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1. Introduction

1.1. Background and motivation
Composite materials in the aeronautical industry
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Figure 1 — Trends in the use of composite materials in commercial aircrafts [Xu et al., 2018].
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1. Introduction

negi::.
1.1. Background and motivation € 9

Regulatory hurdles regarding adhesive bounding Aj

AbvANCED JOINING
Non-destructive testing limitations and delamination caused are key barriers to the Processs Ut
widespread adoption of adhesive bonding in aircraft structures.

1 Introduction

—(

Background and
I T motivation
PR R (
v l The curved joint
Stresses acting on the top adherend c concept
— —
=

Figure 2 - Peel stress failure in adhesively bonded composite adherends [Hart Smith, 1973].

RdEASA

European Union Aviation Safety Agency
(a)
Figure 3 — Most prominent aviation regulatory bodies. (a) EASA in EU. (b) FAA in the US.
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1. Introduction

1.2. The curved joint concept

Typical SLJ

Load Path
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Figure 4 — Behaviour of SLJ under traction. (a) Planar SLJ. (b) Curved SLJ..
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2. Experimental procedures @ lneql :r.v:.g scionce
2.1. SLJ manufacturing

SLJ configurations and geometry Aj
Metal SLJ Composite SLJ

Processes UNIT

1 Introduction

2 Exp. Procedure

Reference 0.2 mm Reference 0.2 mm

SLJ manufacturing

SLJ testing
Curved Reference 1.0 mm

Curved

Y24
AV
=7

/é///

Vi

Figure 5 - SLJ specimen geometry. (a) Planar SLJ. (b) Curved SLJ.

© INEGI all rights reserved



2. Experimental procedures
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2.2.SLJ testing
( . B Quasi-static
All tests were performed in an machine
Instron® 3832 (Norwood, MA, USA)
guasi-static machine.
Testing speed: Tmm/min LED light
Standards followed:
1. ASTM D5868 (Composite SLJ)
2. ASTM D1002 (Metal SLJ) i
High speed
\ J camera
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1 Introduction
2 Exp. Procedure

SLJ manufacturing

SLJ testing

Specimen

Figure 6 — Experimental setup.
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Numerical details
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31 . Metal SLJ Nomenclature: At, X, refers to the model with Xmm of
. . extra maximum thickness relative to the reference
Parametric elasto-plastic models J‘ >

AbvANCED JOINING
Processes UNIT

Reference Model (At,, 0.00) Reference Model (At, 0.00)

1 Introduction
Model 1 (At, 0.24) 2 Exp. Procedure
3 Num. Details

Model 2 (At, 0.48) Metal SLJ

Model 2 (At, 0.48)
Composite SLJ

Model 3 (At, 0.72)

Model 4 (At, 0.96) Model (a¢, 1.20)
. 1.

Model 5 (At, 1.20)

Fig.7 — Parametric study with varying curvatures and maximum adhesive thicknesses. 2D static analysis in
ABAQUS® software CPE4R elements (Plane Strain) were used for the elastic model
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3.1. Metal SLJ
CZM Models A'_)
Pracrecee U

1 Introduction
2 Exp. Procedure
3 Num. Details

Metal SLJ
Composite SLJ

Aluminium (Elasto-plastic) .

Adhesive (Elastic)

Adhesive (Cohesive) .

* 2D static analysis in ABAQUS® software 3
* CPE4 elements (Plane Strain) for the elastic sections i GueiD | \e ]
* COH2D4 elements (Cohesive) for the cohesive section

Vil Smi | & a0

6lm.: ‘S.l (S.lmf
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3. Numerical details

3.2. Composite SLJ
CZM and XFEM models

CFRP (Elastic) .
CFRP (Cohesive) .

Gy =L

Adhesive (Elastic) Minsdmode
Adhesive (Cohesive) . N 8
&,’

* 2D static analysis in ABAQUS® software
* CPE4 elements (Plane Strain) for the elastic sections
* COH2D4 elements (Cohesive) for the cohesive section

XFEM crack domain

Enriched elements .

