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Functional porous ceramics obtained via partial sintering

Solid Oxide Fuel Cell electrode
From J. Laurencin CEA, unpublished

5 µm
20 µm

Bone scaffold
A. Bignon et al., J. Mater. Sci. Mater. Med. 14, 1089–97, 2003

20 µm

SiC filter 
Y. W. Kim et al., J. Mater. Sci. 45, 2808–2815, 2010

 Pore surface or volume for functionality
 Porosity obtained via partial sintering
 Particulate nature is retained
 Pore formers can be used
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Strain tolerance 

Example of displacement‐controlled design: SOFC 

Minimum mechanical requirement to sustain handling, self‐support or thermal cycling. 

10
0 

µm

Thermal cycling + CTE mismatch 

Thermal strains

A. Sukeshini et al., Electrochem. 
Solid-State Lett. 12, B176, 2009.

Load‐controlled 
design 








E
KIc max IcK max Displacement‐

controlled design 

Strain tolerance 
parameter
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Towards more strain tolerant porous ceramics ?

Empirical or semi‐empirical 
relationships have been proposed… 

Authors typically relate mechanical properties to porosity …

Introduction

A. P. Roberts and E. J. Garboczi, J. Am. Ceram. Soc., 83, 3041–3048, 2000.
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Towards more strain tolerant porous ceramics ?

 Is it possible to improve mechanical properties at a fixed 
value of porosity via microstructural design ? 

 Is it possible to optimize the strain tolerance ?

Toughness versus Young’s modulus

No freedom for 
microstructural design ?

D. Hardy and D. J. Green, J. Eur. Ceram. 
Soc., 15, 769–775, 1995.

E
KIc = constant  ?

Introduction

Need for sound relationships 
between microstructure and 
mechanical properties
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Outline

Methods: from particles to mechanical properties of porous ceramics
 Discrete Element Method 
 Compaction & sintering
 Elasticity & fracture

Results: design of strain tolerant porous ceramics
 Scaling laws for homogeneous microstructures
 Influence of heterogeneity:  pore formers and powder pre‐calcination
 Toward an experimental validation ?

Conclusion

Introduction
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Discrete Element Method
 Each particle is represented by a sphere
 The physics of the problem is embedded in the contact law
 The motion of each particle is dictated by the 2nd law of Newton

In‐house : dp3D
Open source : LIGGGHTS
(LAMMPS modified for granular)

Fx x x
m

   

Contact detection + computation of the contact forces
(Normal + Tangent)

Computation of the total force applied on each particules 

Computation of the acceleration + time 
integration = new position of particles

N
T

F

N T

Final position

x

DEM Basics
Compaction & sintering
Elasticity & toughness

Methods
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From particles to mechanical properties of porous ceramics

Compaction Sintering

Elastic properties

Fracture properties

DEM Basics
Compaction & sintering
Elasticity & toughness

Methods
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Compaction

Hertz‐Mindlin contact
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Sintering

Viscous normal and tangential forces

s
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b

R
dt

duaN 
8
9

8

4






dt
duRaT T

b


8

22

a

Db/Ds = 2

Methods DEM Basics
Compaction & sintering
Elasticity & toughness

D. Bouvard and R. M. McMeeking, J. Am. Ceram. Soc., 79, 666–672, 1996.
C. L. Martin et al., Scr. Mater., 55, 425–428, 2006.
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Sintering

Viscous normal and tangential forces
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D. Bouvard and R. M. McMeeking, J. Am. Ceram. Soc., 79, 666–672, 1996.
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Sintering

Neck size a ?

