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ÅDesign multilayered Si 3N4-TiN and B 4C-SiC ceramic 

laminates with enhanced fracture toughness for 

crosscutting industrial application

ÅDevelop of Si 3N4-TiN and B 4C-SiC laminates using 

rolling and hot pressing

Å Investigate the mechanical performance and 

microstructural features of developed laminates

ÅStudy the interrelation between the residual stresses 

and a fracture behavior of laminates

Objectives
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Design concept of laminates
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Strain mismatch because of the CTEs difference

Residual compressive stress 

in a material with a lower CTE

Residual tensile stress in a material 

with a higher CTE

If Residual compressive stress 

Residual tensile stress 

Ho, S., Hillman, C., Lange, F.F., Suo, Z., Surface cracking in layers under biaxial 

compressive stress, J. Am. Ceram.Soc ., 78, 9, 2353-2359, 1995.



Click to edit Master title style

ÅClick to edit Master text styles

ÅSecond level

ÅThird level

ÅFourth level

ÅFifth level

Michigan Technological UniversityMichigan Technological University
Department of Materials Science and  EngineeringDepartment of Materials Science and  Engineering

ÁResidual stress

ÁEdge cracking 

ÁBifurcation (factor of two)

ÁTransverse cracking in tensile layer

ÁThreshold strength can be predicted

ÁWeight function analysis as a design tool to predict KR

Design criteria for ceramic laminates
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200 mm

Si3N4 layer

Si3N4-20wt%TiN  layer

Centreline

Centreline

200 mm200 mm

Si3N4 layer

Si3N4-20wt%TiN  layer

Centreline

Centreline

Anisotropic cracking due to residual stress field

High TCE layer

Low TCE layer
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Indentation Cracks of the B 4C/B4C-ZrB2

Laminate

Crack parallel to layers and 

perpendicular to the hot 

pressing direction

Crack perpendicular to layers 

and parallel to the hot pressing 

direction

There is strong anisotropy of crack sizes in 

different directions

K1c=5.81°0.85 

MPa·m1/2

K1c=2.06°0.44 

MPa·m1/2
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Edge cracking

22)1(34.0 su-
=

EG
t c
c

Critical thickness

for edge cracking 22

2

)1(34.0 su-
= Kt IC

c

S. Ho, C. D. Hillman, F. F. Lange, and Z. Suo, ñSurface Cracking in Layers Under 

Biaxial, Residual Compressive Stress,ò J. Am. Ceram. Soc., 78 [9] 2353ï59 (1995)

Biaxial compressive 

stress in low TCE layer

Edge 

cracking

Tensile edge 

stresses
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Bifurcation

22)1(17.0 su-
=

EG
t c
c

Critical thickness

for bifurcation 22

2

)1(17.0 su-
= Kt IC

c

Matthias, O, Hillman C. and Lange F. J. Am. Ceram. Soc. 79[7] 1834-38 (1996) ïCrack 

Bifurcation in Laminar Ceramic Composites

Rao M. P. and Lange F.  J. Am. Ceram. Soc., 85 [5] 1222ï28 (2002) - Factors Affecting 

Threshold Strength in Laminar Ceramics Containing Thin Compressive Layers
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Transverse cracking in the tensile layer can only occur if 

the layer thickness is above a critical value tc given by*

2

24

ps

IC
c

K
t =

This may be used as a conservative design criterion to avoid tensile 

cracking

*Ho, S. and Suo, Z., Tunnelling cracks in constrained layers,  J. Appl. Mech., 

1993, 60 (4) 890-894.

Tensile cracking
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Threshold strength

Rao et. al.* have shown that compressive layers may result 

in threshold strength behaviour

ÅFracture is controlled by the macroscopic residual stress 

distribution rather than microscopic flaws

ÅDefect tolerant

ÅThreshold strength behaviour

* Rao et. al. Laminar ceramics that exhibit a threshold strength, 

Science 286 (1999) 102-105.
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The stress-intensity factor (K) for an edge crack of depth a

Weight function h(x,a), stress distribution ů

Where x is the distance along the crack measured from the 

surface.

