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Durability of bonded aircraft structure

* Motivation and Key Issues

— Adhesive bonding is a key path towards reduced weight in aerospace
structures.

— Certification requirements for bonded structures are not well defined.

* Objective
— Describe plastic adhesive response.
— Develop time-dependent adhesive models.

* Approach

— Experiments designed to clarify constitutive relations.
— Develop FEA Models of adhesive bonds.

— Compare models with experiments that are unlike constitutive tests.
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Durability of adhesive bonded joints In
aerospace structures

. " - } 1. Influence of yield criteria
| Yield criterion :
) 2. Biaxial tests (Arcan) |

Plasticity
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Dependence ' an— | } 3. Creep, model development

4. Ratcheting, model application

JOINT ADVANCED MATERIALS & STRUCTURES
rrrrrrrrrrrrrrrrrr




Plasticity : Hardening Rule: Challenges
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What we found:
To quantify hardening in thin film
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adhesives we need to load and unload
in a shear stress state
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Plasticity : Hardening Rule: in Shear

600 sec

600 sec

Load
o

C
oy Size of yield

Reverse surface = nrp - ncy
loading
Time
v -02 v
Schematic presentation of cyclic shear
* Initial size : |, = 214 loading
. : . o

« Kinematic: By = 175 — 7, = 27, tensile yield (nv)

* tensile peak (nTp)

° ic: = — = . .
Isotropic: i = 75 — 75 = 21  compressive yield (ncy)

* Combined: 2ty < ¥, = (15 — 1p) < 273 e compressive peak (ncp)
. _ Tt Size of yield surface at Nth cycle: nyp — ncy
k 2(tp —‘L'AI)
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Plasticity : Hardening Rule: Testing

Schematic locations of
points tracked to

calculate strain

Cyclic testing of scarf joint
on an Instron to quantify

adhesive hardening

Scarf fixture for tension-
compression testing and

assembly

Image analysis software (Vic
3D) used to analyze speckle

images for strain calculation
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Plasticity : Hardening Rule: Quantification
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Tough Adhesive = 0.2% offset criterion used to
30 - - -
determine yield point
20 = Y«~43.1 MPa
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Plasticity : Hardening Rule: Quantification

T [MPa]
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Tough Adhesive

= 0.2% offset criterion used to
determine yield point

= Yk ~43.1 MPa -> 39.6 MPa
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Sequential position of yield surface
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Plasticity : Hardening Rule: Quantification
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Plasticity: Yield Criterion: Challenges

-00 015 -00 0B c 0.0 0B 0.0 015

* Adhesive joints don’t soften at yield in

Schematic yield surface in normal-normal stress state:
compression.

Solid line = von Mises (typically used for metals)
Dotted line = Drucker-Prager (typically used for rocks, concrete, soil) «  Consider normal-shear
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Plasticity: Yield Criterion: Mixed-Mode Fixture Design

Astress,analysis.along.gauge length, . .

iy

S A L Y Y Y Y Y Y Y R S Y L X Xl Il L.

e ASTM D 565 (TA ST ):Peel
oeeeASTM D 56% (TA ST ):Shear

emms Ar can Pecl

eeeeArcan Shear

Vg

Arcan

ASTM D 5656 (TAST) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Gauge length (normalized)

—_ .llllllll-lllllllllllll

Arcan vs.TAST (ASTM D 5656)
e More uniform stress state

* Higher Shear/peel stress ratio
12
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Plasticity: Yield Criterion: Testing in Normal-Shear

0.0058

[l | -0.00145 [l

File: 23/56 Points: 4681 Projection Error: 0.012 Time: 0.1 Remaining: 13s

[ Cancel

Designed our own Arcan fixture for Normal stress: g.., = F sin 6

cond%cting biaxial testing Image analysis software (Vic 3D) used to » Yw — =g

Testing at 45 degree angle in analyze speckle images for strain calculation F cos 0
Shear stress: 7, =

progress on an Instron load frame
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Plasticity: Yield Criterion: Test Results

Tough Adhesive

[ Yie ld
eamm VvONn Mises

eee Drucker Prager °

What we found:

-60 -50 40 -30 -20 -10 0 10 20 30 40 50 60

 [MPal von Mises: best fit
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Plasticity: Yield Criterion: Test Results

50 Standard Adhesive
® Yield

von Mises

ee Drucker Prager .*°
e+ Drucker Prager, fit

60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 What we found:
c [MPal

von Mises: generally best fit
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Plasticity: Numerical Modeling: Tensile Input Properties

