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Interfacial cracks

» Cracks tend to propagate along interfaces in laminated
materials because they represent a plane of
weakness.

 They do not kink in order to propagate under pure
mode | opening conditions, as they would tend to in an
Isotropic material.

» Interfacial cracks therefore propagate in a mixed-
mode with a combination of mode | opening, mode Il
shearing, and/or mode Il tearing.
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Fracture toughness = @@ =5

e Fracture toughness depends on the Mixed Mode = Mode | +Mode Il + Mode I
fracture mode patrtition.

%
c
* Predicting fracture toughness requires EO
the knowledge of the partition of a 2
. [
mixed-mode fracture. E
O
. . Lt ] ] ] |
« Essential to have a correct analytical 0.0
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partition theory to predict the fracture
Partition G;/G (%)

toughness.
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One-dimensional fractures

Hocheng & Taso (2005), JMPT 167:251-64; and technolab’

A Delamination during drilling
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Mixed-mode interfacial fracture

_ Double cantilever beam (DCB)
e 1D fracture of DCB Is —
fundamental case for study e L
_'_'_'_'_'_'_'_“ P2 M2
— Bending moments M; and M, e [”2 i
— Axial forces N; and N,

— Shear forces P; and P, — Mg

T._.._.B Nlﬁ/}#

— N =E/E;, N=vy /vy, ¥y = hy/ Iy "";:: o /P Mo poN .
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Total energy release rate (ERR)

N T

« Quadratic form and non- M| My
negative definite c;:<'\|<'|28> [c]<'\|<'|2%

» Partition total ERR G into its NN,
pure mode components, G;
and G, C; = f(E,, E,,vy,v,,h,h,,b)

e Use the orthogonal pure g @1@ @
fractures modes

ixed Mode=  Mode | +Mode Il 4 Mode Il
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Pure fracture modes N,
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* The inner product matrix transforms the
{Mig M,g} vectors into ERR space

* In ERR space, orthogonality between two =
{Mig M,p} vectors means

(Mg Mg} [Cl{Myp Mag}," =0 FRE )

e Orthogonal pairs of {M1p M,p} vectors exist that represent pure

fracture modes
e Denote pure mode las {1 Myg/Mp}=1{1 064}
e Denote pure mode llas {1 M,z/M;5}={1 p,}, etc.
o With 6; and B; = f(E;, E5,v1,V,, hy, hy, b)
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ERR partitions general theory

.. My, Ny N M,z Ni N
* FEuler beam partitions: G.E=c.E£M18— 26 _ 16 _ ZBJ[M 28 _ "B _ ZBJ

B B BN B B B
M N N M N N
G“E :C“E[MlB _ 923 . 013 _ ;B j(MlB . 028 _ (915 _ ezsj
1 2 3 1' 2' 3

 Timoshenko beam partitions:

2 2

M N N P P M N N P P

Gy :CIT(MlB - ,BjB - ,31: - ,82: o ,Blj . ,BZ:j Gy :CIIT(MlB ——i—— 3 Ot iR ZBJ
o 2D elasticity partitions:

2 2
M N N P P M N N P P

G :CI-ZD(MlB _Mog_ Mg Mg Fg Mg J G, :CII-ZD(MlB _ Mg MNag _ Nog - Mg Mg J
Prow  Pow Psww Prw  Psowo Goo Orp Oip o O
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General 2D elasticity partition theory

 Bending moments M,z and M, and axial forces N,z and N,z

* Reuvisit the orthogonal pure fracture modes (6, ;)

— Condition using beam theories does not produce the same stress
distribution in 2D elasticity theory

— Apply a correction factor for 2D elasticity to the part of the condition that
represents the intact portion of the beam

— Calibrate correction factor for 6,_,, using 6; < 6,_,p < 6,

— Obtain other pure modes (6,_,p ,B1-2p ,B2-2p , €1C.) using orthogonality
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Timoshenko beam partition theory

