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A practical approach for the fatigue life estimation of
adhesive and hybrid joints

Abstract

The need for more environmentally sustainable ways of transportation and for a reduction in
emissions and fuel consumption make lightweight structures essential. The use of adhesive and/or
hybrid joints represents one way to reduce the weight of components and it is becoming
increasingly popular in the transportation industry. To optimise the design of adhesive and hybrid
joints and minimise the risk of in-service fatigue failures, the transportation industry needs efficient,
robust, and easy-to-use approaches for the modelling and fatigue life estimation of such joints.

This work presents a practical approach, easily adoptable by companies in the transportation
industry, for estimating the fatigue life of adhesive and hybrid joints. The proposed approach
includes Finite Element (FE) modelling guidelines to recover the needed stresses, that provide FE
models computationally not too onerous, reasonably mesh insensitive and that do not require
congruent meshes, with limited changes to the typical FE modelling strategies currently used. The
fatigue life estimation is then carried out using standard SN-based nCode DesignLife analysis
engines, with the stresses recovered from the FE model and bespoke SN curves obtained through
testing used as inputs.
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Introduction

4 The increasing need and focus on greener ways of transportation has made lighter structures necessary

Dissimilar
materials

Greener and more
sustainable mobility

Design
optimisation

A Main advantages of adhesives:
* Reduced weight
* Ability to join dissimilar materials

* Equal or improved structural rigidity and fatigue performance
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Introduction

A Increased interest in the use of adhesives in structural joints

140
Data gathered from Abdel Wahab (2012).
These data are not exhaustive, but for illustration purposes only.
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4 New generation adhesives generally show load-life data with smaller scatter and steeper slopes compared to
early generation adhesives.

A Need for an efficient, robust, and easy to use approach for the modelling and fatigue life prediction of
adhesive and hybrid joints

Abdel Wahab, M.M., 2012. Fatigue in Adhesively Bonded Joints: A Review. ISRN Materials Science 2012, 1-25.
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Introduction

A4 The proposed approach builds upon experience developed in modelling, fatigue testing and characterization
of welded joints
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Approach overview

Main requirements:
Limited changes to the typical FE modelling strategies currently used
FE models computationally not too onerous
Good level of mesh insensitivity
No need for congruent meshes

Finite fatigue life estimations

Additional considerations:
Adhesives stronger under shear loads than under peel loads = Peel (or opening) stress used to estimate the fatigue life

Fatigue life predictions using nCode DesignLife standard SN Analysis Engine
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Approach overview

Analysis 1

< All the load is carried by the adhesive until complete
failure of the adhesive

* Only the adhesive is modelled

* The mechanical fasteners can be modelled to try to
replicate their effects on the fatigue performance of the
adhesive

© The fatigue life of the joint is evaluated using the
standard “SN Analysis Engine” available in nCode
DesignlLife.

Hybrid joints — 15t method

Hybrid joints — 2"d method |«

Adhesive joints
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Finite element modelling guidelines — Analysis 1

A Adherends modelled using mid-surface linear shell
elements

A Adhesive modelled using linear solid elements

A Exposed faces of the solid elements (adhesive)
wrapped with linear shell elements with membrane
behaviour only

A Solid and shell elements connected using ‘bonded
contacts’ (or similar tools)

A Peel stresses recovered at the centroid of the
membrane shell elements

A Optional: the mechanical fasteners can be modelled
to try to replicate their effects on the fatigue
performance of the adhesive

—_—

Shell elements
* Beam elements

Y

* Area contact method (ACM) —» nCode DesignlLife Theory Guide a

* Penta solid elements  —
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Finite element modelling — Convergence study (Analysis 1)

A Initial mesh:
* adhesive modelled as one single layer of solid elements
* membrane shell elements with the same size as the solid elements

A 4 mesh refinements of the solid elements mesh (element size halved at each refinement), with size of the
membrane shell elements kept constant.

A Maximum peel stress at the centroid of the solid elements and of the membrane shell elements approximately
in the same location, regardless of the mesh refinement.
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Finite element modelling — Convergence study (Analysis 1)

A Maximum peel stress at the centroid of the solid elements increased at each mesh refinement.

A Maximum peel stress at the centroid of the membrane shell elements remained reasonably constant.

Maximum peel stress (MPa)
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4 Addition of the membrane shell elements on the exposed faces of the solid elements effectively transfers the
peel stresses from the solid elements, with the advantage of making the stresses of interest reasonably mesh

insensitive.
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Finite element modelling guidelines — Analysis 2

4 Adherends modelled using mid-surface linear shell elements

4 Mechanical fasteners can be modelled following the modelling guidelines included in the Designlife Theory
Guide:

°* Beam elements
* Area contact method (ACM)
* Penta solid elements

Spot Weld — Area Contact Methods Spot Weld — PENTA Elements
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Fatigue analysis using nCode DesignLife (Analysis 1)

A Fatigue life/damage predictions can be performed using the standard nCode DesignLife SN Analysis Engine.