Thinfilm Tension Tough Adhesive

Thinfilm Tensionr Stanmdard Adhes ive

0 0.1 0.2 0.3

Schematic butt joint with dimensions,
load applied in the X direction

Butt joint being
tested on an Instron

load frame
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Plasticity: Numerical Modeling: Tensile Input Properties

Tough (kinematic) 7

®*  Experiment

® Experiment
e == linear 1 = 27 | inear
e noN-linear e 5 e non-linear
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Plasticity: Numerical Modeling: Shear Joints

Testingon  standard Tough
Instron adhesive adhesive

';Téstl'f\g on
Instron

L L B £
;‘ 2 “ ’1‘7.‘_
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Plasticity: Validation of Yield Criterion (lap shear coupon)

a=m VON Mises

=== von Mises == Drucker Prager

= Drucker Prager e o o Drucker Prager, fit

» Experiment « Experiment

0 01 02 03 04 05 0.6 07 08 0 005 01 015

Whatwe found: use of mixed mode lap-shear joint

* von Mises criterion better explains adhesive yielding
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Plasticity: Validation of Hardening Rule

eExperiment

eExperiment

® Experiment

0 002 004 006 008 01 0 005 01 015 02
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Plasticity: Numerical Modeling: Validation of Hardening Rule

45
0 Tough-Scarf Tough-Lap Shear
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Plasticity: Numerical Modeling: Validation of Hardening Rule

T [MPa]

4

Tough-Scarf
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emms N on-Linear Kinematic
e Experiment

a» Non-Linear Isotropic
e NOn-Linear Kinematic

* Experiment

«= Non-Linear Isotropic
e NOn-Linear Kinematic

* Experiment

underestimated fail
strain for standard
« adhesive ic
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Plasticity: Numerical Modeling: Validation of Hardening Rule

45

Tough-Lap Shear

T[MPa]
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e Experiment

e Experiment
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Linear combined
e=mmlinear Combine hardening

T [MPa]

vy

emmw»| inecar Combined
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v
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Assuming plastic properties can lead to error in numerical modeling.

» Little has been done to characterize adhesive plastic response

Arcan fixture was effecting in creating uniform shear with minimal peel stress.
Adhesives considered here followed von Mises yielding

» notinfluenced by hydrostatic pressure.

Adhesives in this work tended to follow kinematic hardening
» Isotropic hardening is commonly assumed

» Nonlinear kinematic hardening governed the tough adhesive behavior.
» Nonlinear combined hardening (90% kinematic) described standard adhesive.
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Viscoelasticity

 Effect of prior loadings on adhesive

— Modulus
— Strength
— Failure strain
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Approach- strain in scarf joints & PRF model

Strain detect for scarf joints

u1 ; uz2

constraint Load (Ibf)

* For scarf joints, extensometer is used to get the displacement u1 & u2 at two
points;

« A= u2-u1, it can be seen as an engineering strain as well as the displacement.
In this presentation, the strain for scarf joints is A.

* slope =w—:d is used as a system stiffness since the shear strain of the

adhesive can not be obtained by extensometer.

Parallel Rheological Framework

?  Hyperelastic & 3-branch Viscoelastic networks
* Viscous part:
...... 1
€T = (Aq"[(m + 1)e 7]y
I ]
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Approach- railure Test

Failure Comparison between Scarf Joints with and without Prior Load
EA9696 Scarf joints

moriginal cree p50% mcree p 8 0%

$9]00) 0.01 4
~20 0.01 2
8 a EOO1 0
= 506 aee S0
290Mm z
a £
e 8% aee g 0.008
NDPO . ? 0.006
§ e==orgnal =
=0.00 4
< (]
mZ)(D o s
0@
0.00 0
0
0 Q0® Q01 Q0B
Axial Strain (in/in)
morg nal mcreep_ 50% mcreep_ 80%
moriginal cree p50% mcree p 8 0% 5 400, 000
70 00 o
= 6000 2,000, 000
f 50 00 1, 600, 000
o ()
2 40 00 & 1,200,000
£ 30 00 Z
v 800 00 0
S 20 00
% 10 00 400 00 0
0 0
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Approach- Failure Test

Failure Comparison between Scarf Joints with and without Prior Load

FM300-2 scarf joints

[ morg nal "creep_ 50% mcreep_ 80% Mratchet_50% = ratchet_80%
a@d 0.00 6
EH)OD _0.005
200 D) %o OE D £0.00 4 —
@:.D(D —8)%0'6@ §0003 —
® (O]
%Z)(D moA)raChd _’_§0.002 ——
amed) % rach d °
100 0.00 1 ——
0 6 0
0 Q00f Q0@ (0J0J0¢] aocd Q0

