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About COST

The European Cooperation in Science and Technology (COST) is a
funding organisation for the creation of research networks, called A
COST Actions. These networks offer an open space for collaboration v
among scientists across Europe (and beyond) and thereby give

impetus to research advancements and innovation.

COST is bottom up, this means that researchers can create a network — based on their own research
interests and ideas — by submitting a proposal to the COST Open Call. The proposal can be in any
science field. COST Actions are highly interdisciplinary and open. It is possible to join ongoing Actions,
which therefore keep expanding over the funding period of four years. They are multi-stakeholder,
often involving the private sector, policymakers as well as civil society.

Since 1971, COST receives EU funding under the various research and innovation framework

programmes, such as Horizon 2020.

COST funding intends to complement national research funds, as they are exclusively dedicated to
cover collaboration activities, such as workshops, conferences, working group meetings, training
schools, short-term scientific missions, and dissemination and communication activities. For more

information, please go to the Funding section of the COST website (https://www.cost.eu/).

The COST Association places emphasis on actively involving researchers from less research-intensive
COST Countries (Inclusiveness Target Countries, ITC). Researchers from Near Neighbour Countries
and International Partner Countries can also take part in COST Actions, based on mutual benefit. For
more information, please visit the global networking page (https://www.cost.eu/).

1 Albania, Bosnia and Herzegovina, Bulgaria, Croatia, Cyprus, Czech Republic, Estonia, Macedonia, Hungary, Latvia, Lithuania,
Luxembourg, Malta, Montenegro, Poland, Portugal, Romania, Serbia, Slovakia, Slovenia, Turkey


https://www.cost.eu/
https://www.cost.eu/

COST Action CA18120

With the increasing pressure to meet unprecedented levels of eco-efficiency, aircraft industry aims
for superlight structures and towards this aim, composites are replacing the conventional Aluminium.
The same trend is being followed by civil, automotive, wind energy, naval and offshore industry, in
which the combination (or replacement) of steel with composites can increase the strength-to-weight
ratio. However, the joining design is not following this transition. Currently, composites are being
assembled using fasteners. This represents a huge weight penalty for composites, since holes cut
through the load carrying fibres and destroy the load path.

Adhesive bonding is the most promising joining technology in terms of weight and performance.
However, its lack of acceptance is limiting its application to secondary structures, whose failure is not
detrimental for the structural safety. In primary (critical-load-bearing) structures, fasteners are always
included along bondlines, as “back-up” in case the bond fails. The main reasons for this lack of
acceptance are the limited knowledge of their key manufacturing parameters, non-destructive
inspection techniques, damage tolerance methodology and reliable diagnosis and prognosis of their

structural integrity.

The Action aims to deliver a reliable roadmap for enabling certification of primary bonded composite
structures. Despite the motivation being aircraft structures, which is believed to have the most
demanding certification, it will directly involve other application fields in which similar needs are
required. This Action will tackle the scientific challenges in the different stages of the life-cycle of a

bonded structure through the synergy of multi-disciplinary fields and knowledge transfer.

General information

Start of Action: 04/04/2019
End of Action: 03/04/2023

Main Contacts

Sofia TEIXEIRA DE FREITAS Anastasios P. VASSILOPOULOS Jose SENA CRUZ
Action Chair Action Vice Chair Science Communication Manager

E-Mail: certbond@tudelft.nl
Action website: https://certbond.eu/
Domain website: https://www.cost.eu/actions/CA18120
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Action Management Committee

Action Chair

Action Vice Chair

WG 1 - Adhesive and interface chemistry
WG 2 - Design phase

WG 3 - Manufacturing phase

WG 4 - In-service life phase

WG 5 - Disassembly phase

WG 6 - Certification

Grant Holder Scientific Representative
Science Communication Manager

STSM Coordinator

ITC Conference Manager

Training School Coordinator

Database Coordinator

Sofia TEIXEIRA DE FREITAS (s.teixeiradefreitas@tudelft.nl)

Anastasios P. VASSILOPOULOS

(anastasios.vassilopoulos@epfl.ch)

Ana MARQUES (ana.marques@tecnico.ulisboa.pt)

Konstantinos TSERPES (kitserpes@upatras.gr)
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Thomas KRUSE-STRACK (thomas.kruse-strack@airbus.com)

Sofia TEIXEIRA DE FREITAS (s.teixeiradefreitas@tudelft.nl)

Jose SENA CRUZ (jsena@civil.uminho.pt)

Loucas PAPADAKIS (l.papadakis@frederick.ac.cy)
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mailto:s.teixeiradefreitas@tudelft.nl
mailto:anastasios.vassilopoulos@epfl.ch
mailto:ana.marques@tecnico.ulisboa.pt
mailto:kitserpes@upatras.gr
mailto:nicolas.cuvillier@safrangroup.com
mailto:wieslaw@imp.gda.pl
mailto:laurent.berthe@ensam.eu
mailto:thomas.kruse-strack@airbus.com
mailto:s.teixeiradefreitas@tudelft.nl
mailto:jsena@civil.uminho.pt
mailto:l.papadakis@frederick.ac.cy
mailto:l.papadakis@frederick.ac.cy
mailto:chiara.bedon@dia.units.it
mailto:mibu@eng.au.dk

Action Working Groups

WG 1 - Adhesive and interface chemistry
Leader: Ana MARQUES
Vice-leader: Asa LUNDEVALL

WG 2 - Design phase
Leader: Konstantinos TSERPES
Vice-leader: Norbert BLANCO

Evaluate current common practice in
industry: adhesive chemistries and surface
treatment processes for bonded joints.
Collect the requirements and needs of the
stakeholders and certification agencies, in
terms of regulations (REACH).

