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Bondedjoints in service are usually subjected to miradde conditions due to geometric an
loading complexities.

Consequently, the fracture characterization of bonded joints under mmxede loading is a
fundamental task.

There are someonventionaltests proposed in the literature concerning this subject, as is
case of the asymmetric double cantilever beam (ADCB), the single leg bending (SLB) al
cracked lap shear (OLS

Nevertheless, these tests are limited in which concerns the variation of the -modty,
which means that different tests are necessary to cover the fracture envelope B&-Be
space.

This work consists on the analysis of the different mixed mode tests already in use, allo\
design an optimized test protocol to obtain the fracture envelope for an adhesive, using
Double Cantilever Beam (DCB) specimen.
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fracture modesfor adhesivgoints

Figure 1Facturemodes

@ fracturemodes

Mode I¢ opening mode (a tensile stress normal to the
plane of the crack

Mode lI¢ Sliding mode (a shear stress acting parallel to
the plane of the crack and perpendicular to
the crackfront);

Mode lli¢ tearing mode (a shear stress acting parallel
to the plane of the crack and parallel to the
crack front)
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Mode | release rate enerdy is well known and well characterized.

DCBc Double Cantilever Beam & TDCR; Tapered Double Cantilever Bea
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Figure2 DCBspecimerandtest. Figure 3. DCBspecimerandtest.

ASTM D 343399
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Figured. ENFspecimemandtest.

Figure5. 4 ENFscheme

ENFc End Notch Flexure AENF 4 Points End Notch ELX End Load Split

P&
by o]
£
h
s t
h
a SENNIAN
k—> 7 |
le L w|
P

Figure6. ELScheme
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Mixed-Mode | + Il release rates energil@s- G+ G-

CLS Crack Lap Shearl|§ EDT- Edge MMF - Mixed Mode
i Delamination Tension Flexure

=

Mixed Mode Bending 8 Asymmetrical Double @ Asymmetrical Tapered
[MMB] Cantilever Beam Double Cantilever
ASTM D6671 [ADCB] Beam [ATDCB]

SLB; Single Leg
Bending
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Figure7. Conventionatest schemedor mixedmodel + .
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specimengDCB,ATDCB,SLB, ENF]

Bondlinethickness= 0.2 mm

Table1l Adhesive shear properties using the thadkherend
sheartest methodISO 11002

Araldite 2015

i
0.
Yo Shear modulus G (MPa) 487 £ 77
ket l Shear yield strength z,, (MPa) 17.9+1.80
* Shear strength 7, (MPa) 17.9+1.80
Shear failure strain v¢(%) 43.9%3.40

Table2 Steeladherendproperties

Steel  DIN 40CMnNIMo7,
r £ Youngmodulus E[Gp4d 205
Yieldstrength s, [MP4d ~ 900
Shearstrength, s, [MP4 ~ 1000
Figure8. DCB, ATDCB, Siri2l ENFspecimengeometries Strain g [%0] ~ 15

@ conventionaltests
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Table 3. Fractureughness obtained witkthe conventional

: oy Test type Gic (N/mm) Guc (N/mm)
testing methodgaverageandstandarddeviation).
DCB* 0.44 +0.05 -
ENF - 214021
SLB* 0.34+0.06 0.32+0.06
ADCB* 0.41+0.04 0.004 +0.0005
ATDCB* 0.32+0.04 0.07 £0.006

+ Value corresponding to CBBM
* For these tests, the values indicated correspond to G, and Gy
and not G;; and Gy.

2.5 I
: : : ® DCB
- : : (1/2)
2_\.~,:_.';':-..._.__.__._.-.....E..................E.. {GI;GIL‘J + {GII"GIIC} — 1. : - ... . ENF -
. : : : : : A siB (w = 41°%)
E 1.5 I ) 5 L (6/G) + (6 /G ) =1 | ¥ ATDCB (v = 24°)
= ~ — : / ; : P ADCE (y = 6°)
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Figure9. Fractureenvelope forconventionaltests

@ conventionalests[envelope]

June28h, 2012



StandardTestMethod for Mixed Mode I-Mode Il InterlaminarFractureToughnes®f UnidirectionalFiber

ReinforcedPolymerMatrix Composites

Aﬂlb? Designation: D 6671/D 6671M
III’

T
INTERNATIONAL

CompliancdBasedBeamMethod appliedto MMB

J.M.Q. Oliveirat al. / CompositesScienceand Technology67 (2007) 17641771

12aZ,,P? 6P}

Bzh3Eﬂ + 5B2hG (1)
O 9agq,up 121 (2)
16Bzh3Ef”

An equivalent crack lengtl( ; and@  )can be
obtained from the previous equation as a function ¢
the measurecturrentcompliance®d ; Q0 and

w5 QO

Figurel0. Modified Mixed Mode Bending bireeder
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The specimen was modelled with 11598 plane stramo8e quadrilateral elements argb7 6-

nodeinterface elements with null thickness placed at the fpldne of the bonded specimen

ABAQUS®

Table 4. Elastic and cohesive properties.

