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 SiC-Si3N4 Nanocomposites
 Evidence in literature that both fracture 

toughness and creep resistance can be improved 
in the case of SiC-Si3N4 nanocomposites Niihara, 
Mukherjee etc.

 Multiscale microstructure 

Motivation

Polymer-Derived Ceramics (PDCs)
A novel way to process si based ceramics
Micro-structure and properties can be further 
tailored by adding filler particles

cubic-SiC: β-Si3N4:

Creep resistance 
(High Temp.)

 

Strength
Room Temp.  

High Temp.  

Toughness (High Temp.)  
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 High temperature creep and nanoindentation experiments
 Scale dependent nanoindentation upto 773 K

 Nanoscale creep at different strain rates and maximum load

 Cohesive finite element based modeling of dynamic fracture failure in SiC-
Si3N4 nanocomposites
 Cohesive analyses accounting for second phase particle distribution and grain

boundary distribution effects
 High temperature constitutive models and trade-offs in designing these materials

for high temperature performance
 Insights from molecular analyses

 Nanoscale fracture and strength at room temperature
 Role of temperature in strength upto 1500 K

 Designing materials in an optimization framework

Outline
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Experimental Investigations

(a) (b) 
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Deformation Visualization
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Multiscale Temperature Dependent Moduli
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Issue of Thermal Drift 

Monitoring depth 
change as a function 
of time

This thermal drift 
correction is applied to 
both indentation and 
creep
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Thermal Drift at Nano and Micron Scales

Thermal Drift rate changes as a function of both temperature and load

The drift values at different load/temperature are fitted linearly to show this 
relationship
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Creep Models
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From classical mechanisms of creep deformation, creep is a 
consequence of dislocation motion or diffusion.

0
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Dislocation controlled creep: n= 3 to 5, m=0 
Diffusional controlled creep:  n 1,m= -3 to -2≈
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Creep Measurements (h vs. t)
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Exponent and Strain Rate
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 High temperature creep and nanoindentation experiments in high
temperature composites
 Scale dependent nanoindentation upto 773 K

 Nanoscale creep at different strain rates and maximum load

 Cohesive finite element based modeling of dynamic fracture failure in SiC-
Si3N4 nanocomposites
 Cohesive analyses accounting for second phase particle distribution and grain

boundary distribution effects
 High temperature constitutive models and trade-offs in designing these materials

for high temperature performance
 Insights from molecular analyses

 Nanoscale fracture and strength at room temperature
 Role of temperature in strength upto 1500 K

 Designing materials in an optimization framework

Outline
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Idealized Microstructural Representation

Silicon Carbide

Real Microstructure Hypothetical Microstructure

Silicon Nitride GB
AIAA, SDM-2007, Paper No. AIAA-2007-2345
Engg. Fract Mech. 2008, Mod. Sim. Mat. Sci. Engg.  2008
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Propagation of Crack-Global View
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Microstructures of Focus-I
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(c)(c)

0.01875 μsec 0.02275 μsec

( )σmax MPa

( )σmax MPa

( )σmax MPa

( )σmax MPa

( )σmax MPa

( )σmax MPa
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Microstructures of Focus-II

µ30 m

µ30 m

Grain Boundary

SiC

Si3N4

SiC

Si3N4

SiC in SiSiC in Si33NN44 matrix with GB (InterST)  matrix with GB (InterST)  

(a)(a)

(b)(b)

SiC in SiSiC in Si33NN44 matrix without GB (NgbST)  matrix without GB (NgbST)  
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 High temperature creep and nanoindentation experiments in high
temperature composites
 Scale dependent nanoindentation upto 773 K

 Nanoscale creep at different strain rates and maximum load

 Cohesive finite element based modeling of dynamic fracture failure in SiC-
Si3N4 nanocomposites
 Cohesive analyses accounting for second phase particle distribution and grain

boundary distribution effects
 High temperature constitutive models and trade-offs in designing these materials

for high temperature performance
 Insights from molecular analyses

 Nanoscale fracture and strength at room temperature
 Role of temperature in strength upto 1500 K

 Designing materials in an optimization framework

Outline
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Atomistic Microstructures To Analyze Particle Size Effect
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Microstructures Analyzed To Understand Effect of GB/Interface Thickness and 
Temperature

