Lecture #2: Pe. 1
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



From Lecture #1 Pg. 2

Crack Tip Fields for Bilayer Interface Joining Isotropic Elastic Solids (1992-2; pg.72)
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For these cases, the singular stress fields at the tip are identical to those for a homogeneous solid

1 8 r

(K KN |
27Z'I” (52’51) ( v Z)E* 27[ K2 /fﬁ

(022'012) :(K1' Kz)

_ 1 2 2 _Kz
G—E(Kl +K?) & tam//—?l

3



Beta effects on interface toughness  _ _ 1 |n(1—ﬂj Pg. 3

(1992-2) 2z \1+8 T
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Crack on an interface between two materials of equal thickness (1992-2)
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epoxy/glass: &=0.06
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lllustration of the beta effect on the Liechti-Chai toughness data for Pg. 5
a epoxy/glass interface (1992-2)

epoxy (#1)/glass (#2) interface

E, =2.07GPa, v, =0.37
E, =68.9GPa, v, =0.20
h=12.7mm

a =-0.935, f=-0.188, £=0.060

I" { J/mZ2)

Consider two choices for /:
¢, =h=12.7mm
¢, =h/100=127 um

I.(v,)=T (1+ tan’ (1—/1)1//2)




Pg. 6
Wang-Suo (1990) interface toughness data for plexiglass/epoxy obtained
using a Brazil nut specimen (1992-2)

plexiglass (#1)
epoxy (#2)
t
a=-0.15 —_
>
£=-0.029 [~
£=0.009

| 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.



Micromechanical origins of mixed mode interface toughness

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

% 1

A T
2. Plasticity (1993-1) KE l
0.3

) -7 T TS (30'13)

-

Liechti-Chai epoxy/glass interface
has plastic zone in the epoxy on 2 ;_,_.-.7;{15".-1.1"1
the order of several micronsinand [ s/t | F 2

the extent depends on the mode mix.

(., )=(45726 9"
0 2|

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



Interface Potential —Clean Stoichiometric NI/Al,O, Interface® "
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shear (o,) in [112] direction
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Work of separation (all modes) : ', =1.13Jm™
For normal separation :

Separation at peak stress ~ & = 0.50A References: (2008-9)

peak stress ~ o =T, /(e5) =8.3GPa (2010-2)
f (0,) is fit to constrainedshear (o, =0)
pisfitto T, in constrained shear (next slide)



Dependence of Mode I Interface Toughness on Work of Separation
and Strength of the Interface

', ~ macroscopic mode I interface toughness

Work of separation
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Atomistic separation energy of NiAl interface: I'y =1.13J / m?




Examples of buckle delaminations: Diamond-like carbon films on Silicon (2002-6) Pg. 10

These films are all under equi-biaxial compression

“circular”

“telephone cord”

(Argon, 1989) Fig. 1. Illustrations of straight-sided, circular, and telephone cord buckles (Moon et al., 2002).



A dming Ganps oF Bockine Decarmtyro Pg. 11
j_ﬁ—fl R 0 Buckling deflection:
A

/
. ,Hf—-— w(x) = (6/2)(1+cos(zx/a))
(NG’

P=TEh Clombed
6&%@&3 < mede I 2 g% Mpqu
_ A =RL o> 2
(9 E") 5 |2 a'.’—
“ 'I&enliamﬁbwo{clwg Lok Relation between buckling deflection
T . R 424, FP=F ' and end shortening:
CL 2 5°
Stham gy = Wotk/ done m A=A "8 a
A-A
Cﬂ/zmembm Sy scmen or é_Z\/E A—A.
= SE=&LRA +27(A-0)= R (208-4) by a m\oa
. L _{DSE v
B R 0A) 6t
ZOIG.J&L%‘S / é
— a

So 020, P |

: -~ 2 / E"“
|| S - e

Consde botte rskapnsth, G2 . /




Ref. 1992-2 P8

Abbreviated Analysis of the Straight-Sided Buckle Delamination

A 1D analysis based on vonKarman plate theory G FYGpaGEIEN: Grecha
II T z 0 Film pre-stress Joml
W7 7727777 . X

