are used to press the particle and confine it radially (like in SPS). The radial force 

exerted on the vertical rigid material is measured to calculate the radial stress 𝜎𝑟 on the lateral 

surface during the densification. With the information of 𝜎𝑟, 𝜎𝑧, 𝜀�̇� and the creep properties of 
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zirconia A, n [32], the shear and bulk moduli can be determined using (8) and also (12) if the 

sintering stress Pl is considered.  

 

Figure 3 Geometry of the 3D microstructures approximation in the mesoscale simulation; 

2D-axisymmetric simulations at mesoscale, configuration, boundary conditions (A) and 

simulation capture of the von Mises stress distribution of a pressed particle (B). 

 

In the third step, the stress intensification factors will be compared to estimate the underlying 

reactivity of the porous skeletons. 

 

4. Results and discussion 

4.1. FEM simulation of SPS and flash SPS Joule heating 

One of the pending questions in explaining the flash sintering ultra-rapid densification 

kinetics is to know if the temperature measurement does not underestimate the real specimen 

temperatures. It is well-known that SPS thermal gradients are present between the center and 

the edge of the device [38–42]. In SPS, the electric and thermal contact resistances present at 

all internal interfaces play a major role in the development of these gradients [43]. In a 

previous study [34,44,45], we have shown that the thermal contact resistance tends to 

generate an important thermal confinement of the heating of the specimen at high 

temperature. The thermal contact resistance tends then to magnify the temperature difference 
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between the specimen and the measurement location. The faster the heating is, the higher this 

temperature difference is [34]. In flash heating conditions, it is not excluded that effective 

specimen temperatures close to the melting point explain the fast densification kinetics. In 

order to test this hypothesis, we conduct a FEM simulation of the two SPS tests at 100 K/min 

and 1000 K/min. The results are reported in figure 4 for the heating. 

In these experiments, the two pyrometers measure the temperature in the punch hole near the 

sample and at the die surface. Four virtual probes measure the temperature in the same 

location and in the specimen center and edge. It is interesting to see the concentrated current 

profile which results from the insulated die and the selective heating in the powder resulting 

from the thermal contact resistances. At 100 K/min, the temperature distribution shows a 

difference of about 200K between the temperature control of the punches and the maximum 

specimen temperature. As expected, at 1000 K/min, this temperature difference is greatly 

increased and becomes 700K with a maximum temperature in the specimen center of 2100°C. 

In the section, we will compare the sintering response of these temperatures for different 

sintering moduli hypotheses. 
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Figure 4 FEM Joule heating simulation of the SPS 100 K/min and 1000 K/min flash SPS, 

simulated thermal field at the end of heating (A), simulated temperature curves at different 

locations of the pressing device (B), two virtual probes are added to know the specimen 

temperature at the center and the edge. 
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(A)

(B)

15 mm
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4.2. FEM simulation of SPS and flash SPS densification 

The relative density and sintering shrinkage of the two experiments simulated previously are 

reported in figure 5. These calculations employ the creep/moduli parameters and grain growth 

law of TZ-3Y-E zirconia identified by sinter-forging tests in [34] (see experimental the grain 

growth equation below).  

Ġ =
0.04[𝑚1+𝑝.s𝑠−1] exp(

−575[𝑘𝐽/𝑚𝑜𝑙]

𝑅𝑇
)

𝐺1.63
         (15) 

In 1981, Harmer and Brook [46] showed fast firing can favorably enhance the densification 

over the coarsening kinetics at high temperatures if the grain growth activation energy is 

smaller than the sintering activation energy[47]. For this powder and under SPS conditions, 

the activation energy of densification and grain growth are respectively 536[32] and 

575 kJ/mol[34]. From the simple comparison of these activation energies, these very close 

values do not allow to conclude on a possible advantage of fast heating in minimizing 

coarsening. In additions, the microstructure of the two specimens reported in figure 5c shows 

a limited grain growth near ~200 nm. Moreover, the flash SPS test at 1000 K/min has higher 

grain growth. Because the grain growth limits the densification kinetics, grain growth cannot 

explain the fast kinetics in our tests. 