From R. Raj and co-workers
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Diffused GB
Sharp GB
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 High temperature creep and nanoindentation experiments in high
temperature composites
 Scale dependent nanoindentation upto 773 K

 Nanoscale creep at different strain rates and maximum load

 Cohesive finite element based modeling of dynamic fracture failure in SiC-
Si3N4 nanocomposites
 Cohesive analyses accounting for second phase particle distribution and grain

boundary distribution effects
 High temperature constitutive models and trade-offs in designing these materials

for high temperature performance
 Insights from molecular analyses

 Nanoscale fracture and strength at room temperature
 Role of temperature in strength upto 1500 K

 Designing materials in an optimization framework

Outline
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Design Optimization

 Computer simulation can be very expensive for optimization.

 Need of optimization techniques for dealing with such
simulations.

CFD FEA

Layered 
Composites MD, QM

FEA

Motivation
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Variable Fidelity 
Optimization

Multiscale Material 
Simulation

Optimal 
Morphologies

SiC-Si3N4
nanocomposite with 
desired properties

Fracture and 
creep resistance 
at about 1800 K

Computer-aided design to investigate materials for use in future high 
temperature power plant applications

Design 
Variables

• Phase size
• Phase Volume        
Fraction

Design 
Targets

SiC-Si3N4
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Material Design Methodology

 Address computational challenges.

 Address model management issues.

Analysis: 
FEM, 

CFEM, MD, 
QM

Trust Region 
Variable Fidelity 

Optimization 
Framework

High & 
Low 

Fidelity 
Models

Methods

Design Targets
Design Variables

Optimal 
Morphology
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Objectives: Definition of Models

HIGH FM

FEM 
(Comsol)

Analytical 
Fracture 

Mechanics & 
Surrogate 
Modeling

LOW FM

FEM 
(ABAQUS)

2D Model

FEM 
(ABAQUS)

3D Model







=
W
af

BW
PSKI 2/3

PROBLEM 1

PROBLEM 2

PROBLEM 3

Strength & 
Creep
strain 

resistance 

Fracture 
toughness

CFEM 
(ABAQUS)

Real 
microstructure

FEM 
(ABAQUS)

Ideal 
microstructure

Strength & 
Creep
strain 

resistance 
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Variable Fidelity Optimization Algorithm

Gano et al., 2004

Methods

TR test fails. Reject step. 
Reduce ∆.

0>ρ TR test pass. Update ∆.

0<ρ
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High fidelity (HF) 
model

KIC and KI
obtained using 
FEM (COMSOL )

Low fidelity (LF) model







=
W
af

BW
PSKI 2/3

Analytical 
fracture 

mechanics for KI

Response surface 
approximation for KIC

Variable Fidelity 
Optimization

Simulations

Optimal 
Morphology

Fracture 
resistance 

Design 
Variables

• Second Phase 
orientation angle ө
• Second Phase 
Volume Fraction

Design 
Target

( )
( )

1

2 1

maximize               , ,

subject to:       , ,

                                 0  0.2,

                                 0  90 ,
                          -0.05  

LOW

LOW LOW

n IC f

n I n IC f
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f

K V

K K V

V
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β θ

β β θ
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≤ ≤

° ≤ ≤ °
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≤

° ≤ ∆ ≤ °
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( )

( )
high
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f x
x

f x
β = ( ) ( ) ( )high lowf x x f xβ≈

Construct scaling model Optimize scaling model

Problem 1 Find optimal CFCC configuration for improving 
fracture toughness (KIC)

( )
( )≤

≤ ≤

° ≤ ≤ °

maximize Mode-I ,

subject to:     ,

                       0  0.2

                       0   90

IC f

I IC f

f

K V

K K V

V

θ

θ

θ

Design load 
93500 N KI

Mejia-Rodriguez, G., J.E. Renaud, and V. Tomar, A variable fidelity model management framework for designing 
multiphase materials. Journal Of Mechanical Design, 2008. 130(9).
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Optimization 
Method

Low Fidelity 
Simulations

High Fidelity 
Simulations

Iteration θ * (rad.) V *
f K IC

* (MPa·m1/2)

Conventional 0 109 10 0.08528 0.2 7239246.361
Variable Fidelity 187 24 4 0.08531 0.2 7239245.175