Propose novel non-toxic and
environmentally friendly surface treatment
processes and adhesive chemistries.
Evaluate the quality of the new proposed
eco-friendly solutions.

Explore new design concepts (geometrical
configurations and new crack arresting
design features).

Compare testing procedures for bondline
characterization and models validation
(under static, fatigue and impact loading,
creep phenomena, imperfect bonding and
environmental effects).

Evaluate different design methodologies for
the structural behaviour and progressive
damage analysis of adhesively bonded
structures.

WG 3 - Manufacturing phase
Leader: Nicolas CUVILLIER
Vice-leader: Rita RIMASAUSKIENE

WG 4 - In-service life phase
Leader: Wieslaw OSTACHOWICZ
Vice-leader: Theodoros LOUTAS

Specify and select the key-parameters that
influence the manufacturing process on an
industrial scale.

Evaluate destructive and non-destructive
testing for quality control of manufacturing
process.

Propose novel embedded sensing solutions
for the evaluation of adhesion strength.
Evaluate of the effect of different
manufacturing defects on the bondline
performance.

Propose diagnostic tools for the structural
integrity assessment of the bonded
structure.

Propose prognostic tools for the remaining
useful life of the bonded structure.
Develop guidelines towards bonded repairs
application.

WG 6 - Certification
Leader: Thomas KRUSE-STRACK
Vice-leader: Ranko PETKOVIC

WG 5 - Disassembly phase
Leader: Laurent BERTHE

Description of the state-of-the-art about
disassembly technologies.
Evaluation of the technologies and

selection of the most promising technology.

Define common nomenclature for all WG’s
activities and deliverables.

Integrate the outcomes and build the
roadmap.

Establish contact with relevant certification
bodies and large industry manufacturers in
naval, civil, offshore, automotive and wind
energy and disseminate the progress of the
Action and the roadmap.




First CertBond Training School

The goal of first CertBond Training School is to connect the young generation of early-stage scientists
and offer network opportunities with international experts in the field of bonding and adhesives.

A very intensive three-day school able to connect international researchers and experts from several
Countries, and a great way to restart networking face-to-face after a long period.

The CertBond Training School (University of Trieste, Italy; 20th-22nd September 2021) is planned to
include:

- Frontal lectures from international experts in the area of adhesives

- Workshop sessions to give voice to CertBond Trainees

- A “Best Poster” competition for the CertBond Trainees

- (virtual) Technical visits to laboratories and facilities

- Andall around in a series of networking and social events able to enforce their interaction



o o . Dipartimento di
Local Organizing Committee & Staff . Ingegneria
I a e Architettura

Dr. Chiara BEDON
Assistant Professor of Structural Engineering

Prof. Vanni LUGHI
Associate Professor of Science and Technology of Materials

Prof. Salvatore NOE
Associate Professor of Structural Engineering

Dr. Marco FASAN Ms. Alessia BEZ Mr. Emanuele RIZZ|
Post-Doctoral Fellow Research Fellow Research Fellow
in Structural Engineering in Structural Engineering in Structural Engineering



Participants
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Kaleeswaran Balasubramaniam Poland

Pier Giovanni Benzo Portugal
Afonso Carlos Bonina de Mesquita Portugal
Cristina Busuioc Romania
Jagoda Cupac Germany
Maxime Guerbois France

Julian Hanig Germany
Oguzcan Inal United Kingdom
Eliana Inca Cabrera Portugal

Alina Joachim Germany
Damjan Klob¢ar Slovenia
Christiane Kothe Germany
Gregorio Mariggio Italy

Silvana Mattei Italy

Lukas Miinch Germany
Faidra Oikonomopoulou Netherlands
Kosmas Papadopoulos Greece

Nikola Perkovi¢ Croatia

Danica Simic Serbia

Shishir Kumar Singh Poland

Natasa Tomié Serbia

Uro$ Trdan Slovenia

Selen Unaldi France
Efstratios Volakos United Kingdom
Michaela Zdrazilova Czech Republic
Markéta Zikmundova Czech Republic
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About Trieste

Trieste is a city and seaport in the north-eastern part of Italy, right next to Slovenia. It is located at the
head of the Gulf of Trieste on the Adriatic Sea with a population of around 200,000. It is the capital of
the autonomous Friuli Venezia Giulia Region that enjoys a special status and constitution granted by
the Italian government. Popular tourist destination, Trieste was one of the oldest parts of the
Habsburg Monarchy, belonging to it from 1382 until 1918.

The city is home to University of Trieste and many other scientific centers, like ICTP (Abdus Salam
International Centre for Theoretical Physics), SISSA (International School for Advanced Studies), and
ELETTRA SINCROTRONE (a multidisciplinary international research center specialized in generating
high quality synchrotron and free-electron laser light and applying it in materials and life sciences).

e !
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Venue

University of Trieste — Department of Engineering and Architecture
Piazzale Europa 1 (main campus)

34127 Trieste

ITALY

R UNIVERS'TA . Dipartimento di
' DEGLI STUDI Ingegneria
/ DITRIESTE I a e Architettura

T

B

Main location for the Training School

Building C7 — Room A “LICIO GIORGIERI” (ground level)
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Hybrid Event

The CertBond Training School is organized as face-to-face
networking event, under a rigid respect of preventive
measures against Covid-19 pandemic.