* Crack tip through-thickness shear forces P;5 and P,z only
— Myp = Myp = Nip = Np = 0

1 05_ 1 5 1+ Bp_7)*
Gopp = = <1_|_ P T> ep— <1+ﬁp T_( Bp-r) )
2b“hiku y 2b“hiku 14 1+y

* (GP—T lﬁP—T) — (_1 ;V) o GII =0
 Shear correction factor k = 5/6
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2D elasticity partition theory

* Crack tip through-thickness shear forces P;5 and P,z only
— Myp = Myp = Nip = Np = 0

1 03 1 p-ap _ (L+ Bpap)’
Gop_pp = 1+—2) ,Gp,_,p =573 R )
P=2D  2b2h k(YU 14 P=2b - 2b*hyk(y)u Y 1+y

° (QP—ZD :,BP—ZD) = (i =)
e Shear correction factor now y dependent k(y)
* Gy # 0 and introduce pure-mode-Il correction factor c(y)
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Shear Force Pure Modes

* (Op_2p,Bp-2p) ,
e FEM simulations

logyg (5P-2D)
o
1

e Pure mode | 8p_,p
— G =0, 6p_p=-1

— & Ppp=—Pgp
3 F -
> P el U Bp-2p AT s 1 05 0 05 1 L5 2
= G =10 0810 (1/7)
— Bp_yp = yexp(—1.986060 atanh(0.563483y;)) — Eq(9) o FEM]
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Shear & Pure Mode Il Correction Factors

FEM Simulations 0.19
Myp = Myg = Nigp = Nop =0 018 r
—1.7 <log,,(1/y) < 1.7 017}

< oasf
Shear Correction Factor el
- k() -

- PZB/PlB = 06p_pp =—1

Pure-mode-Il ERR Correction Factor o133

- <)

1.06

411.04

—41.02

-41.00

1 1 1 1 1 1 1
—-15 -1.0 —0.5 0.0 0.5 1.0 1.5
logyg (1/7)

|— (). Ea. (15) o (1), FEM |

|[— (7). Eq. (16) o c(y), FEM |

- PZB/PlB = ,BP—ZD
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Numerical Verification

(a) |1 — Gin/ Grem|
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Numerical Verification

(@) [(G1/G)nh — (G1/ G)reM]|

— <y <10 = =
10"
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Blister Test

* Interface fracture toughness

Ap =1.25 MPa 450 nm

0nm

M Loughborough Image from Koenig (2011)
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Adhesion of graphene membranes

y = hy/hy > |
R |
Rs |
% Thick sybstrate
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Adhesion of graphene membranes

. 0.80 - G
* Pressure loaded blister test |
— Linear failure critierion § .
— G = 0.226 J/m? E ol
— Gy = 0.683 J/m? i S S
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Adhesion of graphene membranes

 Pressure loaded blister test
— Linear failure critierion

— G = 0.226 ] /m?

— Gy = 0.683 J/m?

— Pmono = GI/GII = 0.431
— Pmuti = G1/Gp = 0.764
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Experimental validation

* Pressure loaded blister test — Koenig et al. (2011)
— Linear failure critierion
— Gpe = 0.226 J/m? and Gy = 0.683 J/m?

e Point loaded blister — Zong et al. (2012)
— Experimental Results
— 8/Rg =0.2309 , E = 1TPa, nt = 1.7nm and n = 5.
— Goxp = 0.438 J/m?
— Mode mixity p;p, = G;/G;; = 0.381
— Linear failure criterion G,, = 0.438 J/m?
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Conclusion

o 2D elasticity partition theory

— Developed for general loading conditions (bending moments, axial forces
and shear forces).

— Numerically verified for a number of loading conditions

e Application to:
— Adhesion of graphene membranes
— Adhesion energy has been explained and well-predicted
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Thank you very much for your attention

Questions are now welcome

Submitted for publication at Composite Structures
— Partition of mixed-mode fractures in 2D elastic orthotropic laminated
beams under general loading (2016).
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