UNSUCKLED & u-.-c Ll

LOCAL LOADING OF
BUCKLED INTERFACE CRACK
Buckle deflection- Average stress in buckled film: In-plane compatibility condition
1 2 —(hY 1 L lpr . W
P =— ri == ey — |- == “-’r dr——fj-
w(y)= 5 S(1+cos(my, b}) 3 2 El{b } E ( c) 2*[-5 b
Buckle amplitude: At edge of buckle: ) 5
3
AN=(c—-o,)h. M =—
2b°
Energy release rate and mode mix along sides from basic solution: Energy release rate along
propagating front
o 4++/3(5/ )t L _h 2
GSﬁﬁ_?{J_JC}(J-l_SUC) mﬂ':f": .J_{ } = F“I_‘r_b.l‘_é :fde:dj_r[g_o-f)
! —4tm1m+\/§[§-’h} < 1

Energy-release rate can also be obitained from Mode mix depends on the amplitude of
direct energy change calculation The buckle

Plots are given on next overhead
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Energy release rate and mode mix on sides of Straight-sided buckle delamination

Pg. 13

mode mix along the delamination sides
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Metal or Ceramic Films on Compliant Substrates (Polymer or Elastomer)

Cotterell & Chen, 2000; Yu & Hutch, 2002; Parry, et al_,2005

Analytical Fact: Edges of buckle delamination is effectively clamped if substrate modulus
Is larger than 1/3 of film modulus (i.e. clamped plate model is valid)

Highly compliant substrate has three effects:
1) Stabilizes straight-sided buckle delamination and tends to eliminate telephone cord morphology.
2) Significant film rotation occurs at edges of delamination and larger buckling deflections.
3) Relaxation of stress along bonded edges of delamination (shear lag effect) amplifies energy released.

hhhhhhhhhh

Ni films on polycarbonate
substrates (Parry, et al.)

Y

= = = = Rigid substrate

h=110 nm
h =50 nm .
h =320 nm Shear lag relaxation of stress
FEM solution . .
in bonded film

H"‘Cﬂmpliant substrate:
simulations and exps.

TR e

WP BTN P greater rotation

along edges



Pg. 15

Harnessing Buckle Delaminations?
for the Good of Mankind! (2004-3)

Substrate pre-patterned with low adhesion
channels or pathways. DLC coatings are

then deposited onto the substrate. b)
Once initiated, buckle delaminations propagate
down the low adhesion pathways creating
Intricate networks of open micro/nano-channels.

Moon, Lee, Oh & Hutch, 2004



Telephone cord

o
-
Film under equi-biaxial stress |5
’h
Energy/area: — o
0
E(l-v)

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

For o/o. <6:
Euler (straight-sides) mode is only possible mode

For o/lo. >7.5:

0.60

(L a—
E) .
Euler
0.55+ FF Exact Solution |
'\.‘q
0.50 - |
Euler
FEM Solution
2 e--""'/\ i
0.40 - Varicose | NN~ T
1/2b=0.78
0.35 4 |
Telephone cord \
= 7/2b = 0.95
l:]I-:m1hllll_'.::..j':‘."""|'|'|'|.
4 6 8 10 12 14 16 18 20

Telephone cord morphology has lowest energy and releases

the most energy/area.

olo. =(0/h.)



Pg. 17
How does adhesion induce the formation of telephone cord buckles? 6

Jean-Yvon Faou, Guillaume Parry, Sergey Grachev, and Etienne Barthel (EPL-2012)

T"-, L% . ‘

simulation
) yd Equi-biaxial compression
in the film

experimental

) BB

D

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.




The following slides are selected from a talk in honor of Tony Evans in 2011 Pg. 18

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

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!

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




CMAS is air borne dirt
that melts and accumulates
on TBC surfaces.

Aluminum Silicates)

Pg. 19
MODE | DELAMINATIONS WITHIN THERMAL BARRIER COATING &
Electron Beam Deposited TBC with Columnar Micro-Structure

CMAS (undesirable) _— ~1250C°

see below

Zirconia top coat (TBC)-- ——— || ! LIl
The thermal barrier supporting

a steep temperature drop from
gas to substrate (100 microns)

bond coat

Thermally grown oxide (TGO)
Alumina (AI203) which grows

in use from 1 to 10 microns.

It provides oxidation protection.