GREEN PASS
The University of Trieste, through the most suitable and ﬁ
o

effective methods, informs anyone having access to the
university facilities about the provisions taken by the
Authorities regarding the containment measures for the

Covid-19 emergency. Detailed information can be found in EiEE
the specific section on the University website &%
(https://www.units.it/en/about/emergency-covid-19- [=]
guidelines-Updates), that also contains governmental and L_J

regional records (in Italian), as well as internal guidelines
and provisions adopted by the University Bodies.

Anyway, all the lectures, technical visits, workshop presentations of the CertBond Training School
are also shared online with the support of video-conference systems and MS Teams.

20th September 2021:

https://teams.microsoft.com/l/meetup-
join/19%3a491917769d464fe296966f08ba%9aad9e%40thread.tacv2/1631280714168?context=%7b%
22Tid%22%3a%22a54b3635-128c-460f-b967-6ded8df82e75%22%2c%220id%22%3a%229d4dd650-
dd14-42da-8d38-42068b6800c2%22%7d

21st September 2021:

https://teams.microsoft.com/l/meetup-
join/19%3a491917769d464fe296966f08ba%aad9e%40thread.tacv2/1631280781318?context=%7b%
22Tid%22%3a%22a54b3635-128c-460f-b967-6ded8df82e75%22%2c%220id%22%3a%229d4dd650-
dd14-42da-8d38-42068b6800c2%22%7d

22nd September 2021:

https://teams.microsoft.com/l/meetup-
join/19%3a491917769d464fe296966f08ba9aad9e%40thread.tacv2/1631280828862?context=%7b%
22Tid%22%3a%22a54b3635-128c-460f-b967-6ded8df82e75%22%2c%220id%22%3a%229d4dd650-
dd14-42da-8d38-42068b6800c2%22%7d
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Detailed agenda

20th September 2021

9:30 Registration @ Building C7 — Room “A”

9:45 Welcome CertBond

Practical lecture:

10:15 “A GLANCE AT BIOBASED AND LOW ENVIRONMENTAL S. Caillol
IMPACT COATINGS AND BINDERS”

11:15 Coffee break & Posters
WG1 lecture
11:30 E. Stammen
“ADHESIVE BONDING”
WG4 lecture W. Ostachowicz
12:15 “NON—-DESTRUCTIVE ASSESSMENT OF STRUCTURAL (online)
INTEGRITY AND FAILURES FOR LIGHTWEIGHT MATERIALS”
13:00 Lunch break
14:30 Workshop of CertBond Trainees (part |) Pag.44
16:00 Coffee break & Posters
16:15 Workshop of CertBond Trainees (part Il) Pag.44
17:30 End of day 1 CertBond
21st September 2021
9:15 Registration @ Building C7 — Room “A”
WGS5 lecture:
09:30 S. Unaldi
“LASER ADHESION TESTS VIA SHOCK WAVES”
10:15 Coffee break & Posters
10:30 Practical lecture: C. Louter, C. Kothe

“ADHESIVE BONDING IN GLASS CONSTRUCTION”

11:30 Virtual LAB visits UniTS DIA
12:45 Lunch Break
WG3 lecture:
14:30 N. Cuvillier
“AN INDUSTRIAL POINT OF VIEW ON BONDING”
WG2 lecture:
15:15 “A CRITICAL REVIEW ON TEST METHODS AND SIMULATION K. Tserpes

MODELS FOR THE CHARACTERIZATION OF ADHESIVE JOINTS”
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21st September 2021

16:00 Coffee break & Posters

16:15 Talk with experts & Networking CertBond, Trainers &
Feedback and discussion with trainers about ongoing Trainees
research projects and studies

17:30 End of day 2 CertBond

22nd September 2021

9:15 Registration @ Building C7 — Room “A”

9:20 Technical visit @ ELETTRA SINCROTRONE
(virtual)

10:00 Coffee break & Posters

10:15 Workshop of CertBond Trainees (part Ill) Pag.44

12:30 Closure of Training School & CertBond
Best Poster announcement

12:45 Lunch break / End of Training School

16




Trainers

Prof. Sylvain CAILLOL

Centre National de la Recherche Scientifique
(CNRS) Paris

France

sylvain.caillol@enscm.fr

Sylvain Caillol is Research Director with CNRS.

He received his PhD degree in 2001 from the
University of Bordeaux. Then he joined Rhodia
Company and headed the Polymer Research
Department in the Research Center of
Aubervilliers. In 2007 he joined the CNRS at the
University of Montpellier and started a research
activity dedicated to Green Chemistry and
Biobased Polymers. He is co-author of more
than 200 articles, patents and book chapters. He
won the Green Materials Prize in 2018 and 2020.