A Inputs:

* Peel stresses at the centroid of the membrane elements from the FE model

* Load history

* Materials’ properties and fatigue parameters of the adhesive/hybrid joint obtained through physical testing

Model: file.rst

]
Load histary e

Losd (s3r) Ch 1
JHotspocDetection |
s o 1 3 6 10
ot Remove Sort ‘ Element Material Groug| Damage Life
1 1266 MEMBRANE_4|1.4242-06 7.025e+05 -
2 1247 MEMBRANE_4|1.423e-06 7.026e+05
3 1265 MEMBRANE_4|1.235e-06 8.1e+05
4 1248 MEMBRANE_4|1.234e-06 8.103e+05
Becs) 3 1204 MEMBRANE_4|1.085e-06 9.215e+05
6 1249 MEMBRANE_4|1.085e-06 9.218e+05
I7 122 MEMRRANE 4l1 nnea-na Q0158405 "’I
TestName: file Channel: 1 Title: Results Table: 1

=
AD,
and
15 | i tel & Ki i uwy
www.hbkworld.com | © HBK — Hottinger, Briiel & Kjeer | All rights reserved W

HOTTINGER BRUEL & KJZER
UNRESTRICTED



Fatigue analysis using nCode DesignLife (Analysis 2)

A Fatigue life/damage predictions can be performed using the standard nCode DesignLife Spot Weld Analysis
Engine.

A See more details see the nCode DesignLife Worked Example (3. Fatigue Analysis of a Spot-welded Structure)

Model: shock_spot.op2
1-Results Damage

Static Failure
3.067e-006
6.220e-008

— | 262e-009
2.559e-011
5.189e-013
1.053e-014
2.135e-016
4329e-018
8.781e-020
1.781e-021
Beyond Cutoff

z No Data
X‘\f Max = Static Failure
- At Element 32597

Min = Beyond Cutoff
At Element 32749
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Fatigue parameters derivation through physical testing

Gripping length Free specimen length ___ Gripping length

The performance of adhesive joints is strongly influenced by:

Material type of adhesive and adherends

Thickness of adhesive and adherends

Surface preparation of the adherends

Presence of adhesive spew, its amount and its shape . Overlap

Lap shear
Recommended to derive bespoke fatigue parameters for the vt mecimen et

adhesive/hybrid joints through physical testing riopnglength _ Free specimenength  Grioping engeh

-

Lap shear and coach peel are the most common specimen geometries
used when testing adhesive/hybrid joints.

When deriving fatigue parameters of adhesive/hybrid joints it is

essential to choose the most appropriate failure criterion.

N

Coach peel
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Fatigue parameters derivation through physical testing — Fatigue tests

A Possible failure criteria:
* Specimen separation * Crack initiation * Stiffness drop

A The stiffness drop failure criterion is more flexible compared to the
other two options, as it allows the definition of failure to be tailored to
the needs/requirements of each company and/or application.

4 Once the most appropriate failure criterion is chosen, it is possible to
determine a series of load-life (LN) datapoints

K(N)= AF /Au(N)
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Fatigue parameters derivation through physical testing — Reverse engineering

Maximum load vs Cycles

Peel stress range vs Cycles
® Test stopped : ' P ® Test stopped
P ® 10% stiffness drop IR | ® 10% stiffness drop
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Conclusions

A practical approach for the fatigue life estimation of adhesive and hybrid joints was presented.

The proposed approach can be easily adopted by companies in the transportation industry, and it requires
relatively limited changes to the typical FE modelling strategies used today, especially in the automotive
industry.

FE modelling guidelines to recover the peel stresses along the bond lines were proposed.

The FE models obtained following the suggested guidelines are not computationally too onerous, have a good
level of mesh insensitivity and do not require congruent meshes.

A convergence study of the suggested FE modelling strategy showed that, the addition of the membrane shell
elements, on the exposed faces of the solid elements, is a valid solution to recover the peel stresses from the
solid elements in a reasonably mesh insensitive manner.

The recovered peel stresses can be used as an input to perform fatigue analyses using the standard nCode
DesignLife SN Analysis Engine.
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Conclusions

The process to derive bespoke fatigue parameters of the adhesive joints through physical testing was also
described and illustrated using real test data obtained as part of an extensive testing programme currently
underway at HBK’s ‘Advanced Materials Characterisation & Testing’ laboratory, in collaboration with NIO

Performance Engineering Ltd.

A further step would be to apply the proposed approach to full structures, such as vehicles body-in-white for
further validation.

23 | www.hbkworld.com | © HBK — Hottinger, Briiel & Kjeer | All rights reserved
HOTTINGER BRUEL & KJAER

UNRESTRICTED



Bagni C., et al. “A practical
methodology for the fatigue
life estimation of adhesive
joints”. Structural Integrity
Procedia, Elsevier, 2023.

24 | www.hbkworld.com | © HBK — Hottinger, Briiel & Kjeer | All rights reserved

Bagni C., et al. “A pragmatic
approach for the fatigue life
estimation of hybrid joints”.
Structural Integrity Procedia,
Elsevier, 2023.

HOTTINGER BRUEL & KJAER




HBK 3
'

HOTTINGER BRUEL & KJ&ER

Thank You

Dr Cristian Bagni | Technologist - Fatigue & Fracture
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