∆θ ∆V f ∆ x ∆ f θ (rad.) V f K IC (MPa·m1/2)
1 1 0.07 0.05 0.2828 0.0111 0.23 0.1 7091470.873
2 1 0.14 0.10 0.6859 0.0208 0.09 0.2 7239211.263
3 1 0.28 0.20 0.0214 4E-06 0.08530 0.2 7239241.029
4 10 2.1E-10 0.0000012 0.00002 6E-07 0.08531 0.2 7239245.175

Design Varibles and Obj. Function Trust Region Size
Iteration 

Trust Region 

Adjustments

Convergence

Problem 1Results

• Initial design: Vf
0 = 0.05,  θ0 = 0.3 rad

• KIC
0 = 7013519.6 MPa·m1/2 80% reduction in HF simulations
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Variable Fidelity 
Optimization

Simulations

Pareto Optimal 
Morphology

Strength
&

Creep 
resistance

Design 
Target

•Incorporate Multiobjective Optimization formulation
•Construct scaling model: It will allow to incorporate higher 
dimensionality that is not present in LF model

Find optimal CMC (ceramic matrix 
composite) configuration

• Multiphysics models with different input variables
• 2D LF captures physics of 3D HF

Continuum based models 
are used to define:

• Flow stress 
• Creep strain rate

Design Variables
d-Grain width-
height
T-Temperature

2-D LF 
FEA model

Design Variables
d-Grain width-
height
l- Grain length
T-Temperature

3-D HF 
FEA model

Ideal microstructures

Problem 2
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expn
c

QA
RT

ε σ  = − 
 



By using the Norton relation for stress, the secondary creep
relation for time and the temperature dependence, the creep strain
rate expression for SiC used in this research takes the form:

The constants A, Q and n
are determined from a fit
of the last equation to
experimental data taken at
150 MPa and at
temperatures ranging
from 1500 C to 1600 C.
A = 6.2e6 seg.-1Pa-1

n = 1.6
Q = 980 KJ/mol
R = 8.31447 J/mol K

A fit to tensile data collected on Hexology

Creep Model for SiC (Hexology)

Wiederhorn et al., 1999
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exp( )expε σ ασ  = − 
 

c
QA

RT
The constants A, Q, and α

are determined from a fit of
the last equation to
experimental data taken at
1150 C, 1200 C, 1250 C,
1300 C, 1350 C and 1400 C;
and at stresses ranging from 10
to 400 MPa.

A = 3.89e6 seg-1

α = 0.0197 0.0008 MPa-1
Q = 715.3 22.9 KJ/mol
R = 8.31447 J/mol K

(Boltzmann’s constant )

The creep strain rate the creep strain rate expression for Si3N4 used in 
this research takes the form:

Fit of tensile data collected on SN-88 Yoon et al., 2000

107 10810-10
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Applied Stress, Pa

C
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ep
 R

at
e,

 1
/s

 

 

1400oC
1350oC
1300oC
1250oC
1200oC
1150oC

Creep Model for Si3N4 (SN-88)

Krause R.F. et al.,  1999
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Stress-Strain curve for Si3N4 showing 
increment in strength as temperature goes 
down from 1600oC to 1300oC.
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Stress-Strain curve for SiC showing small 
increment in strength as temperature rises 
from 1300oC to 1600oC.
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1300oC SiC
1600oC SiC

Stress-Strain curve for Si3N4 and SiC as a 
function of temperature.

Problem 2Stress-Strain curves

1 exp
n m

0
0 0

Q
RT

ε εσ σ
ε ε

      = + ⋅    
      





Lei et al., 2000

Yield function for strength (Si3N4 & SiC)
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Strength and creep strain rate at
1500oC as a function of the design
variable fiber width-height (d) for the
2-D low fidelity model.

Strength and creep strain rate
at 1500oC as a function of the
design variables fiber width-
height (d) and fiber length (l)
for the 3-D high fidelity
model.