Dr. Elisabeth STAMMEN

Technische Universitdit Braunschweig
Germany
e.stammen@tu-braunschweig.de

Elisabeth Stammen got a degree in Chemistry in 1994
at Aachen University, Germany. Since 2002 she is
research fellow and since 2014 head of department
“Adhesive Bonding” at the Institute of Joining and
Welding (ifs), Technical University Braunschweig,
Germany. Fields of Research are adhesive bonding in
automotive, transportation, aerospace and
construction, in fuel cells and batteries, surface pre-
treatment of polymers and metals, aging behaviour of
adhesives and aging test methods and quality of
adhesive bonds and bonding processes.
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Prof. Wieslaw OSTACHOWICZ
Polish Academy of Sciences
Poland

wieslaw@imp.gda.pl

Prof. Ostachowicz specializes in several important sub-
disciplines, like structural health monitoring techniques,
vibration control, structural dynamics, composite
structures, smart materials and structures, damage
assessment of structures. He participated in the
investigation of 24 international research projects as a
coordinator, leader of WP, or main contractor. Presently
prof Ostachowicz is involved in work (as editor/associate

_ editor) for various international journals.
He has received several prestigious awards and distinctions, among others Medal of O.C.

Zienkiewicz (2013), Dragon—STAR Innovation Award (1st place) as confirmation of cooperation
between Poland (Polish Academy of Sciences) and China (Hohai University and The Hong Kong
Polytechnic University), 2015, and SHM Life Achievements Award (sponsored by Boeing Co.),
Stanford University, USA (2019).

Ms. Selen Unaldi

Arts et Métiers Paris Tech, ENSAM
France

selen.unaldi@ensam.eu

Selen earned the Bachelor of Science Degree in Physics
at METU, Turkey. Finished her master studies at
Université Paris Saclay in physics. Currently, Selene is
involved in her PhD degree at Arts et Métiers Paris Tech,
ENSAM, which is entitled as " Adhesion test and stripping
process of paint using Shock Produced by Laser Plasma:
Application to Aeronautical parts " under the frame work
of Clean Sky 2 Vulcan Project.
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Prof. Christian LOUTER
Technische Universitéit Dresden
Germany
christian.louter@tu-dresden.de

Christian Louter is full Professor and Director at the
Institute of Building Construction, Faculty of Civil
Engineering, TU Dresden. He obtained his PhD in 2011
on the topic of structural glass design at the TU Delft
in the Netherlands. From 2010, Christian worked as a

post-doctoral researcher at the Steel Structures
Laboratory at the EPFL in Switzerland.

In 2015, Christian returned to the Netherlands to work as an Assistant Professor of Structural Design
at the TU Delft, before joining TU Dresden in 2019. Next to his research and teaching activities,
Christian is Director of an accredited test & certification laboratory, an organiser of the international
Challenging Glass conference series, an Editor-in-Chief of the Glass Structures & Engineering journal
(Springer) and member of several (inter)national committees.

Dr. Christiane KOTHE
Technische Universitét Dresden
Germany
christiane.kothe@tu-dresden.de

Christiane Kothe is a Chemist and Research Associate
at the Institute of Building Construction, Faculty of Civil
Engineering, TU Dresden since 2008. There she
received her PhD in 2013 for her work on surface
modification methods for improving adhesive joints. In
the associated Friedrich Siemens Laboratory, she is

responsible for the investigation of polymer materials
and substrate surfaces with spectroscopic methods,
thermal analysis and microscopy.

Christiane works on a variety of research projects related to bonding and surface treatment. She
also supports the accredited test & certification laboratory in questions about adhesive joints,
material properties, aging behaviour and surface characteristics. In addition, she supervises student
work and holds adhesive-related lectures and training courses.
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Dr. Nicolas CUVILLIER

Safran Composites

France
nicolas.cuvillier@safrangroup.com

Nicolas Cuvillier is presently Research Leader for “New
materials, functionalisation of CRFP and assemblies” at Safran
Composites, the Safran corporate research center on
composite materials. After a PhD in physical-chemistry, he has
worked for Arianegroup for about nine years on the
development of solid propellant and leaded the chemistry and

formulation team (40 researchers). Since 2014, at Safran
Composites, he has developed a strong expertise on “bonded
assemblies” through several projects covering all the aspect of
bonding (adhesive formulation, surface preparation, NDT) with
a special interest on Laser Surface preparation.

Prof. Konstantinos TSERPES
University of Patras

Greece
kitserpes@upatras.gr

Konstantinos Tserpes is an Associate Professor in
the Department of Mechanical Engineering &
Aeronautics. He is a member of the Laboratory of
Technology & Strength of Materials.

His expertise is in the area of strength of

materials. Since 1999 he has participated in more
than 20 EC funded research projects in the area of
Aeronautics.

In the last 10 years, he has participated in 7 EC funded projects in the area of adhesive joints. He
has published more than 80 papers in journals, more than 100 papers in conference proceedings,
10 chapters in books and he has co-edited 5 international books. Currently, he is a member of the
Board of Directors of the European Aeronautics Science Network. He is the leader of Certbond’s
Working Group 2.
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Summary of lectures

A glance at biobased and low environmental impact coatings and binders
S. Caillol

Polymers hold a very important place in chemistry with a worldwide production of about 400Mt in
2020 and applications in all economic sectors, from basic materials for construction or furniture, to
the cutting-edge sectors of aerospace or construction and health. Thus, half of the molecules
produced by the petrochemical industry - foremost among which is ethylene (160 Mt/year) - are
ultimately found in polymers. Green Chemistry, owing to the concept proposed in 1998 by Anastas et
al.}, is a chemistry response to the challenges of reducing the environmental impact of our society.
This remarkable place of polymers in chemistry is found naturally in green chemistry, and essentially
through the use of renewable resources for the development of agro-resourced or bio-sourced
polymers.

The objective of using renewable resources is not only motivated by the reduction of dependence on
fossil resources and consequently of greenhouse gas emissions at the end of life, but also by the search
for new features. Likewise, the reduction of impacts, in particular through the use of less hazardous
monomers, is a strong driver for the development of renewable resources (Figure 1).