Elastic properties (Steel Cohesive properties (Adhesive)

E GP3 GMPg  §,(MPg §,,(MPg  G.(N/mm) G (N/mm)

210 | 8077 ] 23 | 23 | 06 | 12 |
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Figurell. NumericaFracture Envelope for MMB
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TheDual Actuator Load Frame (DA¢3t is based on a DCB specimen loaded asymmetrically by means

two independent hydraulic actuators

Load Load
Cell DCB Cell

(Left) seecimen (Right)

Hydraulic
Actuator
(Left)

Hydraulic

Actuator Figurel2. DAL loading a DCB specimen.

(Right)

Different combinations of applied

displacement rates provide
different levels of modeatios,

thus allowing an easy definition of
the fracture envelope in th&
versusG, space

Load Frame

Figurel3. DAL frame
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DAL loading schemes for this study
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Figurel4.Loading schemes.

Classical data reduction schemes based on compliance calibration and beam theories re
crack length monitoring during its growth, which in addition to FPZ ahead of the crack tif
be considered important limitations.

@ hon-conventionaltests[mixedmaode | +1]
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Using Timoshenko beam theory, the strain energy of the spectneno bending and including shear
effectsis:

M is the bending moment

subscriptsR and L stand for right and lefttherends
T refers to the total bonded beam (of thicknegy 2
E is the longitudinal modulus

Gis the shear modulus

Bis the specimen and bonalidth
| is the second moment of area of the indicated section

i

Foradherendswvith same thickness, ) : . .
considered in this analysis= 8,= 8, Figurel5. Schematicepresentation of loading in the DAL test

@ hon-conventionaltests|mixed-mode | +11] pr
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The shear stresses induced by bending are goyen

Y3 Y

ZBhg %

Cc - beam halfthickness
V -transverseload ——> 2y S| OK IxXXdvandfof ththl honded beam fax Y XM

Pis the applied load

From/ | & § A Fheokemy 200=s U / P

d is the resulting displacement at the same point

the displacements of the specimen arms can be written as

B (7a3 + LS) FL _I_(I—3 _ a3) FR :_)’LL[(FL + FR) .a(FL FR )] g = (7a3 + L3) FR _._(L3 _ a3) FL :_))LL[(FL + FR) ‘a(FR FL )]

L 2BRPE  2BRE 5BhG R 2BRPE  2BRE 5BhG

(5)

@ hon-conventionaltests[mixedmaode | +1]
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TheDAL test can be viewed as a combination of the DCB and ELS tests

(DCB) (ELS)

Tfi
%
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N l N
" }
R
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v
Figurel6. Schematicepresentation of loading in the DAL test.
. F.- F _
pure modeloading > ) =R 5 . R =K 1
. a,+ ¢
pure modedisplacements > a= g -, a, ==
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Combining equationés-7), the pure mode compliances become

d _8° 12a _g, 3+l 3L
P BRFE 5BhG and " P 2BFE 5BhG ©)

However, stressoncentrations, root rotation effects, the presence of the adhesive, load fra
flexibility, and the existence of a neregligible fracture process zone ahead of crack tip duri
propagation are not included in these equations

To overcome these drawbacks, equivale % 6a A
crack lengths can be calculated frahe
current compliances; and G, (eq. 6 and 7)
bl ) Q+ @C" _&,. 3L gBrE L9
at Bt g =g 5gg U 3 Y
8 12
a-= 3 = =
BH'E 5 BhG
ai 9 143 ~0 %(
A=Gee108 %40 +27 4 aggé E
g ¢ a TE 2
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Thestrain energy release rate components can be determined using the-Kigsequation:

| combinedwith equation6 o _6R&2 1
_d _8° 12a ' B’hgIPE 5G
, ' B BIFE 5BhG
] c-Fdc
2B da
combinedwith equation’/ _ 9Py}
c oG 3+l 3l ' 4B’h°E
= 5

P 2BFE 5BhG

> The method only requires the data given in fbad-displacement (Rl) curves of the two
specimen arms registered during the experimeesk.

Accountsfor the Fracture Process Zone (FBf#gcts, since it is based on

current specimen compliance which is influenced by the presence of the |

@ hon-conventionaltests[mixedmaode | +1]
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Numerical analysis including a

FE
l L 4;=70 [mm]

N\ B=25 [mm] cohesive damage model was
\ ?:s h=12.7 [mm] carried out to verify the
§ L =250 [mm] performance of the test and th
v Yh adequacy of the proposed date
- : reduction scheme

Figurel6. Specimergeometry used in the simulations of the DAL tes

Table 4. Elastic and cohesive properties.

Elastic properties (Steel) Cohesive properties (Adhesive)

E GP3 G MPg 8,(MP3 S (MPg) G (N/mm) Gyc(N/mm)

o7 | 23 | 2 | 06 | 12

The specimen was modelled with 7680 plane stramoBle quadrilateral elements and 480

nodeinterface elements with null thickness placed at the mldne of the bonded specimen
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Figurel7. ABAQUS simulation mixadode (left) mode | (right)

H n quadratic stressriterionto simulate damage
initiation

the linear energeticriterionto deal with
damage growth

(]

aG 0 G
Figurel8. Thelinear softening law for pure ¢l

and mixedmode cohesive damage model.
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