2 possible assumptions for matter redistribution

NRua 2

a
R

2R- uN

NRua 22 

a
R

2R- uN

Tangent Torus (TT)Truncated Spheres (TS)

Methods DEM Basics
Compaction & sintering
Elasticity & toughness
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Elastic behavior of bonded particles

Bond contact model

a

R

T
N

MT

MN

2R- h- uN

Methods DEM Basics
Compaction & sintering
Elasticity & toughness

G. Jefferson et al., 2002, J Mech Phys Solids, 50 2539-75
D.O. Potyondy and P.A. Cundall, 2004, Int J Rock Mech & Mining Sci 41, 329–1364

D. Jauffres et al., 2012, MSMSE 20, 045009
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Elastic behavior of bonded particles

Bond contact model

a

R

T
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MT

MN

2R- h- uN

Tangential force

From Finite element

TR
a

T ufaET ),(" 
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G. Jefferson et al., 2002, J Mech Phys Solids, 50 2539-75
D.O. Potyondy and P.A. Cundall, 2004, Int J Rock Mech & Mining Sci 41, 329–1364

D. Jauffres et al., 2012, MSMSE 20, 045009
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Elastic behavior of bonded particles

Bond contact model
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Tangential force

From Finite element
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G. Jefferson et al., 2002, J Mech Phys Solids, 50 2539-75
D.O. Potyondy and P.A. Cundall, 2004, Int J Rock Mech & Mining Sci 41, 329–1364

D. Jauffres et al., 2012, MSMSE 20, 045009
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Elastic behavior of bonded particles

Bond contact model

)],()[,(' iiNR
a

N NgufaEN  
Normal force

Methods DEM Basics
Compaction & sintering
Elasticity & toughness

G. Jefferson et al., 2002, J Mech Phys Solids, 50 2539-75
D.O. Potyondy and P.A. Cundall, 2004, Int J Rock Mech & Mining Sci 41, 329–1364

D. Jauffres et al., 2012, MSMSE 20, 045009

Contact interaction term, accounts for sphere 
deformation under multiples contacts
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Elastic behavior of bonded particles

Bond contact model
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Normal force
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G. Jefferson et al., 2002, J Mech Phys Solids, 50 2539-75
D.O. Potyondy and P.A. Cundall, 2004, Int J Rock Mech & Mining Sci 41, 329–1364

D. Jauffres et al., 2012, MSMSE 20, 045009

Contact interaction term, accounts for sphere 
deformation under multiples contacts

a/R
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Toughness of bonded particles

Bond fracture criteria 

D. Jauffres et al., 2012, Acta Mat 60, 4685-4694

σb > σc
a

Stress singularity

Fracture energy
 = 2s ~ 2J/m2

Methods DEM Basics
Compaction & sintering
Elasticity & toughness

+
Similar in 

tangential mode 
(mode II)
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Toughness of bonded particles

Fracture mechanics

2a

D. Jauffres et al., 2012, Acta Mat 60, 4685-4694

Methods DEM Basics
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Toughness of bonded particles

Fracture mechanics

2a

D. Jauffres et al., 2012, Acta Mat 60, 4685-4694

aYK fcI 

Methods DEM Basics
Compaction & sintering
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Generation of realistic microstructures via DEM

Contact law based on physic (Hertz, sintering)

Methods summary

Methods
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Generation of realistic microstructures via DEM

Contact law based on physic (Hertz, sintering)

Methods summary

Numerical mechanical tests  E and KIC
Contact law based on analysis at the contact scale 
(analytical or FEM)

No fitting parameters ! No calibration, only physics 

Methods
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Numerical mechanical tests  E and KIC
Contact law based on analysis at the contact scale 
(analytical or FEM)

No fitting parameters ! No calibration, only physics 

Methods summary

Relative density D

Green density 0.5

Green density 0.6

 ~E

Experimental data on Alumina from 
T. Ostrowski et al., J. Am. Ceram. Soc., 81, 1852–1860, 1998.
T. Ostrowski and J. Rodel, J. Am. Ceram. Soc., 82, 3080–3086, 1999.

Relative density D

K I
C
/ M

pa
.m

0.
5

Green density 0.5

Green density 0.6

Truncated 
Spheres (TS)

D. Lam et al., J. Am. Ceram. Soc., 77, 2113–2117, 1994.
J. K. Clobes and D. J. Green, J. Mater. Sci., 37, 2427–2434, 2002.