Among renewable resources, our team has studied the use of vegetable oils for the development of
monomers and polymers. In order to improve the thermomechanical properties of polymers from
renewable resources, we have also functionalized natural phenols?, such as tannins, vanillin®, eugenol
or cardanol to develop various polymers, phenolics, polyepoxides, polyacrylates or polyurethanes.
Polyurethane is currently one of the most commonly used polymers in the world for various
applications such as rigid and flexible foams, coatings, elastomers, adhesives and sealants. However,
isocyanate precursors are very harmful. Thus, in recent years, much research work has been carried
out for the design of isocyanate-free polyurethanes (NIPU) s resulting from the reaction between five-
membered cyclic carbonates and amines leading to polyhydroxyurethanes (PHU). However, this
reaction has a drawback: the low reactivity of the aminolysis of the cyclic carbonate. Our work first
made it possible to propose complete reactivity studies in order to determine the influence of the
structure of the reactants*. Second, we proposed innovative solutions to allow the development at
room temperature of a range of PHUs materials, foams and PHU-hybrids (epoxy, acrylate, silicone,
etc.) with increased adhesion properties to meet the properties thermo-mechanics required by
potential applications.
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Figure 1. Renewable resources for sustainable polymers and coatings.
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Adhesive bonding in glass construction
C. Louter, C. Kothe

Introduction

This contribution and the associated lecture focuses on adhesive bonding in glass construction. A short
introduction into glass bonding is provided in the next sections, whereas the lecture will include
further examples of glass bonding both in practice and in research.
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Figure 1. Examples of adhesive bonds in glass construction; e.g. area, linear and point bonds.

Glass as a substrate

Flat glass for the building industry is primarily produced using the float glass process. Molten glass
with a temperature of 1,050 °C flows into the float chamber. There it floats as a ribbon of glass on
liquid tin. This results in glass panes with parallel, flat surfaces and a completely distortion-free
transparency. On the side facing the tin bath, tin ions diffuse into the glass surface in exchange with
alkali ions. However, this ion incorporation is not homogeneous, so that the surface properties are
very difficult to control. Bonding is therefore primarily carried out on the atmospheric side of the glass.

The silicate in the glass surface reacts quickly with the surrounding air humidity. A chemisorbed layer
of silanol groups results that adsorbs more water. This surface moisture can hardly be removed
permanently, as it is constantly formed due to the humidity. In terms of glass bonding, this surface
acts like a barrier. As a result, it is difficult for the adhesive to approach the glass surface and build up
adhesive forces.

Adhesive connections

The state of the art for bonded glass constructions in civil engineering is currently structural sealant
glazing (SSG). In these systems, the glazing is connected to a support frame or an adapter profile made
of stainless steel and anodized or coated aluminium using linear bonding. The European guideline
ETAG 002 describes the structure, the materials that can be used and the experimental investigations
which are required for the approval of SSG fagades. In terms of this guideline, the selection of possible
adhesives is limited to silicones. These are adhesives for which reliable test results and many years of
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experience are available. Silicones have very good adhesion to the glass surface and are highly
resistant to environmental influences. However, the low stiffness, the low strength and the black
colour of the adhesives are disadvantageous.

In particular, transparent or higher modulus adhesives open up new fields of glass bonding
applications. Such new developments are, for example, glass hybrid components. The planar or linear
adhesive connections of glass with ductile materials increase its load-bearing and residual behaviour.
Material combinations with steel, aluminium, wood, glass fibre reinforced plastics and even reinforced
concrete have been investigated. Adhesive point fixings are also possible and have already been
implemented in glass facades. These connections avoid drilling or clamping the glass. The glass surface
looks very homogeneous and the stresses in the point fixings are evenly distributed.

Adhesive connections in glass construction also comprises laminated glass and insulating glass units.
Laminated glass consists of at least two glass panes and a polymer interlayer. The standard material
is polyvinyl butyral and, for photovoltaic modules, ethylene vinyl acetate. Further interlayers are
polyurethane, polymethylmethacrylate, ionomers and casting resins. The edge seal of insulating glass
units is based on a sealing and a linear bond made with polysulphide or silicone.

Adhesive selection

The selection criteria for an adhesive should take into account the properties and surface conditions
of the substrates, the strength requirements for the construction, the expected environmental
influences, the structural design of the adhesive connection and the acting types of stress.

In addition, considerations about the manufacturing process of the adhesive connection should be
included. The processing time as well as the type of dosage and adhesive application are important
here.

Furthermore, an assessment of the adhesives with regard to their tendency to creep and their
relaxation behaviour under permanent loads is necessary so that their suitability for bonds with dead
load transfer can be determined.

The durability and resistance of adhesives and, as a result, that of the adhesive connection are
influenced by environmental factors such as temperature, humidity, corrosive substances and
radiation. There are extensive tests for artificial aging in ETAG 002 and other standards, especially for
adhesive connections in glass construction.

In addition to these mentioned measurable factors, other aspects such as the visual appearance and
aesthetics are also important.

Surface pre-treatment

The surface quality of the substrate is decisive for the build-up of adhesive forces and for the long-
term stability and strength of the bonded connection. Special pre-treatments lead to better wettability
of the surface and create energetically active centers which interact with the adhesive. The type of
the surface pre-treatment depends on the substrate material and the adhesive, on the current
condition of the surfaces and on the requirements for the bonded construction. The surface treatment
is divided into three process steps: preparation, pre-treatment and post-treatment.