Using the weight function for SENB derived by Fett and 

Munz (J. Mater. Sci. Lett. 9 (1990) 1403-1406)

Weight Function Analysis

ñ=
a

dxxaxhK
0

)(),( s
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SENB specimens 

with three, seven, and 

thirty one layers

A.J. Blattner et. al. 

Eng. Fract. Mech. 68 

(2001) 1-7

Kr as a function of crack length
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sa
sasr

sr

a

What does an apparent fracture toughness mean?

Ka+Kr=Kc

condition of crack growth onset

sa ïdistribution of applied stress 

resulted from bending 

srïresidual stress in layer

Ka=Ka(sa, a)ïapplied stress intensity factor that can be measured

Kr=Kr(sr , a)ïstress intensity factor due to a residual stress

Kc ïintrinsic fracture toughness of layer material

If condition of crack growth onset is fulfilled then 

Ka=Kc-Kr is the apparent fracture toughness

If sr is compressive then Kr <0 and Ka increases.
The more |sr | the greater Ka.. The greater a the 

higher Ka.. 
The small cracks have Ka close to Kc
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Maximum apparent fracture toughness in laminates

w=const

l1

Symmetrical

two-component

laminate

 

3 layers 

9 layers 

7 layers 

5 layers 

3 layers 

w/5 w/4 w/2 l1 w/3 

Y(l1/w) l1
1/2 

sr 

Ka 

Kc 

a 

b 

c 

 

l2
l1

l1

l2

Ka=Kc-Y(l1/w)l1
1/2sr

Y(l1/w) is the geometrical factor

sr is the compressive residual stress

Ka is the apparent fracture toughness

Kc is the intrinsic fracture toughness
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The algorithm of laminate design

Selection of composition

Layer effective properties calculation

Selection of layerôs number and 

thickness of layer under compression

Thickness ratio and tensile layer 

thickness determination 

Residual stress calculation

Analysis of the residual stress and 

thickness ratio changing

Input parameters: 

moduli , CTEs, etc.

Output parameters: 

layersô thicknesses

Selection of composition

Layer effective properties calculation

Selection of layerôs number and 

thickness of layer under compression

Thickness ratio and tensile layer 

thickness determination 

Residual stress calculation

Analysis of the residual stress and 

thickness ratio changing

Input parameters: 

moduli , CTEs, etc.

Output parameters: 

layersô thicknesses
 

Maximization of compressive 

residual stress

Minimization of tensile residual 

stress

Maximization of apparent fracture 

toughness

Example of laminate design
Ka=17 MPa m1/2

Layer Thickness Residual 

Stress

Si3N4 750 mm -225 MPa

Si3N4-30%TiN 625 mm 180 MPa

Si3N4 175 mm -225 MPa

Si3N4-30%TiN 625 mm 180 MPa

Si3N4 175 mm -225 MPa

Si3N4-30%TiN 625 mm 180 MPa

Si3N4 175 mm -225 MPa

Si3N4-30%TiN 625 mm 180 MPa

Si3N4 750 mm -225 MPa
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Silicon Nitride Based Laminates

Layers

Å Si3N4 - 5wt% Y 2O3ï2wt% Al 2O3, E = 310 GPa; a= 3*10-6 1/K

Å TiN, E = 440 GPa; a= 7.2*10-6 1/K

Å Si3N4 - 20wt% TiN , E = 327 GPa; a= 3.55*10-6 1/K

Å Si3N4 - 30wt% TiN; E= 336.2GPa, a=3.8 x10-6 1/K 

Å Si3N4 - 50wt% TiN , E = 358 GPa; a= 4.55*10-6 1/K

Laminate preparation

Å Mixing and grinding of powders in certain proportions

Å Plastisizing of powders and rolling of tapes

Å Layers with different thickness were used in design of laminate 

composites

Å Hot pressing of tapes stacked together
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Calculated residual stresses in Si 3N4 based laminates 