Starting from above creep parameters (A, n) [32], we test the capacity of theoretical moduli to 

reproduce the experimental sintering response. We use the moduli of Skorohod [48], Sofronis 

& McMeeking [49], Green [50]. The latter theoretical moduli consider that spherical porosity 

shape assumes a dominant surface diffusion mechanism on the porosity skeleton and 

consequently a low-stress intensification factor. If these theoretical moduli explain the fast 

sintering kinetics of SPS and flash SPS, this will indicate that there is no impact of 

microstructure reactivity on the sintering mechanisms.  
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Figure 5 Simulated relative density curves and SPS column displacement for different shear 

and bulk moduli obtained experimentally (Manière et al) [32] and by spherical pore 

theoretical approximation (Skorohod [48], Sofronis & McMeeking [49], Green [50]), with (A) 

the relative density curves, (B) the displacement curves and (C) the final microstructures. 

 

The simulated relative density and shrinkage curves are reported in figure 5a, 5b, we clearly 

see the theoretical moduli fail in explaining both the SPS and flash SPS sintering kinetics. The 

theoretical moduli (based on a low reactive porosity skeleton) give a strongly delayed 

sintering response compared to the sintering experimental moduli. The errors with final 

relative density are reported in table 1. This shows that the high values of calculated specimen 

effective sintering temperature (by FEM) combined with spherical pore moduli do not explain 

the fast sintering kinetics. Only the experimental moduli (black line in figure 5) allow 

reproducing the experimental sintering response. The experimental shear and bulk moduli are 

significantly lower than the theoretical one and result in a higher stress intensification factor 
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that allows explaining the sintering data. Interestingly, both sintering at 100 K/min and at 

1000 K/min are well explained by the experimental moduli that were determined by 

isothermal/insulated in situ SPS experiments with fast heating (100K/min). This seems to 

indicate that the microstructure reactivity is preserved enough at 100 K/min to explain both 

SPS and flash SPS sintering kinetics. There is apparently no need to consider any current 

effect to explain the flash kinetics as the creep and moduli were identified on electrically 

insulated sinter-forging in situ tests. We do not mean the current effects are inactive but 

simply that the effect of the porosity reactive skeleton shape is sufficient to reproduce the fast 

sintering kinetics. 

Table 1 Comparison of the error of the relative density curves. 

Moduli 
Experimental 

moduli [32] 
Skorohod [48] 
(plasticity based) 

Green [50] 
(plasticity based) 

Sofronis & 

McMeeking [49] 
(creep based n=2) 

Final relative 

density error 

(%) for 100 

K/min 

3.2 % 33.4 % 33.4 % 40.1 % 

Final relative 

density error 

(%) for 1000 

K/min 

0.1 % 20 % 17 % 23 % 

 

This result shows that the experimental shear and bulk moduli succeed in explaining the flash 

SPS sintering kinetics. In below section, mesoscale simulations are employed to try to explain 

these moduli high sintering reactivity by different porous skeleton geometry hypotheses. 

 

4.3. Mesoscale simulation for obtaining the shear and bulk moduli of different particle 

contact shapes 

The principle of the mesoscale simulation is described in section 3 and in figure 3. The shear 

and bulk moduli are calculated for different porous skeleton shapes from the reactive particle 

contact shape to the lowest reactive case of equilibrium spherical porosity (torus shape here 

because of the 2D-axisymmetric approximation). The surface diffusion advancement is 
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idealized by a particle contact model with different pore tip curvature radii (at the neck). For 

instance, the porous geometry at a fixed relative density of 85% is reported on figure 6. We 

can see that for a pore tip radius of 10 nm the porous geometry is circular and at equilibrium. 

This is the case where the 3D pore geometry is a torus. This case is similar to the spherical 

pore case which represents the situation of minimal stress intensification (less reactive 

microstructure). The dimension ea was used to adjust the thickness of the particle at the 

contact and explore different relative densities. 

 

Figure 6 Scheme of the 2D-axisymmetric configuration and corresponding 3D geometry of 

the mesoscale simulation at a fixed relative density of 85%, the particle size is 40nm. 