In the first step, the substrates are adjusted in order to obtain an even, tension-free joint for the bond.
In addition, large impurities, unwanted coatings and greases are removed. This is followed by surface
pre-treatment. In addition to mechanical processes that remove parts of the substrate surface and
thus change the roughness, physical-chemical processes are used. Plasma application, flame
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treatment or sandblast coating, all of which work with silane-containing raw materials, produce
salinized surfaces with excellent wetting and adhesive properties. Subsequent post-treatment of the
activated or coated surfaces is necessary because their increased surface energy makes them
particularly sensitive to undesired contamination from the surrounding atmosphere and to
deactivating post-reactions.

Figure 2. Surface pre-treatment techniques; e.g. grinding, flame silicating, plasma and sandblast.
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WG lecture: Adhesive bonding

E. Stammen

Driven by the need to improve fuel economy and to reduce carbon emissions, manufacturers reduce
vehicle weights by increasing the use of light-weight materials like magnesium, carbon fiber reinforced
plastics and high strength steel. Especially multi-material structures demand joining technologies to
enable commercially feasible and high-volume manufacturing processes. Together with welding and
soldering, adhesive bonding is one of the materially jointed connections. In such joints, the force is
transmitted over the entire joint area. This results in a more favourable uniform stress distribution
than in the case of frictional and positive connections. Adhesive bonding is capable of permanently
bonding different materials, even in thin material thicknesses, without negative influences, e.g.
thermal, on the substrate microstructure. The uniform stress distribution along the bonded area
enables to have a higher stiffness and load transmission, reducing the weight and thus the cost.

In contrast, the temperature dependence of many adhesive properties, the aging behaviour and the
often more complex manufacturing process are problematic for the application or implementation of
adhesive bonding. In addition, quality assurance of the entire bonding process chain is of particular
importance [1].

Despite all this, adhesive bonding is often the only possible joining method, as it offers solutions for a
wide range of applications due to the diverse base chemistry available and the broad spectrum of
properties of the adhesives.

Adhesives — Mechanisms and examples

The various adhesive systems can be classified in many different ways; according to the origin of the
raw materials, the chemical basis or the reaction mechanisms. A general classification into physically
setting and chemically reacting systems is shown in Figure 1 [2].

o p— The chemically reacting systems

S ; can be distinguished on the basis of

Reactive monomers Ready polymers that have to the polymer reaction. Possible
curing in the glueline be transferred into a liquid . . .

through chemical state or that adhere owing to reactions are polymerisation,

feschon ] MNta0s presay polyaddition and

Physically setting polycondensation.
adhesives

| Chemically reacting .
adhesives
Cyanoacrylates, so-called super

{ Hot-melt dhesi es
|_Hot-melt adhesives | glues, methyl methacrylates or

Reactive adhesives

Dispersion adhesives | anaerobic adhesives are among the
Figure 1. [ Solvent-based adhesives | well-known polymerisation
Reference [2]

L—{ Pressure-sensitive adhesives | adhesives.  Polyurethanes and
epoxy resins belong to the group of
polyaddition  adhesives, while

silicones and phenolic resins are polycondensation adhesives. The three reaction mechanisms are

shown schematically in Figure 2.
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In polymerisation reactions, the stoichiometry of the components is less important; the reaction starts
with an initiator. In polyaddition, the monomers react stoichiometrically with each other; errors in the
mixing ratio have the effect of lower strengths, among other things. Polycondensation reactions are
similarly sensitive; here it is important to allow the escaping cleavage product to escape via the porous
substrate, for example.

Surfaces and pre-treatment

Adhesion (of polymers) is practically only determined by intermolecular binding forces. These binding
forces (adhesion) are small compared to main valence bonds (cohesion). There is no general theory of
adhesion. Adhesion must be seen as the effect of many individual interactions!

In order to achieve good adhesion on a surface, wetting of the substrate is of great importance. If the
surface tension of an adhesive is lower than the surface energy of the substrate, the adhesive can wet
the surface (at a suitable viscosity). Most of the time it is necessary not only to clean the surface but

27



also to pre-treat it, Figure 3. A wide variety of processes are available for this purpose, which are used
depending on the substrate or technological necessity in order to achieve a reproducible surface. The
aim is not only to improve adhesion but also to increase ageing resistance [3].

Surface treatment

- I |

Surface preparation Surface pre-treatment —| Surface post-treatment
|
— Cleaning — Mechanical Application of primers
Adjusting — Physical B Climatization
— Degreasing —  Chemical

Figure 3. Reference [2].

In recent years, the trend has been towards environmentally friendly processes in the field of pre-
treatment. The same trend can be seen in adhesives, where more and more bio-based products are
being found. Adhesive technology is thus making an active contribution to reducing carbon dioxide.
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WG?2 lecture: A critical review on test methods and simulation models for the

characterization of adhesive joints
K. Tserpes

In the framework of the COST Action CertBond (Reliable roadmap for certification of bonded primary
structures), a wide group of researchers from 27 European Countries have had the opportunity to
work on the topic of certification of bonded joints for primary structural applications from different
engineering sectors such as the aerospace, automotive, civil engineering, wind energy and marine
sectors. In the frame of Working Group 2, test methods and simulated models are listed and critically
reviewed on the basis of their application to the certification of adhesive joints.

