
Lecture #2:

Special elastic mismatch effects—the beta effect and definition of mode mix

Origins of mixed mode toughness dependence

Buckling delamination

Thermal barrier coating delamination & specimens to measure interface toughness
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Crack Tip Fields for Bilayer Interface Joining Isotropic Elastic Solids  (1992‐2; pg.72)
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On interface ahead of crack:

Crack opening displacements :

Energy release rate:

To make life simpler, most of our discussion will take  0 0 but 0     
For these cases, the singular stress fields at the tip are identical to those for a homogeneous solid
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From Lecture #1
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Beta effects on interface toughness

Ahead of crack tip:

Definition of :
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 1Crack propagation condition:   ( )G    1 !!depends on choice of 
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 Schematic for shifting toughness function
with different choice of reference length

1 1ln
2 1


 

 
   (1992‐2)
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Crack on an interface between two materials of equal thickness  (1992‐2)
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epoxy/glass:   0.06
rubber/steel:   0
epoxy/plexiglass:   0.009













Illustration of the beta effect on the Liechti‐Chai toughness data for 
a epoxy/glass interface  (1992‐2)
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Wang‐Suo (1990) interface toughness data for plexiglass/epoxy obtained
using a Brazil nut specimen  (1992‐2)

plexiglass (#1)
 epoxy (#2)

=-0.15
=-0.029
=0.009





I suspect this data is plotted using the thickness of the epoxy layer as the reference length, 
but epsilon is so small that the beta‐effect can be ignored.
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Micromechanical origins of mixed mode interface toughness

1.  Non‐planarity of interface  (1989‐2)

2.  Plasticity (1993‐1)

Liechti-Chai epoxy/glass interface
has plastic zone in the  epoxy on 
the order of several microns in and
the extent depends on the mode mix.

3. Coupling between atomistic separation
and plasticity at crack tip  (2008‐9)

4.    Recent experiments on adhesive (van der Vaals)
debonding of elastomers from glass and
metal substrates also reveals a significant mode dependence

See  (1995‐4) & (1999‐8) for reviews of various aspects
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Work of separation
For normal separation :

constrainedshear
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Normal separation

Constrainedshear

2is fit to  in constrained shear  (next slide)T

References:  (2008-9)
(2010-2)
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Dependence of Mode I Interface Toughness on Work of Separation 
and Strength of the Interface

2
0Atomistic separation energy of NiAl interface : 1.13 /J m 

Interface strength

Work of separation

Smith, Jiang & Evans (2007)
atomistic results for work
of separation for various 
segregates at Ni Al interface

macroscopic mode I interface toughnessSS 
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Examples of buckle delaminations:  Diamond‐like carbon films on Silicon  (2002‐6)
These films are all under equi‐biaxial compression

“circular” “straight‐sided”

“telephone cord”

(Argon, 1989)
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Buckling deflection:
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Ref.  1992‐2 Pg. 12
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(2004‐3)
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Energy Released as a Function of Morphology (2004‐3)

Three morphologies: B. Audoly (1999)

2/ ( / )C Cb b  

Film under equi‐biaxial stress

Energy/area:
2

0 (1 )
hU

E







Energy/area in buckled film averaged
over one full wavelength: U

Euler (straight‐sides) mode is only possible mode
For  / 6 :C  

Telephone cord morphology has lowest energy and releases
the most energy/area.

For  / 7.5 :C  

DLC on silicon—tapered low adhesion interface: propagates from right to left
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How does adhesion induce the formation of telephone cord buckles?
Jean‐Yvon Faou, Guillaume Parry, Sergey Grachev, and Etienne Barthel (EPL‐2012)

simulation

experimental

These numerical simulations account for the mixed
mode dependence of the interface toughness—this
is essential.  If the toughness did not increase with
increasing mode 2, the blisters would not be stabilized
and the entire film would delaminate.