 

Using equations (8) that neglect the capillarity pressure (Pl), the simulated shear and bulk 

moduli reported in figure 7a were obtained. We can see that the moduli curve corresponding 

to the minimal pore tip curvature radius has the minimum values. Considering the stress 

intensification factor macroscopic expression (3), this result is expected, the lower the neck 

radius is, the higher the microstructure reactivity and the stress intensification are. Increasing 

the pore tip radius gives higher moduli corresponding to less reactive sintering behaviors 

(lower stress intensification). The evolution of the simulated moduli is logical and reproduces 
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the expected higher sintering reactivity with lower moduli for the less active surface diffusion 

geometry. 

If the capillarity pressure is considered in the simulation with the identification equation (12), 

a similar study can be done. The moduli with the Pl term are particularly suited to pressure-

less sintering methods like fast firing[51], flash sintering[6] or ultra-fast-high-temperature-

sintering[52]. The results are reported in figure 7b. On the contrary to the previous tests, the 

lowest pore tip radius (0.01) corresponding to the case with almost no surface diffusion was 

impossible to simulate because the capillarity force at the neck vicinity were too high. The 

calculated moduli are similarly ordered compared to the case without capillarity pressure. The 

bulk modulus gives lower values with Pl and the shear modulus curves are slightly higher and 

with a linear aspect. These simulations (figure 7b) are very sensitive due to the influence of Pl 

on the estimation of the radial stress used to extract the moduli from the simulation. 

Consequently, the simulation domain is more restricted than the case where the capillarity 

pressure is neglected giving relatively close values and a similar behavior. For this reason, in 

the following discussion, the moduli value neglecting Pl will be preferred to have more stable 

results. 
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Figure 7 Obtained shear and bulk moduli by mesoscale simulations, without Pl (A), with Pl 

(B) and comparison of the mesoscale moduli with classic theoretical moduli. 

 

In order to compare the value of the mesoscale moduli, they are compared with the theoretical 

one in figure 8. Like figure 5, we use the moduli of Skorohod [48], Sofronis & McMeeking 

[49], Green [50] which assume dominant surface diffusion by a spherical porosity. In figure 8, 

the theoretical moduli have higher values closer to the simulated moduli with circular 

porosity. This result is expected as the theoretical moduli simulate the case of low 

microstructure reactivity and then low stress intensification. In the previous work ref[22], 

modified Skorohod moduli were used to take into account the initial stage with higher 
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reactivity with a critical porosity 𝜃𝑐 . The latter corresponds to the initial porosity with a 

slightly higher value to prevent starting with a singularity. These corrected moduli functions 

are reported below. 

𝜑 = (1 −
𝜃

𝜃𝑐
)
2

           (16) 

𝜓 =
2

3

(𝜃𝑐−𝜃)
3

𝜃
            (17) 

The modified Skorohod moduli with a critical porosity of 0.6 are reported in figure 7c (gray 

curve). In both cases the modified moduli give lower values corresponding to more reactive 

sintering behavior. These modified moduli were used in the regression method [23] to correct 

the free-sintering behavior, giving coherent values of activation energy with other 

independent methods like the master sintering curves. In figure 7c, the modified bulk modulus 

corresponds to the case of high reactivity with a very small pore tip radius (0.01). For the 

modified shear modulus, the low values are observed in the relative density range 0.5-0.6 but 

for higher values, the decreasing effect of the critical porosity (𝜃𝑐) is less effective.  