Strength and Creep behavior as a 
function of Design Variables

Problem 2
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Variable Fidelity 
Optimization

Simulations

Pareto Optimal 
Morphology

•Fracture      
Toughness
•Strength
•Creep 
resistance

Design 
Targets

•Incorporate Multiobjective Optimization formulation
•Incorporate Robust Optimization approach.
•Construct scaling model

• Multiphysics 
models with 
different input 
variables
•LF captures 
physics of HF

HF real microstructure

Problem 3

Design variables
• Grain size distribution
• Number of grains
• Volume fraction
• Grain orientation

LF ideal microstructure

Design variables:
•Grain size
•Number of grains
•Volume fraction

Elasto-plastic continuum models to 
define behavior of single phases

CZM at grain boundaries & continuum 
models to define behavior of single phase 

Develop nanocomposites whose performance variation is 
insensitive to processing (microstructure) variations
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0 20 40 60 80 100

DV1

DV2

DV3

Performance

• Volume fraction
• Grains size
• Grain size distribution
• Number of grains 

Error

Propagated 
uncertainty

• Volume fraction
• Grains size
• Grain size distribution
• Number of grains 

Test Problem

Error

Microstructural Postprocessing

• Number of Si3N4 grains
• Number of Intergranular SiC grains
• Number of Intragranular SiC grains
• Initial nucleation (Si3N4 grains) 
• Nucleation rate (Si3N4 grains)

•Growth of Intergranular 
SiC grains
• Growth of Intragranular 
SiC grains

Microstructure size: 100μm x 150μm

Submitted to 
AIAA J, 2010
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Minimize    = [ ] (1 ) [ ]r r rS S vrt Sα α⋅ − + − ⋅

Fractional factorial 
design sampling

(get μ and σ for each 
sample)

Optimization Formulation
α = 1 and α = 0.5, at 

T=1500oC and T=1600oC 

( )
n n n

0 i i ij i j
i 1 i 1 j 1

T z a a z a z z
= = =

= + +∑ ∑∑

Quadratic least square response surface

Test Problem

rS

DV

x
x

x
x

xx
x
x

xx

xx
x

x

x

rS

[ ]rvrt S

_ 1 2Minimize    = w ( , T=1500)+w ( , T=1600)r mo r rS S Sα α α = 1 and α = 0.5 
(w1=w2=0.5)

x x

4 cases

2 cases
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Iteration xn xn* Sr Sf

1 [20, 10, 10, 4, 4, 5, 5] [16, 6, 8, 5, 5, 4, 4] 0.039628 0.039414

2 [16, 6, 8, 5, 5, 4, 4] [12, 2, 7, 1, 5, 4, 3] 0.039552 0.039482

3 [12, 2, 7, 1, 5, 4, 3] [10, 1, 1, 1, 4, 3, 2] 0.039540 0.039530

4 [10, 1, 1, 1, 4, 3, 2] [10, 1, 1, 1, 5, 2, 4] 0.039535 0.039528

4 [10, 1, 1, 1, 4, 3, 2] (revaluate design and start using UQ in RSA)

5 [10, 1, 1, 1, 4, 3, 2] [13, 1, 1, 1, 1, 5, 2] 0.039549 0.039497

6 [10, 1, 1, 1, 4, 3, 2] [10, 1, 1, 1, 4, 3, 2] 0.039530 0.039534

T=1500oC and α=1

Iteration ρ εf1 εf2 εx

No. samples RSA
(UQ 

Evaluations/sample)

No. samples Test TR
(UQ 

Evaluations/sample)

1 0.30 2.06E-04 8.94E-05 0.181 66 (1) 1 (30)

2 0.49 6.78E-05 6.54E-05 0.186 49 (1) 1 (30)

3 0.83 9.59E-06 4.66E-05 0.167 49 (1) 1 (30)

4 -0.41 - - - 41 (1) 1 (30)

4 (revaluate design and start using UQ in RSA)

5 -1.80 - - - 41 (30) 1 (30)

6 25.09 3.24E-06 3.38E-06 0.0 65 (30) 1 (30)

Case 1.  Results for α=1, with initial design xo=[20, 10, 10, 4, 4, 5, 5], 
and strength value Sf =0.039321 J.

Results

180

205

1230

1950 3565
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T=1500oC and α=0.5Iteration xn xn* Sr Sf

5 [10, 1, 1, 1, 4, 3, 2] [10, 1, 1, 3, 4, 3, 2] 0.0395253 0.0395239

6 [10, 1, 1, 3, 4, 3, 2] [10, 1, 1, 3, 4, 3, 2] 0.0395251 0.0395238

Iteration ρ εf1 εf2 εx
No. samples RSA

(UQ Evaluations/sample)
No. samples Test TR

(UQ Evaluations/sample)

5 0.15 1.35E-06 2.36E-07 0.051 65 (30) 1 (30)

6 -0.13 - - 0.0 62 (30) 1 (30)

Case 2.  Results for α=0.5, with initial design xo=[10, 1, 1, 1, 4, 3, 2], 
and strength value Sf = 0.0395237 J.