Equi‐biaxial compression
in the film
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The following slides are selected from a talk in honor of Tony Evans in 2011

A practical fracture mechanics approach to lifetime assessment of TBCs 
given the complexity and unpredictability of the intrinsic failure processes

Measurement of TBC delamination toughness as a function of
thermal history—new tests are needed!

Examples of TBC delamination failures—from service and from lab tests

References:  (2007‐5), (2008‐6), (2011‐4)
See also October 2012 Issue of MRS Bulletin  < www.mrs.org/bulletin>  for an
overview of TBC development efforts, including issues related to delamination
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Most TBC Delamination Failures are Mode II (or near‐Mode II) Edge Delaminations
Coatings under compression primarily fail by edge delamination
or buckling delamination.  Buckling delamination can only occur 
after a very large interface separation has occurred ( typically
more than 15 times the coating thickness).

Mode II edge delaminations are the most likely culprit
in controlling TBC lifetime.

Compressive stresses in TGO and Top Coat upon cool‐down
create susceptibility to edge delamination at edges, holes
and open sinter cracks.

Maximum susceptibility is upon cool down:
Room temperature toughness is relevant

superalloy substrate

top coat & TGO in
compression

edge delamination

top coat and TGO are in compression on cool down

The relevant mechanics 
The edge delamination releases the 
compression in the top coat and the
TGO (if the crack is below the TGO).
The mechanics problem is depicted above.
This is a mode II delamination crack—
the crack is closed

Mode II toughness data is the most relevant.
What tests can we use?

bond coat
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TBC=const.

HHF results suggest a temperature dependent failure mechanism:
‐ complete TBC lift‐off at low temperature gradients

‐ layer‐by‐layer TBC failure at high temperature gradients

TBC Spallation

TBC Chipping

Su
rf
ac
e 
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pe
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  T

S

Bond Coat

TBC

Bond Coat

TBC

High Heat Flux Test 
Plasma spray TBC on a hollow tube cooled on inside

Siemens’s High Gradient Test—courtesy of S. Lampenscherf

Pg. 23



Inferred mode II delam
toughness from test

Available energy release 
rate: increases due to
TGO growth, top coat sintering, etc.

Life‐Prediction Methodology for TBCs and other coatings
Premise:  Toughness cannot be predicted, it must be measured.

IIC

G

ONERA data (test described later)

A. Experimentally measure
mode II toughness,

as a function of relevant thermal 
history.

,IIC

B. Determine energy release rate,

(and mode mix) as a function of
time for the application of interest.

,G

C.  Lifetime of coating is determined by condition

IICG  (or equivalent for other mode mixes)

What determines  ?G Extrinsic effects such as:

‐‐Thermal stresses in top coat and TGO (only if the failure interface lies below the TGO)
‐‐Mechanical loads on substrate (e.g. bending)
‐‐ Sintering and/or CMAS infiltration of top coat  (increases top coat modulus)
‐‐ Thermal (and stress) gradients, both through thickness and in‐plane
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(Thery, Poulain, Dupeux, Braccini, 2009)



Measuring TBC Interface Toughness by Indentation‐induced Delamination
– A. Vasinonta & J.L. Beuth

EBPVD Top Coat, Pt Aluminide Bond Coat

0
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50

0 10 20 30 40 50 60
hours at 1200C

Measured toughness
of TGO‐BC interface

2mm

 indentation is straightforward
 can be carried out directly on components
 requires detailed FEM analysis of elastic-plastic indentation & 

   coating stresses & p

Advantages and disadvantages of test




ossibly buckling
 role of residual stress difficult to quantify
 Mixed mode with  depending on size of delam & buckling
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Fracture toughness of interface:  UCSB experiments on burner rig specimens

Typical buckle delamination of TBC 
starting from the edge of a flat test coupon.
(courtesy of D. Clarke)

Delamination occurs at room temperature
when compressive stresses in TBC and TGO
are the largest.

