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Why bonding?



‘ Mechanics of
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Introduction and motivation
High demand for lightweight materials QW v by

Nose section (carbonfibre or aluminium) Fin (carbonfibre)

—16m -
A

...................

Rear fuselage
Fuselage section (carbonfibre skin panels, (carbonfibre, one
doublers, joints and stringers, with aluminium frames) piece section)

Four shell skin A350 XWB material breakdown
panel concept

7% o . .9
v’o— 200 D Aluminiumy/Aluminium lithium
¢ i @ Steel
é 529% —=ll 7% g Titanium

7
9 @ Composite

@ Miscellaneous

Aluminium frames
Carbonfibre skin panel Note: A350-900 shown 708 SO SRR 3008

Assembly between:
* metal to composite
* composite to composite

become increasingly important in:
* aeronautic
* civil
* energy
- automotive
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1) Technological: %
a) stress concentrations m

b) weight increase E { ]
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2) Economical: drilling requires extensive labor
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Need for alternative bonding strategies W ana osiey

1) Technological: 7
a) stress concentrations m

b) weight increase ' ]

/ N
2) Economical: drilling requires extensive labor 7 \
3) Lifecycle:  maintenance and repair

1) Confidence is limited:
a) difficult to measure/inspect initial strength
b) brittle response

2) Performance is sensitive to adherent surface preparation

Mechanical treatments: operators introduce dissimilarities across treated surfaces

Chemical treatments: large volume of chemical waste, health, safety and ecological concerns
(EU/200/53/EC)



‘ Mechanics of
/@\ Composites

Introduction and motivation
Literature on crack arrest features W ana sty

Strategy #1: corrugation of the substrate and mode-mixity

Tserpes, K. I., et al. "Crack stopping in composite adhesively bonded joints through
corrugation.”" Theoretical and Applied Fracture Mechanics 83 (2016): 152-157.

_——

| 8.889 mm |
Initial - |

crack tip Current

crack tip 1.849 mm

Cordisco, FA. et al. “Mode | fracture along adhesively bonded Garcia-Guzman L. et al. “Fracture resistance of 3D printed...”
sinusoidal interfaces”, IJSS (2016), (83), 45-64. Composite Structures (2018), (188), 173-184.
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Strategy #1: corrugation of the substrate and mode-mixity

(1) Stacking

repreg Panel/stiffener bonding

Al plate

(2) Pressing & Curing

Al mold with
microstructures

iy “

Fabricated microstructures of
composites on its adhesive surface

Abrasive interface  CFRP
N\

Fig. 1. Schematic illustration of in-mold surface modification by imprint lithogra- Cohesive failure Main crack tip
phy for composite materials. Load ‘

-

Yukimoto, Y. et al. “Effects of mixed-mode ration and step-shaped micro
pattern...” ,Composites: Part A, (2015), (69), 139-149.
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Literature on crack arrest features W ana sty

Strategy #1: corrugation of the substrate and mode-mixity

(1) Stacking

repreg Panel/stiffener bonding

Al plate

(2) Pressing & Curing

Al mold with
microstructures

Abrasive interface  CFRP
N\

Fabricated microstructures of
composites on its adhesive surface

-

Fig. 1. Schematic illustration of in-mold surface modification by imprint lithogra- Cohesive failure Main crack tip
phy for composite materials. Load ‘

Yukimoto, Y. et al. “Effects of mixed-mode ration and step-shaped micro
pattern...” ,Composites: Part A, (2015), (69), 139-149.

Efficient,
but strong perturbation of the substrates (cost, global performance, qualification?...)
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Introduction and motivation
Literature on crack arrest features

Strategy #2: pinning / stitching

Preform on laminate ready for
ultrasonically assisted z-pin insertion

Low density foam (upper
half) of preform collapses
allowing z-pins to penetrate
the laminate.

Cartie et al. . “3D reinforcement of stiffener-to-skin T-joints by Z-
e iSBNNEERRANN SO0 ETi pinning and tufting” Engineering Fracture Mechanics (2006), (73),

Mouritz. “Review of z-pinned composite laminates” Composites:
Part A (2007), (38), 2383-2397.
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Introduction and motivation
Literature on crack arrest features

Strategy #2: pinning / stitching

Preform on laminate ready for
ultrasonically assisted z-pin insertion

Low density foam (upper
half) of preform collapses
allowing z-pins to penetrate

the laminate.
Cartie et al. . “3D reinforcement of stiffener-to-skin T-joints by Z-
e iSBNNEERRANN SO0 ETi pinning and tufting” Engineering Fracture Mechanics (2006), (73),

Perturbation of fiber arrangement,
Integrity of the substrate?