The FEM simulation shows the modified moduli gives a first approximation of the 

microstructures reactivity. In order to fully match these simulated moduli, the exponent of the 

moduli in equations (16) and (17) were modified to fit the simulated curves. The fitting 

equations are reported in figure 8. As shown in figure 6, the pore tip radius evolving from 

0.01 to 10nm is associated with a progressive pore skeleton spheroidization noted “x”. In 

figure 8, the evolution of the moduli exponent is related to “x”. The moduli exponents 

decreases in the same function as the porosity spheroidization (
3

3+𝑥
)
0.24

. Eventually, this 

function can be used to help describing the surface diffusion advancement (porosity 

spheroidization) by comparing the exponent values for this powder. However, this supposes a 

low impact of the grain rearrangement which is not considered in this study. 
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Figure 8 Mathematical fitting of the mesoscale simulated shear and bulk moduli with adjusted 

exponents to represent the effect of the surface diffusion by the porosity spheroidization x, the 

scheme below represents the equivalent 2D four grain porosity evolution with different pore 

tip curvature radii. 

 

4.4. Simulated stress intensification factor vs experimental one. 

The shear and bulk moduli have been determined by simulation for a wide range of relative 

density and porosity spheroidization “x”. Using the fitted moduli expression in figure 8, and 

equation (3), the corresponding simulated stress intensification functions are reported in 

figure 9 as a function of the relative density. As expected, the lower the surface 

diffusion/spheroidization is the higher the stress intensification factor is. With the 

experimental moduli equations (13) and (14), the experimental stress intensification factor of 

zirconia can be compared to the latter mesoscale simulated curves in figure 9. Surprisingly, 
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the experimental stress intensification points are higher than the simulated curve with the 

highest pore shape reactivity (x=0). One possible explanation for this difference is the degree 

of the idealization of the porous skeleton in the simulation. The geometry considered in 

figure 6 allows considering both the initial stage reactivity and the pore spheroidization. 

However, real microstructures are not made of regularly ordered particles. Tosoh zirconia has 

partially agglomerated nanoparticles[53] and like for most powders, the grain arrangement is 

chaotic. The real porous skeleton should have a higher reactivity by the contribution of the 

particle rearrangement. The particle rearrangement is very difficult to model at mesoscale 

because it needs to model about hundred grains in a unit cell which drastically increases the 

calculation time [54]. A simple approach to model the rearrangement without modeling each 

particle is to assume the simulated particles is not fully dense but porous. This approach has 

been used to model the sintering behavior of agglomerated powders [35,55,56]. In figure 9, 

we have added the simulated curve (bleu curve) corresponding to a reactive pore geometry 

(x=0) and a particle porosity of 10%. This parameter has a high influence on the stress 

intensification factor and gives values that can explain the experimental data points. 

The high reactivity of the experimental moduli that can reproduce the SPS and flash SPS 

behaviors seems to be explained by a combination of high porous skeleton reactivity due to 

delayed surface diffusion and particle rearrangement. Concerning the surface diffusion, Ji et 

al [51] evidence experimentally for zirconia that rapid heating tends to generate finer pore 

structures compared to conventional heating regardless if an electric field is applied or not. 

These experiments suggest like for our experimental moduli a reactive microstructure due to 

delayed surface diffusion. 
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Figure 9 Comparison of the stress intensification factor using the simulated shear and bulk 

moduli (with x the % of spheroidization) and the experimental moduli, the bleu curve 

originates from the mesoscale simulated moduli assuming the particles are agglomerates 

containing 10% of porosity. 

 

4.5. Discussions on experimental evidence of microstructure reactivity 

Study the reactivity of nano-size particles flash sintering is difficult as it requires advanced in 

situ TEM equipment able to ultra-fast heat the powder. However, close experiments on ultra-

fast pressure-less sintering have been recently disclosed by Phuah et al[57] on the same 

powder. These experiments show fast porosity elimination can result a direct sintering 

approach where the initial powder reactive sharp skeleton is preserved (see pore called “P3” 

in figure 10a). It also shows in ultra-rapid ramping profile (5 K/s) that sharp shape of the 

pores are preserved (see pore called “P8” in figure 10b) if the heating is fast suggesting the 

surface diffusion has no time to reconfigure the pore shape in a lower surface energy round 

shape. On the contrary, we made an interrupted test on the same tosoh zirconia at 10 K/min 

(see figure 10c). In this test, the remaining porosity at 1220°C is high because with previously 

cold press the sample at a low pressure (20 MPa); this high porosity helps examine the porous 

skeleton surface that clearly shows a rounded surface shape characteristic of active surface 

diffusion. These experiments along with others in the literature[52,53,58] show a highly 

porous skeleton reactivity is preserved if the heating is fast or ultra-fast. They also show the 

