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I. Introduction Problematic

Bolt
e Hybrid bolted/bonded joints offer many advantages over Substrate '_’_| Sealant
pure bolted or bonded joints. | ¥ )
¢ In aerospace industry, bolted-sealed joints with very —>
small stiffness sealant are widely used. |
=
v' With recent developments, sealant can play a part in Hybrid bolted/bonded joint
the mechanical function, contributing in relieving [PAR-2]
stress thanks to its viscoelastic nature 100 ; T
= How can the load transferred by the sealant in a bolted- , - - ' -
led ioint be det ined? 3 . intermediate X high
Seailed joint be determinea: £ i modulus | modulus
8 i i
v Linear elasticity has difficulty representing rubber-like E E E
sealant large time-dependent deformations. & i E
= s |
= How can the complex visco-hyperelastic sealant o — : .
behavior be accounted ? § modulus | ! |
0 : :

Relative adhesive shear modulus
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I. Introduction

e Propose a methodology to evaluate load
transferred by the sealant based on numerical
and experimental tests o

e Present the process of determining visco-
hyperelastic parameters of sealant and their
applications on pure bonded and bolted-sealed
joints

Ve g

Steel alloys

Aluminum 2024-T3
\ Sealant

| N
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Il. Methodology

L Tests on sealant: quasi-static & relaxation tests on uniaxial
tensile and pure shear specimens
5 oz 2 optimization
O Parameter identification ------------—-- - e

O Experimental & Numerical tests <

Bonded joint tests O Two configurations: 0,2 & 0,5 mm of sealant thickness

Q Experimental & Numerical tests <

Bolted-sealed joint tests O Two configurations: 0,2 & 0,5 mm
U Load transfer rate calculation
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Il. Methodology

Steel alloys
AIumlnum 2024-T3

——

is a two-part product based on a liquid polysulfide polymer polymerized
with manganese dioxide. The putty takes 12 hours for curing under
ambient conditions. [LJF-1]

According to thermomechanical analysis (TMA), the shear modulus of
sealant in the rubbery/elastomeric state is constant over the experimental
temperature range: [18 ; 24°C].

Sealant

- Sealant: PR 1782 C 2

- Substrates: Aluminum 2024-T3

EN3115-3-5 ASNA2531-3

- Bolt EN3115-3-5 [AEC-1] & Nut ASNA2531-3 (Steel alloys)

[LJF-1 Le Joint Francais (2011)] [AEC-1 AECMA (2007)] 7/18



Mechanical characterization
of sealant

lll. Visco-hyperelastic parameters determination

Uniaxial tensile (UAT) test Pure shear (PS) test

115

[ISO-1]

Dumbbell specimen and UAT test setting-up Rectangular specimen and PS test setting-up

[1SO-1 1SO 37:2005(E)] [MEU-1 Meunier, L. (2007)] 8/18



l1l. Visco-hyperelastic parameters determination

Test speed selection

Niveau 1 . Niveau 1 Epsilon X

Temps 0.60's Epsilon X Temps 2.20's P

(%)
9.40
7.50

[%]
252

.. ™ Elastomeric behavior is very sensitive to test speed:
B s same local strain rate for both tests

£1.20

o« ® Monitoring by Digital Image Correlation (DIC)

0.40

| 5.00
4 250

{ 0.00
N -2.50
-5.00

-7.50

-10.00 9%

For a local strain rate of 0.065 s1

-14.18 -0.69

- UAT at 250 mm/min

Uniaxial Tensile Test Pure Shear Test - PS at 80 mm/min
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i i CE— hanical ch izati
l1l. Visco-hyperelastic parameters d

[ d o [ d [ d
Quasi-static tensile tests Relaxation tests
14 12 14
—[Exp] VAT RELAX 1
.|| UAT PS — 2| | UAT || PS
N ! _— —[Exp] UAT RELAX 2

g’ ) g 1 —[Exp] PS RELAX 1
g 2 o I —[Exp] PS RELAX 2
g 08 g EN
@ B o5 E

06 .E 0.6

04 X
o [Exp]: Experimental data & 074
[Exp]: Experimental data
02 | —rExpruaT4 [Exp] UAT2 [Exp] UAT 3 [Exp] UAT 4 02 0z
[ExplUATS —(Exp] UAT6  — [Exp] UAT7 TEeIRS1 EaEsZ RIS
0 0 0
1 15 2 25 3 35 4 1 2 3 4 5 6 7 8 0 50 100 150 200 250 300
Stretch A Stretch A Time (s}
Experimental data for UAT and PS quasi-static tensile tests Experimental data for UAT and PS relaxation

tests at straine = 1

Relaxation test: in the first phase, displacement increases with time until the elongation ratio reaches 2, then deformation is kept
constant and the machine continues to capture the reaction force of the specimen.
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Hyperelastic parameters

lll. Visco-hyperelastic parameters determination

Idea: For each hyperelastic model, the engineering stress equations are determined as a function of the
hyperelastic coefficients and elongation A by taking the differential of the strain energy density W while using the
assumptions specific to each test.