Mouritz. “Review of z-pinned composite laminates” Composites:
Part A (2007), (38), 2383-2397.
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Strategy #3: interlocks

Upper half of interlaminar reinforcement wnit el

® \ o
Tab /s

—

- Inserting tabs

Lower half of interlaminar reinforcement unit

Slit »

“““ (@
4

S. Minakuchi, et al. “Arresting fatigue crack in composite
bonded joint using interlocked fiber feature." 21st ICCM
proceeding (2017)

~— Single thin-ply

Pascoe, Pimenta and Pinho. “Interlocked interlaminar thin-ply CFRP
reinforcements.” Composite Structures 238, (2020)
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Strategy #3: interlocks

Upper half of interlaminar reinforcement wnit el

Tab

—

(a) 5 o

- Inserting tabs

Lower half of interlaminar reinforcement unit

Slit »

“““ ’ (@)
L 4

S. Minakuchi, et al. “Arresting fatigue crack in composite
bonded joint using interlocked fiber feature." 21st ICCM
proceeding (2017)

Integrity of the substrate?
Introduction of other damage mechanisms

~— Single thin-ply

Pascoe, Pimenta and Pinho. “Interlocked interlaminar thin-ply CFRP
reinforcements.” Composite Structures 238, (2020)
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Literature on crack arrest features QW 2nc wobic

Strategy #4: hybrid materials (thermoset/thermoplastics)
Step 11 Step 11

cured laminate thermoplast lay-up
% film adhesive lay-up
Lobel, T., et al. "A hybrid bondline concept for bonded composite joints."
International Journal of Adhesion and Adhesives 68 (2016): 229-238.

.
y

PAGS nanoﬁb}ers

2 08\ 02 2t 3 Q0F SE P

Beckermann, G. And Pickering, K. “...fracture toughness of composite
laminated interleaved with electrospun nanofibre veils...”, Composites:
Part A, 72 (2015): 11-21.
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Strategy #4: hybrid materials (thermoset/thermoplastics)
Step 11 Step 11

cured laminate thermoplast lay-up
% film adhesive lay-up
Lobel, T., et al. "A hybrid bondline concept for bonded composite joints."
International Journal of Adhesion and Adhesives 68 (2016): 229-238.

.
y

PAGS nanoﬁb}ers

2 08\ 02 2t 3 Q0F SE P

Promising path for toughening

How to make it more efficient?
Better integration?

Beckermann, G. And Pickering, K. “...fracture toughness of composite
laminated interleaved with electrospun nanofibre veils...”, Composites:
Part A, 72 (2015): 11-21.
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Our strategy: promoting long-range bridging and non-local toughening

P. Hu et al. “An experimental study on the influence of intralaminar damage on interlaminar delamination
properties of laminated composites “, Composites: Part A, (131), 2020, 105783
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Introduction and motivation
Towards next generation bonding

Three challenges:

* (#1) Improve the intrinsic performance of adhesive joints?

» (#2) Change the failure from brittle to progressive by design?

» (#3) Without compromising the substrate / All-in-adhesive concept.
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- (1) by structuring the adhesive/substrate interface
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- (2) by structuring an hybrid adhesive
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thermoset/thermoplastics

Additive approach




Introduction and motivation
Towards next generation bonding

Our strategy: promoting long-range bridging and non-local toughening

- (1) by structuring the adhesive/substrate interface

Substrate

- (2) by structuring an hybrid adhesive

(2a)

thermoset/thermoplastics

Additive approach

(2 b) Substrate
Sacrificial cracks

Subtractive approach



Path #1:

Structuring
the adhesive/substrate
Interface



Introduction and motivation

A refresh on laser treatments
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Metal to Metal Metal to CERP CERP to CFRP
(example: copper)

Laser irradiation: promising ecological alternative/suited to industrial automation

- fast and controllable processing
- infrared-range light source

LLaser processing

laser
be_am

¥
target éample

wf] 1]

~
o]

!