0

2

4

6

8

10

12

0.5 0.6 0.7 0.8 0.9

Ф
S

tr
es

s 
in

te
n

si
fi

ca
ti

o
n

 f
a

ct
o

r

Relative density

SIM x=100 %
SIM x=40 %
SIM x=10 %
SIM x=0 %
SIM x=0 % θ 10%
EXP

10%



 24 

powder is agglomerated which increase the stress intensification factor from our mesoscale 

simulations. 

 

Figure 10 In situ TEM ultra-fast heating experiments in "direct sintering" (a) and "ramping" 

(b) thermal cycle, reprinted from Phuah et al [57]; These images show the highly preserved 

sharp porous skeletons compared to a 10 K/min conventionally sintered microstructure which 

was previously cold pressed in a low pressure to favor coarsening (c), the apparent porous 

skeleton clearly shows  rounded surfaces characteristic of active surface diffusion. 

 

 

5. Conclusion 

In this study, the origin of SPS and flash SPS ultra-rapid sintering kinetics has been studied. 

High heating rates with sintering time of minutes or seconds may increase the sintering 

kinetics by delaying (i) the grain growth kinetics, (ii) the pore tip curvature growth (by 

surface diffusion). Another possible mechanism (iii) is the underestimation of the specimen 

real temperature by the effect of the thermal contact resistance that raises the temperature 

differences of few hundreds degrees between the measurement and the specimen, creating an 

erroneous apparent amplified sintering kinetics. In this study, we tested these three hypotheses 

by the electro-thermal-mechanical-microstructural simulation of SPS and flash SPS and 

mesoscale simulation. The first numerical tool is able to estimate the specimen temperatures 

with the electro-thermal contact resistance effects and the corresponding densification/grain 

growth response of a zirconia powder. The surface diffusion is not directly explored but by its 
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impact on the porosity skeleton reactivity and the corresponding shear and bulk moduli. A 

mesoscale simulation corresponding to different porous skeleton geometries has been used in 

this aim. From these numerical explorations, the following conclusions can be made: 

 First, the Joule heating simulation reveals the temperature of the sample can be 400K 

and 700K higher in SPS and flash SPS respectively with temperatures exceeding 

2000 °C. This thermal response has been coupled to a sintering model that considers 

both grain growth and the densification kinetic. This shows that using theoretical 

moduli corresponding to spherical pore skeletons (that assumes dominant surface 

diffusion), the ultra-rapid sintering response is not explained despite these high 

modeled temperatures. On the contrary, the sintering curves of SPS and flash SPS are 

well explained by SPS experimental moduli. 

 The experimental moduli of zirconia were determined by SPS isothermal sinter-

forging tests with a heating rate of 100K/min. This suggests that contrariwise to 

conventional sintering, the pressure and the short sintering time of SPS allow 

identifying experimental moduli with enough reactive microstructures that are less 

influenced by surface diffusion. Because the sinter-forging tests were conducted in 

electrically insulated conditions, we can exclude a dominant current effect on these 

tests. 

 Finally, the mesoscale simulations help testing different pore skeleton geometries. 

This study demonstrates that the high reactivity of the experimental moduli can be 

explained by a combination of sharp (reactive) pore tip shape (that can result in a very 

limited surface diffusion) and particles agglomerates rearrangement. 
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Appendix: Physical properties of the simulated materials 

Table A Temperature dependent material properties of electrodes, graphite, and 

zirconia[34,36]. 