Axial Strain (in/in)
morg nal creep_ 50% ®creep_ 80% Mratchet_50% rat chet _80%

He 0, 0,
moriginal cree p50% mcree p 8 0% 2. 500, 000
Hratche t 50% riratche t 80% i I
70 00 2, 000, 000
% 60 00 . b
e o 1,500,000
< 50 00 — Q
o o
< 40 00 —— ® 1, 000, 000
© 20 00 — 500 00 O
(]
0 0

A enterof Excellence
Advanced Materials in
Transport Aircraft Structures 2 8

JOINT ADVANCED MATERIALS & STRUCTURES
CENTER OF EXCELLENCE




Approach- cyclic Loading Test

Slope Changes at Loading Stage

« EA9696 Scarf Joints Ratcheting Test at 80% USS

a@mcyc| o1 cycle 2 @@mmcycle 3 @yl e 4
e . .o - .o . cycle 5 a@mcyclc 7 cycle 8
. 5 A R z | 0.
e . | 1 1: . 'E.l © 095 A, KA
" oo e N : S ~ = ~;"-‘
1 o T = Vo ©
NG el R L s es w faf sl s a# Lps Lo bl b 0.9
£ . ! ;o non S o 0.85
- ' AL ' ' 1. L A 1' [}
C ¢ ! - \ [ ) : g' 0.8
E ! ' Yy | v " ' o
- e I TR " I - | ! . e 8 0.75
I ' . N
' . © 0.7
’ E
1 2 0.65
0.6
3TN TIBITLN5 IS 30 TI4 4D 45 21 M TN WS 3 T L% P I 2000 250 0 300 0 350 0 400 0 450 0 500 0O 550 0 600 O 650 O 700 O 750 O

load (Ibf)

"z 8

« Coupon was loaded for 8 cycles without failure;
« Another coupon failed after 20" cycle;

The stiffness at the fist cycle loading is softer than remaining cycles;
Most of the stiffness change is due to time dependence.
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Approach- cyclic Loading Test

Slope Changes at Loading Stage

« EA9696 Scarf Joints: Ratcheting Test with Recovery Per Cycle at 80% USS

- : : : : : : ammcycle! ofmmcycic 2 dmmcycle 3 cycle 4 cycle 5
.’.:: ® ©s s sss ss [Pe  2ee sss "eee  see ses  ses’ ses ees 9
o
- >
(&)
i e e g [ g e o e g e @
:?: ; L
e E T I SRR SR o
3 o
- (/2]
vl 2
. \ N
- o B i = 07
. — s L 3 £
£ 065
- c
0.6
N 200 0 250 0 300 0 350 0 400 0 450 0 500 0 550 0 600 0 650 0 700 O 750 0
“e $| load (Ibf)

« Recovery between load cycles reduces the difference in stiffness between cycles.
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Approach- cyclic Loading Test

Slope Changes at Loading Stage

« FM300-2 Scarf Joints Ratcheting Test at 80% USS

0.0& 5 : allbecyc b 1 cyc b 2 dlmmcyc b 3 cyc b 4 alllmcyc &8 dilmmcyc & 10
1.1
Do03= ccrc e e s | F ‘I e e o 1.05
l || 2 1P \
i | \ o >
& 0.007 / 209
: ‘ l | 2 09
(]
c 2 0.85
0.0l 2
in : | 2 08
y - : ‘ I | — 19}
N 0.75
0.000————-—- E 07
: )
: € 0.65
i i 1 0.6
3C0 210G 220 330 240 200 0 300 O 400 0 500 0 600 0 700 O
Tirme [s] load (Ibf)

« FM300-2 is more linear (constant slope) than EA9696
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Approach- cyclic Loading Test

Slope Changes at Loading Stage

« FM300-2 Scarf Joints: Ratcheting Test with Recovery Per Cycle at 80% USS

- : Bmcyc b1 allmcyc b2 «encyc B3 efmcyc b 4 cyc b 5

i vy

Souic e
-

=
i
LAl
-

normalized slope to first cycle

N o @0 (N wI om " N M D)} 30 20 00 30 00 40 00 50 00 60 00 70 00
| load (Ibf)

« Recovery caused some scatter in stiffness at low load, otherwise had little effect on stiffness.
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Approach- parallel Rheological Framework in ABAQUS