Composition Thickness of Layers, mm scom. , 

MPa

stens. , 

MPaSi3N4
Si3N4 with 

TiN

Si3N4/Si3N4ï

20wt%TiN

100 500 351 76

Si3N4/Si3N4ï

20wt%TiN

100 700 368 58

Si3N4/Si3N4ï

30wt%TiN

100 500 551 119

Si3N4/Si3N4ï

30wt%TiN

100 700 578 92

Si3N4/Si3N4ï

50wt%TiN

100 500 1015 220

Si3N4/TiN 100 500 2761 598
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B4C-SiC Materials Parameters and Design
Properties of ceramics used in the stress calculation

Composition E, GPa Poissonôs ratioCTE, 10-6 K-1

B4C 483 0.17 5.5

SiC 411 0.16 3

Two compositions were used in current design: B4C and B4C+30wt%SiC 

Three layers laminates Multilayered laminates
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In the case of a perfectly rigid bonding between the layers, for a two component 

material residual stresses are

The initial temperature        used to determine the residual stresses was assumed to 

be the hot pressing temperature 2150 oC.

Calculated Residual Stresses in B 4C-SiC laminates 

Composition
Thickness of Layers, mm

scomp , MPa stens , MPa
Apparent 

KIc, MPam1/2
B4C-30wt%SiC B4C

B4C-30wt%SiC/B 4C 900 8700 632 131 44

Composition

Thickness of Layers, mm

scomp , MPa stens , MPa

Apparent 

KIc, 

MPam1/2B4C-30wt%SiC B4C

B4C-30wt%SiC/B 4C 150 2250 662 99 32
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Multilayered Design ï9 Layers Total, 10.35 mm ïTotal Thickness of a Tile

Three Layered Design ï3 Layers Total, 10.5mm ïTotal Thickness of a Tile
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Manufacturing procedure to produce 

high toughness ceramic laminates

Grinding Sieving

Rolling

Plastification

Hot pressingStacking

Crude rubber + petrol
A) B) C)

E)D) F)

A) Grinding and mixing of powders in a given proportion; 

B) Powder sieving to produce a homogeneous fraction of powder particles;

C) Plastification of powders; D) Cold rolling of ceramic tapes; 

E) Stacking of tapes in a given composition ratio; F) Hot pressing of the laminate tiles 
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Laminate Manufacturing

Å B4C and a-SiC powders with grain size of 2 -5 microns were used 

as raw materials

Å B4C and SiC powders were grinded to obtain B 4C-30wt%SiC 

mixture, B 4C was used as received.

Å Powders were plastisized using crude rubber as a binder.

Å Green tapes of certain composition and thickness of 450 -500 mm 

were produced by rolling. 

Å Hot pressing of rolled tapes stacked together in a certain order 

was done at 2150 oC for 45 minutes
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1. Bunker 2. Powders

3. Rolls 4. Transmission

5. Motor 6. Bottom support

7. Tape

Schematic representation of the rolling.

1. Bunker 2. Powders

3. Rolls 4. Transmission

5. Motor 6. Bottom support

7. Tape

Schematic representation of the rolling.

Rolling of Ceramic Tapes for Laminates Processing

Rolling advantages 

1) Easy thickness control

2) High green density 

3) Low amount of binder

4) Powder refinements

5) Enhanced sinterability

100 mm

B4C tapesB4C-SiC tapes

A roll mill with 40mm rolls was used for rolling. 

The velocity of rolling was in the range of 1 -1.5m/min. 

Working pressure  varied from 0.1 t/cm 2 for relative density of 64% to 1 t/cm 2 for 74% density. 

The target thickness of green tapes was in the range of 0.4 -0.5 mm, the width ï90-100 mm.

Si3N4

Si3N4-TiN