A
\4

V e~

UNIVERSAL Laser Systems PLS6.75

e N e

large amount of energy over short time scale and spatially confined region

Electromagnetic spectrum

wavelength

700 nm
.................... -1 mm
CO2 laser
10.6 um
..................... 30 mm

Yy rays
X-rays
uv
visible light

infrared

microwaves

radio waves



Tailoring morphology using laser treatments
Teflon, Peel ply, Sandblasting, Sanding and Lasers

=
Sa=(4.33+1.40) ym L=
tilt | curr | cur‘rr WD mag tilt T 300 ym : \
3| 5.00 kV |16 pA|64.8 mm[400 x| 0 ° Quanta 600 FEG

”Zrﬁag‘ WD ‘
2.0 [200 x[64.8 mm|0 °[11 pA

20 40 60 80
Dispersive, v (mN/m)

Laser treatment can modify

- the local morphology (including roughness, exposure of fibers)
* interlocking low-scale features,

« wetting properties
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Tailoring morphology using laser treatments
Teflon, Peel ply, Sandblasting, Sanding and Lasers

Sa= (4 331.40) pm

r| WD

\ WD tIt ‘tlt 300
16 pA|64.8 mm 400>< Quanta ¢ OO [F=¢]

23%13.00kV] 2.0 00x 64.8 mm |0

0 20 40 60 80 100
Dispersive, v (mN/m)

Laser treatment can modify

- the local morphology (including roughness, exposure of fibers)
* interlocking low-scale features,

« wetting properties



Si (%)

Chemistry of treated surfaces
From removal of contaminants to increased toughness

atomic % concentration % of functional 100
groups
Treatment (o] (o] Si C-0 c=0 0-C=0
alkoxy | carbonyl | carboxyl
T PP 75.46 16.50 1.40 25.34 8.58 10.01 | 90
T 71.14 16.60 3.74 44.46 3.08 1.50
it I SB__| .. 76.38 | 1668 | 0.74 | . 5132 | 094 [..239 | 80
L1 73.98 14.24 1.24 45.96 2.12 5.35
L2 82.98 12.34 0.36 52.90 4.1 7.97
s T T T T T e 70
>
[72]
60 L
>
o
| -
|50 ©
0
o
40 =
©
e
o
|_
| 30
| 20
-1 10
0

LC LA
Treatment

Laser can be used to remove contaminants and taylor surface
functionalization.
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Chemistry of treated surfaces

From removal of contaminants to increased toughness

concentration % of functional

LC
Treatment

100

90

80

70

- 60

- 50

-1 40

130

-1 20

atomic %
groups

Treatment ¢ ° Si alf(:;?(y ca?b_tglyl cg;§;3|

B PP 75.46 16.50 1.40 25.34 8.58 10.01

T 71.14 16.60 3.74 44.46 3.08 1.50

L SB 76.38 16.68 0.74 51.32 0.94 2.39
"""" L1 | 7398 | 1424 | 124 | 4596 | 212 | 535
"""" L2 | 8298 | 1234 | 036 | 5290 | 411 | 797

{10

Total polar groups (%)

Q SB (54.65)

e

(1) Removal of Silicon contaminant originating from technical fabrics

(2) Increase in the density of functional polar groups promoting adhesion

Laser can be used to remove contaminants and taylor surface

functionalization.



Controlling fiber bridging by selective patterning

1. Numerical study
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Mechanics of
Composites

Simulating a crack-arrest feature
Heterogeneous interface properties QI 2na obiy

60 mm 190 mm

a0=50 mm

adhesive layer (thickness: 100 um)

| e

3% X \ ................................. E
<

cohesive layer (thickness: 0.1 pum)

substrate 2 mm
I I interface_ [ 0.1 un
10 mm b :
| b i & ,: adhesive layer 0.1 mm
crack _ _ _ _ _ _ _ _ _ _ _ __ __ _____ R
— o inferface T 0.1 um
substrate 2 mm
A . . A .
nominal interface I arrest interface
Oq
oo |-
|
'K
- Gy o

2D DCB joints are simulated using two layers of ABAQUS built-in cohesive elements
Arrest features with different properties are investigated to understand how ligaments are created



toughness, GIC (kJ/mz)

Typical responses

Depending on interface and ligament properties...

0.25

0.2

0.15

@)
—_

interface
| L L L

O  crack front (d=1) debonded interface

A process zone front (¢=0) == pewly debonded

50 60 70 80 90
crack length, a (mm)

substrate nominal cohesive

adhesive layer - arrest cohesive

| I Mechanics of
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w and Mobility



Typical responses
Depending on interface and ligament properties...