Methods
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Results: microstructure – mechanical properties relationships 

Homogeneous microstructures at the scale 
of a few particles: no macroporosity

a
Z=3

R

Microstructure parameters:  < Z > and < a/R > 

Heterogeneous microstructures with macroporosity

Spherical pore formersSintering of pre‐calcined 
powder aggregates

Scaling laws for homogeneous microstructures
Influence of heterogeneity
Toward experimental validation

Results
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Homogeneous microstructures

Microstructural parameters:  < Z > and < a/R > 

a
Z=3

R

TS = Truncated Spheres

TT = Tangent Torus

Scaling laws for homogeneous microstructures
Influence of heterogeneity
Toward experimental validation

Results

D060
D050

D060‐TSD050‐TS

D050‐TT

D060‐TT
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Revisiting Green’s analytical work

Homogeneous microstructures: scaling law for E

Spheres with Z contacts under uniform pressure
Homogeneous strain (Voigt assumption)
Constant Poisson’s ratio

R
ZKE




DEM simulations show that homogeneous strain is not a valid assumption
Strain distribution is function of Z  

R
ZKE

m




Compliance of the contact

4.1









R
aZE m

Compliance of the contact
used in DEM contact law

D. J. Green et al., Mater. Res. Soc. 
Symp. Proc., 119, 43–48, 1988.

Scaling laws for homogeneous microstructures
Influence of heterogeneity
Toward experimental validation

Results
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Best fit on DEM results 
gives m = 2.4

D060‐TS
D050‐TS

D050‐TT
D060‐TT

4.1
4.2 
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Homogeneous microstructures: scaling law for E

Scaling laws for homogeneous microstructures
Influence of heterogeneity
Toward experimental validation

Results
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Revisiting Green’s analytical work

Homogeneous microstructures: scaling law for KIC

Force N at first contact ahead of crack tip

23RKN I

Introducing dependance on Z

Crack tip

N

KI loading

r

p
I

Z
RKN

23



With  2aNN cc  and  c

7.1









R
aZK p

Ic

used in DEM model

D. J. Green and D. Hardy, J. Mater. 
Sci. Lett., 15, 1167–1168, 1996.

Scaling laws for homogeneous microstructures
Influence of heterogeneity
Toward experimental validation

Results
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Homogeneous microstructures: scaling law for KIC

D050‐TS

D050‐TT
D060‐TT

D060‐TS

IcK~

7.1
5.1 








R
aZ b

Best fit on DEM results 
gives p = 1.5

Scaling laws for homogeneous microstructures
Influence of heterogeneity
Toward experimental validation

Results
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Homogeneous microstructures: strain tolerance

D060‐TS

D050‐TS

D050‐TT

D060‐TT

9.0

3.0)(
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 Promoting larger neck sizes has limited efficiency in improving strain tolerance

 Simple efficient method to improve strain tolerance = reduce Z using low green 
densities

Strain tolerance

Scaling laws for homogeneous microstructures
Influence of heterogeneity
Toward experimental validation

Results
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Heterogeneous microstructures: strain tolerance
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Aggregates perform better for two main reasons:

 Lower Z compared to pore former
 Pores with irregular shape are less efficient in 

terms of elasticity than spherical pores
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Toward experimental validation ?

Partially sintered glass particles as a model material 
X‐ray tomography

 Easy and cheap to process  

 Spherical particles / low dispersion in size 
after sieving

 Sizes in the 0.1 mm range, compatible with 
X‐Ray tomography resolution to access 3D 
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 Realistic microstructure: compaction + sintering

 Elasticity and toughness: bond contact law + fracture criteria, no fitting 
parameters    

Methods: from particles to mechanical properties
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Results: design of strain tolerant microstructures
 Scaling laws for Young’s modulus and fracture toughness

 Introduction of heterogeneity via macroporosity improves strain tolerance 

 Prospect: experimental validation

 Realistic microstructure: compaction + sintering

 Elasticity and toughness: bond contact law + fracture criteria, no fitting 
parameters    

Methods: from particles to mechanical properties
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