Optimized on both UAT and PS d

ata

(Comparison between Mooney-Rivlin with 2, 3, 4 o5 coefficients

Cooeficen)

Optimized on: Both UAT+PS  Only PS
(Mooney-Rivlin with 5 coefficients)

PK1 Stress (MPa)

1.2
UAT
1 L
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=
o
£
n 06
7]
i)
=
w
¥ 04
o
[Exp-envelope] UAT
[Mooney-Rivlin 2] UAT
027 [Mooney-Rivlin 3] UAT | |
[Mooney-Rivlin 4] UAT
[Mooney-Rivlin 5] UAT
0 . . . . . .
1 1.2 1.4 186 1.8 2 22

Stretch A
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o
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o
w
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o
o

[Exp-envelope] PS

[Mooney-Rivlin 2] PS
[Mooney-Rivlin 3] PS
[Mooney-Rivlin 4] PS
[Mooney-Rivlin 5] PS

1.4

1.6
Stretch A

1.8

2

22

PK1 Stress (MPa)

0.8

0.7

od
3
T

o
~

o
w

[Exp-envelope] PS

[Mooney-Rivlin 5] PS : optimized on UAT+PS data

[Mooney-Rivlin 5] PS : optimized on PS data

1.6 1.8 2 22
Stretch A

1.2 1.4

Tool: Microsoft Excel Solver

v' The Mooney-Rivlin model with 5 coefficients is selected for this research.
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lll. Visco-hyperelastic parameters determination

Generalized Maxwell model with 3 Maxwell arms

stress 0

1 _ 1.4
—— [Exp] UAT RELAX 1 ——[Exp] UAT RELAX 2
E; E, E, 1.2
—— [Exp] PS RELAX 1 ——[Exp] PS RELAX 2
EDO strain
e E 1 ----[Model] UATRELAX1  ----[Model] UATRELAX 2
4 L =
T3 I_J T, I_J T - [Model] PS RELAX 1 ----[Model] PS RELAX 2
S 08
T
[BRI-1] ) - 2
stress 0 5 0.6
-t 5 T T
ot 0,3 3 R
E(t):ﬁ:EerZEi*efi © 04
£(t) =
Prony series:
0.2
Maxwell arm E; [MPa] T; [S] (o
i=1 0.0620 1 0.0725 0
: 0 50 100 150 200 250 300
i=2 0.1382 10 0.1615 Time (s)
i=3 0.1472 100 0.1722

[BRI-1 Brinson, L.C (2000)] [WIL-1 Williams, M. L., (1964)] 12/18



IV. Assessment of joint behavior

Bonded Bolted-sealed

Adhesive layer: t = 0,2 or 0,5

NN

/
~Een

L
Stereo-correlation
~ cameras
1
|

xl Specimen
B

‘/

1=10¢ =48 §q=14,4§ q 5 I

| L
w=288 3 SR
! i

The test speed is 0.5 mm/min for both the pure bonded
joint and the bolted-sealed joint tests.

The relationship between applied force and local
displacement at the center point of the middle substrate
in the overlap zone is evaluated.

Force (N)

|

1
Local displacement
|
LI___IJ o 04 08 12 16 2
Local displacement at center point of middle substrate in overlap zone (mm) Local displacement at center point of middle substrate in overlap zone (mm)
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IV. Assessment of joint behavior m

Sealant thickness: 0.2 or 0.5 mm

L Bonded 2D
X

Adhesive layer

Z

B Tool: Simulation software ABAQUS %
y X | Bonded 3D

Bolted-sealed 3D

B Pure bonded joint:

2D plane strain and 3D models for the comparison
= Simulation tests are carried out using the 2D plane strain model to save calculation time.

B Bolted-sealed joint: 3D model
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IV. Assessment of joint behavior m

W Substrates & bolt:

Materials:
Material Material properties
Al 2024-T3 E=72GPa,v=0.33
Boundary conditions: Steel alloys E=21GPa,v=0.33
Contact "bolt-hole" u=0.3
Fixed
W Sealant:

VHE Visco-hyperelastic: 5-coeff Mooney-Rivlin + Prony series

HE Pure hyperelastic : 5-coeff Mooney-Rivlin

Maximum applied displacement for converged caluculation (A_max) in mm

g
I

[y
N

[y

3
Eos
Applied displacement: 0,15 mm % oc HE
g /
9
U Evaluate joint behavior under low loads corresponding to 0.4

o
N

o

and convergence capability.

fatigue state.
U Chosen according to the mesh resolution, sealant material law h
2 3 4 5 6

Number of elements in sealant thickness
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IV. Assessment of joint behavior

1500

1200

v' Greater influence of the sealant
for small thickness of sealant
layer

w
o
(=]

Force (N)

[#2]
o
(=]

v' VHE represents better the joint

200 behavior than HE

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Local displacement (mm)
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IV. Assessment of joint behavior

Pa A

e Bolt load transfer rate (t): is defined by the ratio of the load ; <

supported by the bolt to the total load applied. 2
20000 20000
t=0.2mm t=0.5mm T — 91%
16000 16000
T=87%
4000
- 12000 . 12000
= =
g ]
8 5
8000 2000 e 8000
&
/L
4000 4000
0
0 0.05 0.1 0.15
0 0
0 1 2 3 4 5 6 7

0 1 2 3 4 5 6 7

Local displacement at center point of middle substrate in overlap zone (mm) Local displacement at center point of middle substrate in overlap zone (mm)

= Sealant material identification allows for bolted-sealed joint behavior
modeling and the determination of load transferred by the sealant.
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V. Conclusion & Perspectives

O Visco-hyperelastic coefficients can be determined from several test data (UAT and PS)
using the presented optimization method.

O Only PS experimental data would be needed to predict the force transfer distributions
in double-lap joints.

0 The more complex the sealant material model, the lower the convergence capability
of the numerical simulation.

O Increasing the load transferred by sealant could help to _ of the

bolted-sealed joint

O An idea for increasing the fatigue strength of an bolted-sealed joint by _

_ will be developed.
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