Plot: XYPlot-1

Mechanics of
Composites
for Energy

w and Mobility

Force

Viewport: 1

|
10.
Displacement

Viewport:2 ODB: C:/Usersitaor/iDocuments/A...shiB5G10_S$16G18_mesh1.odb

SDEG
(Avg: 75%)

+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

Load_S16G18

Y ODB: B5G10_S16G18_meshil.odb Abaqus/Standard 3DEXPERIENCE R2018x

‘ Step: Load
el X Increment  0: Step Time = 0.000
Primary Var: SDEG
Deformed Var: U Deformation Scale Factor: +1.000e+00
Status Var: STATUS

Sun May 05 19:17:09 Arab Standard Time 2019
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Typical responses oy e
Depending on interface and ligament properties... QI 2na obiy

(a)
~ E E |
~ - .
E e
— - i
=4 o ;
N’ T |
Q X :
e o 1
O N H I
z u e
D] A s | ] X
= ———— |
2 P
O B I
= _ I
')
AN
O  crack front (d=1) debonded interface
A process zone front (¢=0) == newly debonded
interface
| | | | | | |

50 60 70 8 90 100 110 120 130
crack length, a (mm)

substrate nominal cohesive

adhesive layer - arrest cohesive

adhesive ligament detached from the arrest interface
ligament was not break during the whole process
after point 5, both two interfaces detached, and thus dissipated energy approached 2Go



Typical responses

Depending on interface and ligament properties...

(a) 0.25

0.2

0.5
s
~~
_
S5
o 0.1
O
70!
70!
Q
S
=
&0
=
8

O  crack front (d=1)

A process zone front (d=0)

debonded interface

newly debonded

interface
| | | |

50 60 70 80 90

100 110 120 130 140

crack length, a (mm)

substrate

nominal cohesive

adhesive layer - arrest cohesive

- adhesive ligament propagated back along the top interface before point 4

- after point 5,
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Mechanics of
Composites

Scenario depends on properties contrast
Strength contrast play a major role QI 2na obiy

case 1, no ligament case 2a, non-broken ligament case 2b, broken ligament

I e e -
substrate adhesive layer nominal cohesive - arrest cohesive
[
1.6 : Case 1
| Case 2a
| Case 2b
151
< [
\b I case 2b
S 144
© .
O I
g 130!
< [
- |
= [
B 12
- [ 2
8 | case 2a
= L1f
|
[
= T ———case] — ——F——— "
[
0.9 | 1 1 1 1
1 1.5 2 2.5 3

toughness ratio, Ga/GO



Mechanics of
Composites

Scenario depends on properties contrast
Strength contrast play a major role QI 2na obiy

case 1, no ligament case 2a, non-broken ligament case 2b, broken ligament
— R
e I \_ ————————— R ———
substrate adhesive layer nominal cohesive - arrest cohesive
1.6 Case 1
Case 2a
Case 2b
= 15+ - smaller toughness ratio (Ga/Go<1.4) and
\bm 14l case 2b | small strength ratio (0a/00<1.5) led to non-

broken ligament

p—
(O8]
T

strength ratio,
»

1.1 - careful design of interface contrast
N T [, S properties can lead to drastically
— improved performance

0.9 ' ' ' '

1.5 2 2.5 3

toughness ratio, Ga/GO
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2. Experimental verification

25



B5G5

Experimental investigations - Multiple ligaments

A I Mechanics of
/@\ Composites
= for Energy

Plate preparation s it
- UD [0]s CFRP, nominal thickness t=2 mm
- uniform surface treatment: T&LC/LA patterning
60 mm 190 mm
a0=50 mm
adhesive layer (thickness: 200 pm)
width=20 mm l c
—
R
. 20mm 5 mm 5 mm, 5mm,
1 i H i :l l
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Experimental investigations - Multiple ligaments
DCB results

DCB tests with the surface patterning clearly showed the triggering of adhesive ligaments
The enhancement was more than three times when adhesive ligament was triggered

60
50t 1 2 3 ]
4
5
—~. 40 ]
£
* 30! ]
o
oo
o
= 20t :
/
10} 1
0 i i i i i
0 10 20 30 40 50 60
Crosshead displacement, 6 (mm)
147 ~
0 L2y 1
=
= 3 4
-'3:4,. | ® S ]
. [T o A
O 08 1,2 ]
v %9 c?
7
V] <]
g os # |
)]
g O 4 X of (] J
= & LA baseline

60 80 100 120 140 160 180
crack length, a (mm)
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Mode |l Results O ond ity
Steel wire Nonadhesive film lP
\ \ O
& il ‘llu L
h
r\a(
Q 4 =™
L L
Fixture
1 | | /
B \ N // N : < -
A S S o
. ¢t Naph _—= -

——LA-TO008
——P500-T008

- - —Elastic response
- - -Eq. 11 (Gyre = 7.9 N/mm) |-
- - -Eq. 11 (Gy7e = 10.0 N/mm)
- - -Eq. 11 (Gy7. = 10.3 N/mm)