Results
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Iteration xn xn* Sr Sf

1 [25, 15, 15, 4, 4, 5, 5] [21, 19, 21, 5, 5, 6, 6] 0.035251 0.033768

2 [21, 19, 21, 5, 5, 6, 6] [23, 23, 23, 4, 6, 7, 7] 0.034218 0.034141

3 [23, 23, 23, 4, 6, 7, 7] [32, 21, 28, 1, 7, 8, 8] 0.034765 0.034341

4 [32, 21, 28, 1, 7, 8, 8] [40, 19, 35, 10, 10, 8, 8] 0.034661 0.034408

5 [40, 19, 35, 10, 10, 8, 8] [40, 19, 35, 13, 10, 8, 8] 0.034639 0.034480

6 [40, 19, 35, 13, 10, 8, 8] [40, 19, 35, 19, 10, 8, 8] 0.034663 0.034485

7 [40, 19, 35, 19, 10, 8, 8] [40, 24, 35, 21, 10, 8, 8] 0.034706 0.034534

8 [40, 24, 35, 21, 10, 8, 8] [40, 25, 36, 21, 9, 7, 7] 0.072728 0.034274

8 [40, 24, 35, 21, 10, 8, 8] (revaluate design and start using UQ in RSA)

9 [40, 24, 35, 21, 10, 8, 8] [36, 23, 29, 21, 10, 8, 8] 0.034707 0.034502

10 [40, 24, 35, 21, 10, 8, 8] [40, 25, 36, 21, 10, 8, 8] 0.034574 0.034569

Iteration ρ εf1 εf2 εx
No. samples RSA

(UQ Evaluations/sample)
No. samples Test TR

(UQ Evaluations/sample)

1 0.29 1.43E-03 5.97E-04 0.18 66 (1) 1 (30)

2 0.83 7.45E-05 3.61E-04 0.19 33 (1) 1 (30)

3 0.32 4.10E-04 1.93E-04 0.33 25 (1) 1 (30)

4 0.21 2.45E-04 6.49E-05 0.33 49 (1) 1 (30)

5 0.31 1.54E-04 6.91E-05 0.08 65 (1) 1 (30)

6 0.03 1.72E-04 4.88E-06 0.15 50 (1) 1 (30)

7 0.22 1.65E-04 4.77E-05 0.21 49 (1) 1 (30)

8 -0.01 - - - 65 (1) 1 (30)

8 (revaluate design and start using UQ in RSA)

9 -0.19 - - - 49 (30) 1 (30)

10 0.88 4.77E-06 3.38E-05 0.04 61 (30) 1 (30)

Case 3.  Results for α=1, with initial design xo=[25, 15, 15, 4, 4, 5, 5], and strength value Sf = 0.033152 J.

T=1600oC and α=1

300

402

1470

1830 4002
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Iteration xn xn* Sr Sf

11 [40, 25, 36, 21, 10, 8, 8] [36, 21, 29, 18, 9, 8, 8] 0.035187 0.034386

12 [40, 25, 36, 21, 10, 8, 8] [40, 24, 36, 21, 9, 8, 8] 0.034566 0.034590

13 [40, 24, 36, 21, 9, 8, 8] [40, 24, 36, 21, 9, 8, 8] 0.034595 0.034597

Iteration ρ εf1 εf2 εx
No. samples RSA

(UQ Evaluations/sample)
No. samples Test TR

(UQ Evaluations/sample)

11 -0.23 - - - 49 (30) 1 (30)

12 10.22 2.38E-05 2.63E-05 0.11 65 (30) 1 (30)

13 1.52 2.31E-06 6.77E-06 0.0 62 (30) 1 (30)

T=1600oC and α=0.5

Case 4.  Results for α=0.5, with initial design xo=[40, 25, 36, 21, 10, 8, 8], 
and strength value Sf=0.034563 J.