.éﬂﬁerailuysubétfdfé_ St R oo
(cooled from below) _ 100 um

(Calcium, Metallic,

— = |
Blade showing spalled TBC




MODE | DELAMINATIONS WITHIN THERMAL BARRIER COATING Pg. 20

Plasma Spray TEC on engine shroud approximately 1mm thick
Vertical deposition cracks provide free edges for initiating delaminations
(They are essential for coating/substrate compatibility under cyclic temperatures

CMAS
infiltrated layers

BN <= 1240C°
= 1 Melting temp CMAS
un-infilirated TBC
layer

Bondcoat

Delaminations

TBC
Bondcoat

Spalled region under CMAS



Pg. 21
BUCKLE DELAMINATION OF THERMAL BARRIER COATING ON BURNER RIG SPECIMEN

R T— Electron beam deposited TBC (2006-6)

Hutchinson and Evans, IMPS 2006. Buckles

Buckles

Wedge indentation to

) Initiate spall
Specimen exposed to 100 cycles

between room temp. and
1150C with no visible damage.

A wedge indentation at room temp | Ridge crack
produces wide spread spalling
with buckle delaminations.

Stress in TGO is approx. -4GPa
Stress in TBC is approx. -1GPa

Delamination on TGO/BC interface




Most TBC Delamination Failures are Mode Il (or near-Mode Il) Edge Delaminations  Pg. 22

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 Il 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.

A
Blade showina spalled TBC

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

]

top coat and TGO are in compression on cool down

edge delamination top coat & TGO in
\ compression bond coat

The relevant mechanics

superalloy substrate 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.
Mode Il toughness data is the most relevant. This is a mode Il delamination crack—

What tests can we use? the crack is closed




High Heat Flux Test Pg. 23
Plasma spray TBC on a hollow tube cooled on inside
Siemens’s High Gradient Test—courtesy of S. Lampenscherf

TBC Chipping

e

TBC Spallation

D

Surface Temperature T

TBC

Tgc=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



Life-Prediction Methodology for TBCs and other coatings Pg. 24
Premise: Toughness cannot be predicted, it must be measured.

450,
A. Experimentally measure 400 r experimental
mode Il toughness, 350 1C lifetime
FIIC : 300. Inferred mode 1l delam
/ toughness from test
as a function of relevant thermal ‘g 250 1
history. = 200 Available energy release
150 rate: increases due to
B. Determine energy release rate, wad WY B, EDCEREBEE 1, G
G y o0 '
(and mode mix) as a function of 0+ v
time for the application of interest. - 100 150 200 250
Number of 1h-cycles at 1100°C
C. Lifetime of coating is determined by condition ONERA data (test described later)

(Thery, Poulain, Dupeux, Braccini, 2009)
G o FIIC (or equivalent for other mode mixes)

What determines (5 7  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



Measuring TBC Interface Toughness by Indentation-induced Delamination

— A. Vasinonta & J.L. Beuth

A
100 um TBC
Y
0.25 um TGO
50um 3 |  Bond Coat

2000

g

Indent Load (N}
=
8

500

50

EBPVD Top Coat, Pt Aluminide Bond Coat

Coefficient of Friction |
Used in Modal 1
0 0 {frictionless)

o 0.3

|
f
x 0.4
+ 0.7
= Experimental Resulis

005 01 015 02 025 03 035 04 045
Contact Radius jmm)

40 -

0 30 |+

T Jim?

20 +

10 |+

Measured toughn
of TGO-BC interfa

1 1 1 1

1
10 20 30 40 50 60

hours at 1200C

%’g ::g;{"z{j}mg ‘ # _‘-.- 4 wel ':‘.'.I
Debonding TBC l’q‘éﬁf s :
and TGO Layers (G |

Bond Coat \\ Indenter

Plastic
Zone

Compressive
Stress onr

Superalloy Substrate
a = Contact Radius “~

Advantages and disadvantages of test

e indentation is straightforward

e can be carried out directly on components

e requires detailed FEM analysis of elastic-plastic indentation &
coating stresses & possibly buckling

e role of residual stress difficult to quantify

e Mixed mode with y depending on size of delam & buckling

€ss
ce



Fracture toughness of interface: UCSB experiments on burner rig specimens
Faulhaber, Evans, et al (2006-6)

Pg. 26

BUCKLE DELAMINATION OF THERMAL BARRIER COATING
ON BURNER RIG SPECIMEN

Delamination precipitated by a wedge indentation

Buckles
Buckles

Typical buckle delamination of TBC
starting from the edge of a flat test coupon.

(courtesy of D. Clarke)

Ridge crack

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

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

mixed mode: T’ ~20-30J/m?
mode II: rd>60J/m?