0 5 10 15 20 25 30

J, mm
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| Experimental investigations - T-joints

2500

2000

1500

Load (N)

Extension (mm)
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Experimental investigations - T-joints
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’—’ ’|
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|
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3. Role of Randomness

33



Role of Randomness- modeling strategy

Stochastic interface model

0.99 r - - P— X
—————— Fitted cumulative probability distribution
X Cumulative probability of sample 5/

095 | St

09 5
z
=075
< 7/
"Q /
& 0.5 ,gg
= ¥/
E 025 g
S Xy

X >2<//
X 7
0.1 « N/
X
0.05 r X
X
0.01 _>.< . I S SRS N S V2SS NS S S S A MR SR A A R
0.3 0.4 05 06 07 08 09 1 1.1
G_(KI/m?)

Maximum Likelihood Estimation proves the applicability of a lognormal distribution of

interface properties.

Kernel function

k(xl.,xj )= exp{—[‘xi;xj
r

Gaussian process is suitable for describing the spatial correlation of the Napierian

]

Probability density

25

T T T
I Probability density of sample

m Fitted probability density distribution

-
(3]
T

—_
T

05

0 :
0 0.5 1 1.5 2

G (KJ/m?)

c

2.5

Visualization of the kernel
1 -
0.8
0.6
\5“-\
=2
0.4
02+
0 1
0 2 4 6 8 10 12 14

logarithm of interface properties of the local adhesion.
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Role of Randomness- Results

-
o]

Number of ligaments
O

-
(8]
1 M

-
N
M 1 M

o
1 L 1

Effect of stochastic properties

120

100

Applied load (N)

40

20 1

80

60

1.1
,\
(a) N |
’ S 1.0 4
/ ~
\\
TNel 0.9+
S~ o 2E(G) o |
R £
4 % 0.8 -
- o]
~a ¥ § 0.7 1
e . 5] |
w2
E(G,) 0.6
M1 o— M2 a— M3 —=—M] ——M2 ——M3
0.5
—v—M4 ——M5 - - -Reference —v—M4 —+—MS5 - - —-Reference
T T T 0.4 T T T T T T T
5 10 15 20 25 0 10 20 30 40 50

Crosshead opening (mm)

Crack length Ag (mm)

60

The spatially distributed stochastic properties significantly influence the debonding behaviors of
joints by triggering the mechanisms of crack-tip transfer and ligament bridging.

= Number ot‘ligamems‘ (a)

e SERR
- - - - Reference

E(o,)=24MPa
E(G,)=0.72KJ/m’
Var(G,) =0

T
0.5

T T
1.0 1.5

T
2.0

JVar(o,)

T T
25 3.0

1.0

409

—40.8

407

0.5

SERR G, (KJ/m?)

Number of ligaments

1.0
= Number of 1igaments‘ (b)
e SERR 0.9
- - - - Reference ’ 16
:
{oe 5 |
X 0
;0 :
] (O}
Bubuute ettt tiedinl sttt o !
07!
|
,|l> (D ‘
E(c,)=24MPa Jos
} E(G.)=0.72KJ/m’
u u \Var(o,) =0
T T T T T T T 0.5 4
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

{Var(G,)

= Number of ligaments‘

E(G.)=0.72KJ/m’]

e SERR JVar(c,) =3.03
- - - - Reference JVar(G,) =0.19
1 1 1 1 1
-1.0 -0.5 0.0 0.5 1.0

Correlation coefficient p

Greater standard deviations of the critical traction om and toughness Gc tend to build up more
ligaments, which provide more extrinsic dissipation and significantly influence the effective

toughness of joints,

1.0

=409

4038

=40.7

0.6

0.5

SERR G, (KJ/m?)



Role of Correlation- Results
Effect of correlation between top and bottom interfaces

Coordinate (mm)

(a) Adp=0

Coordinate (mm)

(c) Ap=0.251t

P

Coordinate (mm)

(f) Ap=n
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* Phase contrast required between top
and bottom substrates.

* Very flexible constraints for processing



Conclusion



Conclusions and Future?

Various approaches for manipulating the failure of secondary bonding have
been presented:

(1) Introduction of heterogeneity on the adhesive/substrate interface
(2a) Introduction of additive heterogeneities in the interfaces
(2b) Introduction of sacrificial cracks in the interface

All of these are compatible with a “All-in-adhesive” concept

Towards integration in a highly-engineered adhesive system
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