Testing mechanical performance of adhesively bonded composite joints in engineering applications:
an overview

The first part of the present lecture presents the commonly used experimental methods for the
investigation of mechanical performance of adhesively bonded joints in the aerospace, wind energy,
automotive and civil engineering sectors. In these sectors, due to their excellent intrinsic properties,
composite materials are often used along with conventional materials such as steel, concrete and
aluminium. In this context, and due to the limitations that the traditional joining techniques present,
adhesive joints are an excellent alternative. However, standardized experimental procedures are not
always applicable for testing representative adhesive joints in these industries. Lack of relevant
regulations across the different fields is often overcome by the academia and companies’ own
regulations and standards. Additional costs are thus mitigated to the industrial sectors in relation with
the certification process which effectively can deprive even the biggest companies from promoting
adhesive bonding. To ensure continuous growth of the adhesive bonding field the new international
standards, focusing on actual adhesive joints’ performance rather than on specific application of
adhesive joints are necessary.
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Failure theories and simulation models

Virtual testing and optimization are basic tools in the certification process of adhesive joints. The
second part of the present lecture discusses the most important failure theories and simulation
models that have been developed for adhesive joints. Nine different models/theories are presented:
the Classical Analytical Methods, the Process Zone Methods, Linear Elastic Fracture Mechanics (LEFM),
the Virtual Crack Closure Technique (VCCT), the Stress Singularity Approach, Finite Fracture Mechanics
(FFM), the Cohesive Zone Method (CZM), the Progressive Damage Modeling method and the
Probabilistic methods. Also, at the end of the section, the modelling of temperature effects on
adhesive joints are addressed. For each model/theory, information on the methodology, the required
input, the main results, the advantages and disadvantages and the applications are given.
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WG3 lecture: An industrial point of view on bonding
N. Cuvillier

As a part of the CertBond training school (Trieste, September 2021), this presentation has for objective
to review some basics on structural bondings, with an industrial (and moreover aeronautical) point of
view.

This lecture is not focused on bonding theoretical principles (that can be easily found in many books
or web resources) but has the complementary objective to give some “ticks and tips” on bonding,
based on the return of experiment of industrial users.

I”

Technically, the advantages of a bonded joint when compared to a more “classical” mechanical
assembly are now well established. To be short, one can say that a bonded join is lighter (one replaces
metallic parts by a thin layer of organic “resin”), stronger (no holes in the parts => no degradation of
the mechanical properties, no stress concentration) and cheaper (much less operations to do for the
assembly). Although these advantages, the use of bonding remains limited, especially in the
aeronautical domain, due in particular to concern on the capacity to assure a reliable adhesion in an
industrial environment. This concern is reinforced by the certification constraints that practically
forbid the use of bonded joint in a lot of situations.

In this talk, we will try to cover the full life cycle of a bonded joint in order to give to the students some
tricks and tips that will help us to build a reliable and reproducible bonded assembly.

Schematically, the bonding process could be described using the following diagram, that shows the
major steps between the initial parts (+ the adhesive) and the final assembly, ready to “fly”.

preparation
N
Formating Assembled
parts
e
preparation -
Curing
s ~
Bonded —{ Control ]
parts
S
In the aeronautic domain, structural adhesive is almost synonym of Epoxy structural adhesive (except
for some specific applications, e.g. high temperature). Suppliers propose a lot of different adhesive
formulation that are always “excellent”, “high strength, “good”. Despite these commercial

presentations, it is a critical to choose the right adhesive for each application and we will propose a
general method to reduce the risk during this phase.

In conjunction to choose of the right adhesive, the selection of the right surface preparation for each
of the parts to be assembled could be event more crucial on the reliability of the assembly. If a non-
adapted adhesive could decrease the assembly’s performances below the objective, a “bad” surface
preparation could lead to catastrophic event, with almost zero mechanical strength. Therefore, we
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will present some classical processes for the surface preparation of both metallic and composite
surfaces but also some more details on promising methods based on laser irradiation.

We will then cover the following steps of the process, mainly the curing of the adhesive and the control
of the final assembled parts.

Finally, we will present some recent work on the automation of the bonding that could be a powerful
way to improve the reproducibility and the reliability of an adhesive joint. One should keep in mind
that despite its “high tech” image, the bonding in the aeronautic field remains mainly manual and
“artisanal”.

Within all the information’s, one hopes that more and more bonded joints will fly in the next years.
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WG4 lecture: Non—destructive assessment of structural integrity and failures for

lightweight materials
W. Ostachowicz

Issues and Challenges

The subject of the lecture will be issues and challenges of non—destructive assessment of structural
integrity and failures for lightweight materials. As is well known, such a need results from the necessity
to monitor the condition of joints in composite structures as well as during repairs of damaged
structures. Composite patches are becoming more and more common.

In the initial part of the lecture, motivations and research objectives will be presented. For the most
part, the lecture will show the methods of inspection of composite structure joints. The methods of
surface assessment before joining will be highlighted, and then the quality assessment methods for
structural joints.

Various methods for detecting mechanical, thermal, moisture, material ageing and other damage will
also be described. In the main part of the presentation, various methods of NDT (non-destructive
testing) and SHM (structural health monitoring) will be discussed.

As potential sources of risks to the proper functioning of joints in composite structures, the dominant
ones were selected. Moreover, the above-mentioned sources of risks have been divided into two
groups.