Results
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Multiobjective, α=1
(w1=0.5(1500oC)
(w2=0.5(1600oC)

Case 5.  Results for α=1, with initial design xo=[20, 10, 15, 10, 5, 5, 5], 
and strength value Sf_mo = 0.427 J.

Results

Iteration xn xn* Sr_mo Sf_mo

1 [25, 10, 15, 10, 5, 5, 5] [25, 14, 15, 4, 4, 6, 6] 0.653 0.467

2 [25, 14, 15, 4, 4, 6, 6] [25, 15, 16, 3, 5, 7, 7] 0.538 0.535

3 [25, 15, 16, 3, 5, 7, 7] [23, 17, 19, 1, 5, 8, 8] 0.660 0.650

4 [23, 17, 19, 1, 5, 8, 8] [19, 17, 19, 1, 5, 8, 8] 0.712 0.668

5 [19, 17, 19, 1, 5, 8, 8] [15, 17, 15, 7, 4, 8, 8] 0.717 0.684

6 [15, 17, 15, 7, 4, 8, 8] [11, 17, 11, 7, 4, 8, 8] 0.756 0.700

7 [11, 17, 11, 7, 4, 8, 8] [10, 18, 10, 6, 4, 8, 8] 0.718 0.702

8 [10, 18, 10, 6, 4, 8, 8] [10, 18, 10, 6, 4, 8, 7] 0.731 0.681

8 [10, 18, 10, 6, 4, 8, 8] (revaluate design and start using UQ in RSA)

9 [10, 18, 10, 6, 4, 8, 8] [10, 19, 10, 6, 4, 8, 8] 0.740 0.703

Iteration ρ εf1 εf2 εx
No. samples RSA

(UQ Evaluations/sample)
No. samples Test TR

(UQ Evaluations/sample)

1 0.18 1.27E-01 2.82E-02 0.22 66 (1) 1 (30)

2 0.96 2.02E-03 4.64E-02 0.18 65 (1) 1 (30)

3 0.92 6.21E-03 7.49E-02 0.18 65 (1) 1 (30)

4 0.28 2.67E-02 1.07E-02 0.13 49 (1) 1 (30)

5 0.33 1.96E-02 9.73E-03 0.15 33 (1) 1 (30)

6 0.23 3.28E-02 9.66E-03 0.13 25 (1) 1 (30)

7 0.11 9.12E-03 1.10E-03 0.04 48 (1) 1 (30)

8 -0.71 - - - 47 (1) 1 (30)

8 (revaluate design and start using UQ in RSA)

9 0.03 2.18E-02 6.17E-03 0.04 49 (30) 1 (30) 270

398

1470 2138
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Iteration xn xn* Sr Sf

10 [10, 18, 10, 6, 4, 8, 8] [10, 17, 9, 5, 4, 8, 8] 0.70307 0.70209

11 [10, 17, 9, 5, 4, 8, 8] [10, 17, 9, 5, 4, 8, 8] 0.70210 0.70230

Iteration ρ εf1 εf2 εx
No. samples RSA

(UQ Evaluations/sample)
No. samples Test TR

(UQ Evaluations/sample)

10 0.03 5.74E-04 1.76E-05 0.04 65 (30) 1 (30)

11 21 1.17E-04 1.23E-04 - 49 (30) 1 (30)

Case 6.  Results for α=0.5, with initial design xo=[10, 18, 10, 6, 4, 8, 8], 
and strength value Sf_mo = 0.070199 J.

Results

Multiobjective, α=0.5
(w1=0.5(1500oC)
(w2=0.5(1600oC)
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Summary

 Coal will become the energy and raw material resource of choice in the 
coming decades. The key is developing technologies for clean coal 
utilization. It is estimated that the use of bulk materials (SiC-Si3N4) with 
high temperature properties to operate at temperatures in excess of 1500 
C in power plants can result in enhancements in the power generation 

efficiency by 10% to 15%. 

 The Computer Aided Multiscale Design tool is expected to work 
efficiently on obtaining the most suitable sets of morphologies (design 
variables) to obtain a designated target set of properties by integrating 
multiscale simulations of the SiC-Si3N4 nanocomposite in a trust region 
variable fidelity framework.

 The tool is based on a sound combination of atomistic simulations, 
continuum simulations, and experiments in a design optimization 
framework

 The tool is efficient compared to existing approaches and has predicted 
many important insights about material behavior
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