BUCKLE DELAMINATION OF THERMAL BARRIER COATING
ON BURNER RIG SPECIMEN

Interface crack tip

Delamination precipitated by a wedge indentation

Interface toughness (TGO‐Bond coat interface)
after burner rig exposure and inferred from 
extent of the buckle delamination.:

2

2

mixed mode: 20 30 /

mode II:         60 /

I
C

II
C

J m

J m

  

 

Faulhaber, Evans, et al  (2006‐6)
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25 m

Insitu measurement of modulus of TBC and fracture toughness of interface
K. Hemker & colleagues at JHU

JHU Micro‐bend tester

130y bulkE E GPa 

20 30
x bulk

x

E E
E GPa



 
100 m

 difficult to carry out--a high end test!
 also provides top coat modulus information
 requires detailed FEM analysis
 mixed mode loading
 residual stress must be 

Advantages and disadvantages of test




 taken into account 
     and play a significant role
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50 thermal cycles 1hr hold.
at various temperatures

The Barb Test:  Kagawa and co‐workers

isothermal
1150 C

 difficult test--requires great expertise
 stable steady-state delam propagation--mixed mode
 requires detailed FEM analysis 
 loads coating in opposite manner as 

Advantages and disadvantages of test



 delaminations in service
 residual stress must be taken into account
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ONERA siffener‐enhanced 4‐point UCSB bend test
(Thery, Poulain, Dupeux, Braccini, 2009)

Inferred mode II delam
toughness from test

Available energy release 
rate: increases due to
TGO growth & top coat sintering

 well established test--variation of UCSB bend test
 stable steady-state delam propagation--mixed mode ( 40 )
 requires analysis but straightforward 
 loads coati

Advantages and disadvantages of test

o



 

 ng in opposite manner as delaminations in service
 residual stress must be taken into account but little

     is released if coating is thin compared to stiffener


IIC

G
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DIGRESSION:  Delamination mechanics applied to manufacture of high fidelity mirrors
Evans‐Phillips 3‐point bend test to measure toughness of a glass/metal interface

Ceramic mirror structure backing
glued to back side of mirror

Multi‐layer with mirror surface 
deposited onto the glass substrate

Thick glass substrate
(zero CTE)

Assembled mirror is
separated from substrate
by delamination along 
mirror/glass interface by
temperature drop 
and/or wedging 3‐point bend test developed

to measure interface toughness

Looking through glass at delamination
—glass is scribed to create through‐ crack

glass
metal (mirror)

Steel stiffener bonded to metal

a

 straightforward test, easily analyzed
 stable mixed mode delam propagation
 test loading closely mimics the application 
Only effective for special interface syst

Advantages and disadvantages of test



 ems 

Pg. 30



Mode II Shear Test (2011‐4)

Closely mimics in‐service
edge‐delamination

2

, 90 ( / 4 )o
SS

hG P h
E
      

Steady‐state energy release rate for no friction
and no elastic mismatch:
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A method specific for thin film / coating delamination

Superlayer test
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Inferred mode II delam
toughness from test

Available energy release 
rate: increases due to
TGO growth & top coat sintering

Life‐Prediction Methodology for TBCs and other coatings

IIC

G

ONERA data

A. Experimentally measure
mode II toughness,

as a function of relevant thermal 
history.

,IIC

B. Determine energy release rate,

(and mode mix) as a function of
time for the application of interest.

,G

C.  Lifetime of coating is determined by condition

IICG  or equivalent for other mode mixes.

What determines  ?G Extrinsic effects such as:

‐‐Thermal stresses in top coat and TGO (only if the failure interface lies below the TGO)
‐‐Mechanical loads on substrate (e.g. bending)
‐‐ Sintering and/or CMAS infiltration of top coat (increases top coat modulus)
‐‐ Thermal (and stress) gradients, both through thickness and in‐plane

(Using IIC is always conservative.)
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(Thery, Poulain, Dupeux, Braccini, 2009)