Bulk resin
- D%test D) %PRF  a=» 2D%SLM - D%test D) %PRF  am 2D%SWM
- JD%test e D) /oPRF a3 %SIM - D%test D %PRF  a= 3 %SIM
as D%Wlcstcd aw D%isiC3 e %PRF - D%test w3 %-PRF - D%SLM
- D%SIM o 00
2,00 :
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% ©.00 80
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g0 400@
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Approach- parallel Rheological Framework FE Model

Bulk resin

a» 20 %-t st a0 %-PRF am» 20 %-S M
a» 50 %-& st e 50 %-PRF a» 50 %-S. M
a» 80 %-¢& st eamm» 30 %-PRF ea» 80 %-SL M
28000 14 0 00
26 0 00 13 0 00
24 0 00 12 0 00
= 22 0 00 ap EG» D D aE» o a» e o 11 0 00
320 0 00 10 0 00
=29 EA9696 T ame
3 18000 . 2 9
c 1°° Ratcheting p=
= 8000
3 1600 S
| . [
d‘f 140 00 (-7)‘ 7,00 0
.= 12 0 00 g 6,000
g 10 0 00 g 500
@ § 4,00 0
8,00 0 n'd
3,000
6,00 0 2,00 0 =
4,00 0 F 1,00 0 °
2,00 0 0
0 -1, 000
0 200 40 0 Cy | 60 0 80 0 10 00 0 50 0 10 00 15 00
cle

Recovery Time [s]

 Forratcheting at 80% UTS, the cycle compliance is too high.
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Approach- parallel Rheological Framework FE Model

Bulk resin

e 20 %- st a0 %-FR F - 20 %9 M
a» 50 %-t st e 50 %-PRF a» 50 %-3 M
e 80 %-b st 30 %-FR F a» 80 %-9 M
2,00 4,00 0
8,00 3,50 0
16,00
— 3,00 0
:o:; %.000 FM300.-2 -
% Ratcheting \w:_,_/ -
GQ,(DO _g '
C(IT) 10,(D0 "’ P de "Bt al™ ek T = % 2,00 0
P
g 80w 2
n 8 1,500
é 60M ha
1,00 0
40M®
200 50 0
0 0' - e . . m_°* == o
0 20 0 40 0 60 0 80 0 10 00 0 D0 00 &0 D0 100
Cycle Recovery Time (s)
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Approach- parallel Rheological Framework FE Model

Scarf Joints

as D%t cmed) %oPRFam 3D %test - D Ystes t D %PRF - ) Y%test
—5) O/O'PRF— 8 %test —8) %PRF ) %-PRF a» D%test ) %-PRF
10 0 00 3,50 0
L) -a— [}
9,00 0 - - \ EA9696 5000 == FM300-2
8,00 0 ” Creep ’ Creep
7,00 0 , \ 2,50 0
3 500 , \ - gz,ooo
Z 5000 - o= -
é ' % 1,50 0
E 4,000 =
3,000 1,00 0
2,00 0
1,00 0 00
0 0
0 20 Q0 00 DOVDLDOHUDBOBODW 0 20 490 O0 H0 VO 2O UD BD BD DO
TIME (s) TIME (s)
EA9696 FM300-2
Bulk scarf Bulk scarf

UTs yield stress Uss yield stress uUTs yield stress uss yield stress
(psi) % of UTS (psi) % of USS (psi) % of UTS (psi) % of USS

6500 92% 6000 75% 8300 86% 6100 98%
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Approach- parallel Rheological Framework FE Model

Scarf Joints

am AD%test e ) %-PRF eeeed%aeeg-td

e 80%-PRF e 80%-test am PD%test ) %-PRF eoe oD %aee-bd

5, 000 am D%test ) %-PRF ....8.)%-0‘eq3-9§
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> 1,500 n Ratcheting
§1ooo (§>é1’000

500 Ratcheting 00

0 0
t 2 3 4 5 6 7 8 9 10 0 2 494 & & 100 20 ¥0 60O B0 DO
Cycle Cycle

« PRF doesn’t accumulate strain with cycles for scarf joints.
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Prior loading has a small effect on subsequent adhesive material response.

» A reduction in failure strain and strain hardening was only observed with prior loading above the yield
strength

Repeated loading had little effect on adhesive modulus

» Tension/compression work is ongoing

Repeated loading found generally good agreement with experiment for tensile, bulk

coupon tests
» Agreement reduced in shear ratcheting tests
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Looking forward

* Benefit to Aviation

— Methodology to characterize adhesive plasticity
— Improved models of adhesive plastic response
— Adhesive ratcheting behavior

 Future needs

— Numeric models of time dependent behavior
= Strain measurement in cyclic tests (scarf joints)
» Time dependence of cyclic behavior
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