Materials  Expression 

Graphite 

Cp 

(J .kg
-1

.K
-1

) 

34.3+2.72.T-9.6E-4.T
2
 

Electrode 446.5+0.162.T 

Zirconia 

43+2.35.T-4.34E-3.T
2
+4.25E-6.T

3
-2.09E-9.T

4
+4.05E-

13.T
5
 

Graphite 

κ 

(W.m
-1

.K
-1

) 

123-6.99E-2.T+1.55E-5.T
2
 

Electrode 9.99+0.0175.T 

Zirconia (1.96-2.32E-4.T+6.33E-7.T2-1.91E-10.T3).(1-1.5θ) 

Graphite 

ρ 

(kg .m
-3

) 

1904-0.0141.T 

Electrode 7900 

Zirconia 

(6132-9.23E-2.T-7.26E-5.T
2
+4.58E-8.T

3
-1.31E-

11.T
4
).(1-θ) 

Graphite 

𝜎𝑒𝑙𝑒𝑐 

(S/m) 

1/[1.70E-5-1.87E-8.T+1.26E-11.T
2
-2.46E-15.T

3
] 

Electrode 1/[(50.2+0.0838.T-1.76E-5.T
2
).1E-8] 

Zirconia 

10509.exp(-11920/T).(1-1.5θ)  300-1200K 

(0.223.T-267).(1-1.5θ)  1200-1370K 

5886.exp(-6894/T).(1-1.5θ) above 1370K 

Graphite 

α 

(T
-1

) 

-1.25E-12.T
2
+3.68E-9.T+1.33E-6 

Electrode 4.48E-9.T+1.09E-5 

Zirconia -1.31E-12.T
2
+3.98E-9.T+5.50E-6 
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Figure captions 

 

Figure 1 2D scheme of the porosity spheroidization of a 4-grain model at constant porosity 

(15%) under the action of surface diffusion; correlation with the stress intensification factor, 

this shape evolution strategy will be applied in 3D structures of a half particle. 

Figure 2 Configuration of the 15mm diameter SPS tests conducted at 100 K/min and 

1000 K/min, the location of the two pyrometers and simulation temperature probes are 

indicated by the red arrow and points. 

Figure 3 Geometry of the 3D microstructures approximation in the mesoscale simulation; 2D-

axisymmetric simulations at mesoscale, configuration, boundary conditions (A) and 

simulation capture of the von Mises stress distribution of a pressed particle (B). 

Figure 4 FEM Joule heating simulation of the SPS 100 K/min and 1000 K/min flash SPS, 

simulated thermal field at the end of heating (A), simulated temperature curves at different 

locations of the pressing device (B), two virtual probes are added to know the specimen 

temperature at the center and the edge. 

Figure 5 Simulated relative density curves and SPS column displacement for different shear 

and bulk moduli obtained experimentally (Manière et al) [32] and by spherical pore 
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theoretical approximation (Skorohod [48], Sofronis & McMeeking [49], Green [50]), with (A) 

the relative density curves, (B) the displacement curves and (C) the final microstructures. 

Figure 6 Scheme of the 2D-axisymmetric configuration and corresponding 3D geometry of 

the mesoscale simulation at a fixed relative density of 85%, the particle size is 40nm. 

Figure 7 Obtained shear and bulk moduli by mesoscale simulations, without Pl (A), with Pl 

(B) and comparison of the mesoscale moduli with classic theoretical moduli. 

Figure 8 Mathematical fitting of the mesoscale simulated shear and bulk moduli with adjusted 

exponents to represent the effect of the surface diffusion by the porosity spheroidization x, the 

scheme below represents the equivalent 2D four grain porosity evolution with different pore 

tip curvature radii. 

Figure 9 Comparison of the stress intensification factor using the simulated shear and bulk 

moduli (with x the % of spheroidization) and the experimental moduli, the bleu curve 

originates from the mesoscale simulated moduli assuming the particles are agglomerates 

containing 10% of porosity. 

Figure 10 In situ TEM ultra-fast heating experiments in "direct sintering" (a) and "ramping" 

(b) thermal cycle, reprinted from Phuah et al [57]; These images show the highly preserved 

sharp porous skeletons compared to a 10 K/min conventionally sintered microstructure which 

was previously cold pressed in a low pressure to favor coarsening (c), the apparent porous 

skeleton clearly shows  rounded surfaces characteristic of active surface diffusion. 

 

Table captions 

Table 1 Comparison of the error of the relative density curves. 

 