Interface crack tip



Insitu measurement of modulus of TBC and fracture toughness of interface Pg. 27
K. Hemker & colleagues at JHU

E, ~E,, =130GPa
digital T ’ "
| i linear air ;‘:a:::jx

capacitance (i
gage

Ex << Ebulk

5-axis

picomotor stage EX ~ 20-30GPa

JHU Micro-bend tester

Advantages and disadvantages of test

e difficult to carry out--a high end test!

e also provides top coat modulus information

e requires detailed FEM analysis

e mixed mode loading

e residual stress must be taken into account
and play a significant role




The Barb Test: Kagawa and co-workers

Load

Pg. 28

140
120 i
100/
80 |

60 |

Delamination toughness, I', (J/m?)

‘/Total hot time:10 h g \

L d Pushout block

Isothermal exposure at 1150 C -

isothermal

Thermal cycling N \\

40 L Specimen
[ Total hot time:50 h ) Support block
20| *\\%
9 Wi = 4.5
0
2 2.5 3 3.5 - 4.5
_ Adhesve (unit : mm}):
Average TGO layer thickness, h, , (um) layer

50 thermal cycles 1hr hold.
at various temperatures

Advantages and disadvantages of test

e difficult test--requires great expertise

e stable steady-state delam propagation--mixed mode

e requires detailed FEM analysis

e |loads coating in opposite manner as delaminations in service
e residual stress must be taken into account



ONERA siffener-enhanced 4-point UCSB bend test Pg. 29
(Thery, Poulain, Dupeux, Braccini, 2009)

=

(d) 4350,

experimental
lifetime

]

IIC Inferred mode Il delam
m i
/ toughness from test
"E 250 1
= 200 1 Available energy release
rate: increases due to
150 1 TGO growth & top coat sinfering
100 4
S0 1
o : , :
0 50 100 150 200 250

Number of 1h-cycles at 1100°C

Advantages and disadvantages of test
o well established test--variation of UCSB bend test
e stable steady-state delam propagation--mixed mode (y = 40°)
e requires analysis but straightforward
e loads coating in opposite manner as delaminations in service
e residual stress must be taken into account but little

Is released if coating is thin compared to stiffener



DIGRESSION: Delamination mechanics applied to manufacture of high fidelity mirrors Pg. 30
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)

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

l glass

metal (mirror)
/

[ ]

Assembled mirror is Advantages and disadvantages of test

separated from substrate o straightforward test, easily analyzed / T
by delamination along

mirror/glass interface by ® stable mixed mode delam propagation Steel stiffener bonded to metal
temperature drop e test loading closely mimics the application

and/or wedging e Only effective for special interface systems

3-point bend test developed
to measure interface toughness



Mode Il Shear Test (2011-4)

Closely mimics in-service
edge-delamination

compression edge delamination specimen

(A) 1.2
1
crtopoimadededelole Steady-state energy release rate for no friction
G AN A RN N i and no elastic mismatch:
G o—
) 1/2 a’h
=
5 10 E
alh
® 12
1- 7--———-1—‘—-———--
’...l..l...nlllllll LR R L R R R R R R R R
0.8 ¥+
X 06 (
Kyss . 4 Hy =
0.4 P ﬂf = ll‘
02 T == g =12
0
0 5 10

Pg. 31



A method specific for thin film / coating delamination 8. 32

A. Bagrhi. C.E. Lucas, Z. Suo, and A C. Evans. A new procedurs for
measuring the decohesion energy for thin ductile films on subsirales,

Superlayer test Journal of material research 9 (1994), no. 7, 1734 1741.

Highly stressed superilayer deposited on top of the film

7] — o £1 4(
03 | 0 £2 l[ha —. My
1

. decohesion h —
o . oW 2h
No external loading is applied G = — a; =7 =

= Variation of W,
= Variation of A



Life-Prediction Methodology for TBCs and other coatings

A. Experimentally measure
mode Il toughness,

1_‘IIC’

as a function of relevant thermal
history.

B. Determine energy release rate,

G,

(and mode mix) as a function of

time for the application of interest.

C. Lifetime of coating is determined by condition

G-Il
G ?

What determines

or equivalent for other mode mixes.

Pg. 33

4350,

experimental
lifetime

Inferred mode Il delam
/ toughness from test

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

100 4
S0 1
0+
0 50 100 150 200 250
Number of 1Th-cycles at 1100°C
ONERA data

(Thery, Poulain, Dupeux, Braccini, 2009)

(Using I',c isalways conservative.)

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