Crack surface
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Results

= 4.1. Metal SLJ
= 4,2. Composite SLJ
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4. Results neaqi: ..
4.1. Metal SLJ e 9

Stress distributions Aj
Procrsses U

S, S11[MPa]
(Avg: 100%)
110.000
98.750
87.500
76.250
65.000
53.750
42.500
31.250
20.000
8.750
-2.500
—13.750
—25.000

1 Introduction
2 Exp. Procedure
3 Num. Details

4 Results

. MetalSLJ
Increase in

curvature Composite SLJ

5 Conclusions

(c)

Fig.8 — Longitudinal stresses in MPa along the overlap length for the elastic models.
(a) Reference. (b) Model 3. (c) Model 5.
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4. Results
4.1. Metal SLJ
Peel stress distributions Aj
Prootsses U
47 47 1 Introduction
2 Exp. Procedure
2 5 ' Increasein ) | 3 Num. Details
% curvature 4 Results
() Metal SLJ
0 Composite SLJ
| | | | | | |
0 01 02 03

| | | | | | |
0 0.1 02 03 04 05 06 07 08 09 1
Normalized Overlap Position (x/Lo)

—Model I (A7, 0.24) ——Model 2 (Ar, 0.48)

—— Reference
—— Model 4 (A1, 0.96) ——Model 5 (Ar, 1.20)

—— Model 3 (At, 0.72)

Fig.9 — Normalized peel stress distributions at the adhesive layer mid-thickness along the overlap.
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4. Results

4.1. Metal SLJ

Joint performance

Ductile Adhesive

62% increase in

20 [ 2015-1 absorbed energy
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_ﬁ /’ d"/'___—‘\ :
Global ., 1
Ry - o ! .
g 10 Yielding "o : :
o] ¢ 1
— +° : 1
by 1 .
'O‘ : 1
£ : :
0 - 1

0 0.2 0.4 0.6 0.8 1

Displacement ¢ [mm]

Ine I dI'IVII'Ig science
q & innovation

Brittle Adhesive

131% increase

20 || AV138 <" infailure load
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4 Results
MetalSLJ
Composite SLJ

—— Reference Experimental
- - - Reference Numerical

—— Curved Experimental
- - - Curved Numerical

—— Reference Experimental
- - - Reference Numerical

—— Curved Experimental
- - - Curved Numerical

(a)

(b)

Fig.10 - P — 6 curves obtained experimentally and numerical for both adhesives. The curved
configuration corresponds to the geometry with the highest curvature. (a) 2015-1 (b) AV138.
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Failure mode 3
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1 Introduction

2 Exp. Procedure
3 Num. Details

SDEG

(Avg: 90%)
1.000
0.917
0.833
0.750
0.667
0.583
0.500
0.417
0.333
0.250
0.167
0.083
0.000

4 Results
Metal SLJ
Composite SLJ

(a) (b) (c)

Fig.11 - Experimental and numerical failure mode for the studied SLJ.
(a) Reference 0.2. (b) Reference 1.0mm. (c) Curved.
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4. Results

4.2. Composite SLJ

Joint performance in quasi-static

20

15

10

Load P [kN]

== = 7

0.6 0.8 1 1.2
Displacement § [mm|]

1.4 1.6

= =

Experimental = = Numerical

Fig.12 - P — § curves obtained experimentally and numerical for all configurations.
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4.2. Composite SLJ 9

Crack propagation
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1 Introduction

STATUSXFEM

(Avg: 90%)
1.000
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2 Exp. Procedure
3 Num. Details

4 Results
Metal SLJ

0.417
0.333
0.250
0.167
0.083

0.000 Composite SLJ

Fig.13 - Crack propagation. (a) Numerical crack prediction. (b) Experimental crack propagation.
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4. Results

4.2. Composite SLJ
Crack propagation

Adherend

Adherend

mmmm= Predicted Crack (XFEM)

mmmmm= Experimental Crack

Fig.14 - Comparison between the numerical and experimental cracks.
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5.1. Conclusions
/JQ\NCED JoINInG
Processes UNIT

1 Introduction

4 )

* This study showed that the use of the curved geometry significantly decrease
the peak stresses in the overlap edges.

2 Exp. Procedure

* Curved metal SLJs showed increased energy absorption with a ductile adhesive 3 Num. Details
and significantly improved failure load when using with a brittle adhesive. 4 Results

5 Conclusions

* The decrease of peak stresses, namely peel stresses on the overlap edges
prevented delamination, allowing for a cohesive failure modes and improve
performance on the composite SLJs in static and higher strain rates scenarios.

Conclusions

Scientific output

 The study demonstrated the promising characteristics of curved substrate SLJs
for both metal and composite applications, offering superior failure modes and
performance. Further optimization and modifications of the curved configuration
are suggested for enhanced performance.

- J
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5. Conclusions

5.2. Scientific output

SLJ Designer for ABAQUS CAE

SLJ

Designer

A modelling tool for

ABAQUS CAE

e Generation of SLJ within a
costume GUI in ABAQUS CAE;

* Includes linear Elastic, Elasto-
Plastic, and CZM models;

e Used by students from the
Master's in Mechanical
Engineering from FEUP.

Mechanics of Advanced
Materials and Structures
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5. Conclusions
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o mneagi:
SLJ Designer application SLJ e _;

ABAQUS python productivity Designer A
ApvaNCED JOINING
Processes UNiT

Custom = I 1Y
- Application =
Standard
Plug-in

RSG Plug-in B

Manual 3
Creation s

Increasing Complexity

Fig.15 - Automation approaches in

ABAQUS ranked by complexity and
> productivity of the user using Python
Increasing Efficiency (Productivity) scripting [Chakraborty, 2021].
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SLJ Designer application

Features

ABAQUS CAE classical GUI

Module: | Part e
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Average time to build a SLJ model:
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LI
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* Beginner: 1h +

e Advanced: 5-20 mins

Module: | 5L Designer  ~

General Inputs

B

SLJ

Designer

SLJ Designer

]

Sim. Inputs

5,

Geometry and Materials
(already included in a
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Simulation

ey

Simulation details
* Mesh
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* Thermal step

Visualization

-1

—__
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job submission
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Visualization and post-
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Average time to build a SLJ model:

* 1-5 mins (+ 91.6% productivity)

© INEGI all rights reserved

Ine I driving science
&innovation

/JADVANCED JoInInG
Processes UNiT

1 Introduction
2 Exp. Procedure

3 Num. Details
SLJ Designerapp
Metal SLJ
Composite SLJ
Mesh and B.C

29



Backup Slides

SLJ Designer application
Results utput

SLJ

Designer
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Fig.16 — Post-processing features of SLJ Designer.
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SLJ Designer application
Application flowchart

(v

Ty
ser opens the program

Initialization of the

application (sljApp)

SLJ Function
Comands

Generates Main Window

SLJ Designer Custom

Kernel

onCmdComput Module GeometryDB Geometry Form
onCmdSim MaterialDB Material Form
onCmdVisualize MeshDB Mesh Form
onCmdExport SimuDB Simulation Form
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Fig.17 - Automation approaches in
ABAQUS ranked by complexity and
productivity of the user using Python
scripting [Chakraborty, 2021].
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SLJ Designer application
Forms GUI

Geometry
&= Generate Geometry
Properties Diagram
Model Name:

Length (L):

Overlap:
Substrate Thickness (t_sub):

Min Adhesive Thickness (t_ad

Width:

Geometry Type

© Reference SU

() Bent LI

Note: Height will be neglected if Reference 5L is selected.

Designer
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Processes UNIT

Material Selection

& Select Material

Material Selection

Substrate 1: | Aluminum 2024 T3 Alcad ~
Substrate 2 | Aluminum 2024 T3 Alcad ~

Material Behaviour

Substrate 1:

Substrate
Adhesive: | Elastic with CZM M
Notes

In the case of curved SLJ, if cohesive zone modelling is used, high curved substrates
with high adhesive tickness near the overlaps may not yield the expected results.

In the case of materials where the failure is
such as CFRP or wood, it may be necessary to add cohesive clements
to the substrates.

Diagram

0K Cancel

oK

Cancel

Mesh

& Seclect Mesh

Mesh Size Diagram

Min Size: [0 | Max Size: |2

Advanced Options Nates
[ Substrate 1 Element Type - The assigned mesh controls are
CPEAR. quadrilateral elements with a structure
technique (sweep in the case of CZM elements).
[ Substrate 2 Element Type
If the adhesive behaviour includes CZM,
CPEAR then the assigned element is sutomatically cohesive,

in particular the element used is COH2D4.

OK
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the SLJ application.
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Demo Part 2 — Post Processing
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SLJ Designer application
Demo Part 3 — Curved SLJ
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SLJ manufacturing _-)
. A Proctsscs Uni
Metal SLJ Composite SLJ
1 Introduction

Adherend curvature was obtained through | Adherend curvature was obtained through 2 Exp.Procedure

mechanical bending and plastic deformation. | curing of asymmetric composite layup. Materials
SLJ manufacturing

@ SLJ testing

| Tcuring OO00000000000000000

0000000000000 00000
©  ©
l Curing
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Materials
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— AF163-2K
0
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& £
(a) (b)

Figure 19 — Stress-strain curves. (a) Aluminum. (b) Araldite® AV138, Araldite® 2015 and AF163-2K.
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CFRP 8819 4.315 0.342 -0.1 26
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Table 2 — Properties of the adhesives AV138, 2015-1 and AF 163-2 K.

Property AV138 2015-1 AF163-2K
Young's modulus, E [MPa] 4890 1850 1520
Poisson’s ratio, v [-] 0.35 0.33 0.34
Shear modulus, G [MP3] 1560 560 565
Tensile failure strength, tJ [MPa] 39.5 21.6 46.9
Shear failure strength, t0 [MPa]  30.2 17.9 46.9
Toughness in tension, G;- [MPa]  0.20 0.43 4.05
Toughness in shear,G;;[MPa] 0.38 4.70 9.77

CTE, a [um/mK-1] 67 120 90
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Metal SLJ manufacturing
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(a)

Figure 20 - (a) CAD of the SLJ. (b) Final assembly of the SLJs before curing.

__Name | Type | Curing Conditions

2015-1 Ductile 8h @ Troom
AV138 Brittle 24h @ Troom
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CFRP SLJ manufacturing

Manufacturing process flowchart
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Adhesive stacking

Cutting Specimens
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CFRP SLJ manufacturing
Co-curing mechanism (1 step)

Base plate

Adhrend

/

Mould spacer

/

Vi

Fig.21 — Manufacturing mould scheme for co-curing.
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CFRP SLJ manufacturing
Co-curing mechanism (1 step)

Base plate Adhrend Mould spacer
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/
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/ (a)

1.0 mm spacer
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Base plate Adhrend Curved spacer Mould spacer
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7
// //
1.0 mm spacer Void

(b)

Fig.22 - Manufacturing mould scheme for co-curing of the (a) reference 1.0mm and (b) curved SLJs.
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Surface treatments performed

Sandblasting

Phosphoric acid
anodization (PAA)
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Warpage measurement of composite plates

Original Image

(a)
Binary Image

(b)
Labelled Blob Image

(c)
Isolated Blob Image

1

(d)
Tracing Procedure

Fig.23 - (a) Original image. (b)-(d) Image processing
Griginal Imuge(f,),imedgw.dced procedure. (f) Final result where the edge is correctly
traced.
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Mesh and boundary conditions _-)
ASEZ‘;"S:;’JG':.?

1 Introduction

2 Exp. Procedure

3 Num. Details

Metal SLJ

Composite SLJ
MeshandB.C

Fig.12 - Boundary conditions and mesh used for the SLJs numerical models.

Thermal step
e Initial T [°C]: 110
« FinalT[°C]: O

« ABAQUS Standard is used for the quasi-static analysis
* ABAQUS Explicit used for the intermediate and impact analysis

48
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Parameters and methods used for the numerical simulations
CZM models
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Trapezoidal CZM laws
used in the modelling
of Araldite®2015-1 for
Mode 1 and Mode 2.

Damage initiation: QUADS

&N’ (t)°
{a} +{E} -

Mixed mode behaviour: Power law (f = 1)

G)"  (Gsa)" _
Gn Gs
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Stress-based criteria are more sensible to stress
concentrations [Campilho, et al,. 2011], underpredicting the QUAD (quadratic nominal strain)
failure load. Hence, strain based criteria are the most
suitable ones.

( T ™ - /
Damage initiation: QUADE |  Mixed mode behaviour: |
I Power law (8 = 1) ’:___
1
2 2 I — —
f — @ + i : ﬁ '8 + & ﬁ — 1 . . .
83 gso : G,‘{ Gsc MAXE (maximum nominal strain)
1
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Parameters and methods used for the numerical simulations
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U, U3 (C5Y5-1)
+4.381e+00
+4.016e+00
+3.650e+00
+3.285e+00
+2.919e+00
+2.554e+00
+2.188e+00
+1.823e+00
+1.457e+00
+1.092e+00
+7.265e-01
+3.610e-01
-4.509e-03

Fig.24 — Numerical simulation results of the composite warpage.

Table 3 - Numerical and experimental results of the observed maximum warpage of the asymmetric
composite plates.

Layup Numerical (mm) Experimental (mm) Error (%)
[0°/90°/0°/90°]
[LIU et al., 2022] 11.35 11.06 2.6
This study (L5) 3.49 3.51 0.76
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Fig.25 - Warpage of the composite adherend L5 due to thermal stresses.
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Aeronautical application of the curved SLJ
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Fig.26 —- Example of an aeronautical application of the curved SLJ.
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Techniques that improve joint strength in composite joints

Surface toughening techniques Aj
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Surface layer ‘fvith tough matrix Thermoplastic

(a) _ (b) 8 _/
I

Fig.27 - Schematic of surface toughening techniques [Shang, et al., 2019].
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|—|:,—| |—|:,—| Fig.28 — Schematic representation
of transverse connection of
(b) _Bonded-riveted (f) Z-pinned adherends [Shang, et al., 2019].
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