The first group of threats includes possible sources of weak bonds that appear in the manufacturing
process. There are:

e moisture

e anti-adhesive agent (release agent)
e errorsin bonding

e finger print

On the other hand, the second group of threats includes possible sources of weak bonds that appear
in the servicing process. There are:

e moisture

o fuel
e hydraulic fluid (skydrol)
o de-icer

e thermal degradation
e errorsin bonding
e finger print

The presentation covers investigated cases for study of the adhesive bond quality of polymer
reinforced carbon fibres (CFRP), in example:

e active thermography using ultrasonic excitation
e THz / GHz reflectometry

e nonlinear ultrasound

e LASAT technique

e laser ultrasound

e active thermography using optical excitation

e |aser scanning vibrometry
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e electromechanical impedance
e vibrothermography
e ultrasonic frequency analysis

The presentation also covers investigated cases for study of the surface of polymer reinforced carbon
fibres samples (CFRP), in example:

e X-ray fluorescence spectroscopy

o reflectometry/ellipsometry

e infrared spectroscopy

e laser scanning vibrometry

e optically stimulated electron emission
e active thermography

e aerosol wetting test

e |aser induced breakdown spectroscopy
e THz / GHz reflectometry

e optical fibre sensors

e electrochemical impedance spectroscopy
e electromechanical impedance

e dual-band active thermography

e vibrothermography

e THz technology

e optical coherence tomography

e nuclear magnetic resonance

e electronic nose technology

The descriptions of research methods presented in the lecture were taken from the experiences of
research teams carrying out two research projects of the European Union. The first was the ENCOMB
project, 7th Framework Programme (2010-2014), titled Extended Non-Destructive Testing of
Composite Bonds. The second project was the ComBoNDT project, Horizon 2020 Programme (2015-
2018), titled: Quality assurance concepts for adhesive bonding of aircraft composite structures by
advanced NDT. In addition, a number of research results have been used in the preparation of the
lecture, which have been investigated over the last ten years in the Mechanics of Intelligent Structures
Department, at the Institute of Fluid-Flow Machinery, Polish Academy of Sciences in Gdansk, Poland.
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WGS lecture: Laser adhesion test via shock waves
S. Unaldi

As known, aeronautical industry started to increase the use composite materials within their aircrafts
which is due to their strength to weight ratio (leads to less fuel consumption) and corrosion properties.
For example, for Airbus A380 composite part of the aircraft is 25%, for A350 it’s around 52%. Even
though there are assembly techniques, they are not well adapted for the composites such as Carbon
Fiber Reinforced Polymer (CFRP) use and as a result, industrials ending up having extra costs and larger
production time. With the usage of adhesive bonding, 12% of the aircraft weight can be reduced. Using
a glue can be an option to bond composite parts together, however, there is no Non-Destructive
Technology (NDT) which is capable of testing the mechanical strength of bonds. Laser Shock Wave
adhesion test (LASAT) is a promising method for this kind of problem. This technique allows the
generation of high tensile stresses within the tested material, which can debond or not the interface
according to its strength [1].

The main phenomena for LASAT tests is that when a high intensity pulsed laser source (1J, 10 ns) is
focused on a target, high pressure plasma (GPa range) is generated and a shock wave is induced inside
the specimen. For applications, a confined regime with water is preferred (Fig. 1) because generated
pressure on the target is two times longer and four times higher compared to non-confined regime
[2,3,4].

> e e e e e

Metal Target w wave

Figure 1. Principle Laser Shock wave creation phenomena with a confinement.

By changing laser parameters such as using two beams as a double or symmetrical configuration, the
optimization is done to test different bonded composites.

35



Simple impact Double Impact Symetrical Impact - Patented

Time Interface free Time Interface free Time Interface free
Shock Surface Shock Surface ‘ Shock Surface
= = Release = = Release = = Release

O

,
7
f/
,

o)

2/

'
‘ ’
v T
.
b i
v =
1
N
v
GD

y ]

|
f
]
/
u

Space’ SDaCE!’ Space

Figure 2. Space-Time Diagrams for different impact scenarios.

Laser Adhesion Tests has been applied on external aircraft coatings (paints) which consist of structural
primer (epoxy), exterior primer (optional, epoxy) and a top coat (base coat+clear coat-polyurethane)
as shown in Figure 3. In addition to bonded structures testing on composite materials, it is used to test
paint adhesion levels as function of applied surface treatment, thickness or thermal/humid ageing
both on composite and aluminum based specimens.

AA2024T3

Structural Primer (15-30 pm)
Exterior Primer (15-25 pmy)

Base Coat (30-90 pum)

Clear Coat (35-60 pm)

Figure 3. Typical External Aircraft Coating of an AA 2024-T3 sample.

Since laser shock process is high strain rate of deformation, it is difficult to observe all kind of
phenomenon during laser shock propagation. Therefore, numerical method coupled with
experimental data using the explicit code LS-DYNA, which has been used to optimize the experimental
paint striping/ paint adhesion test. To that scope, the material mode for the AA2024-T3 and the Epoxy
has been validated using mono-shots on the stack of Aluminum + Epoxy. The validated material model
used in the graphical optimization tool that interfaces perfectly with LS-DYNA (LS-OPT) to get the best
laser parameters which gives the biggest traction stress at the interface. We demonstrated that using
optimized delay between the two laser beams for a defined configuration, the stress at the interface
is bigger than using single beam, instantaneous laser beams as shown in Figure 4a, while the
propagation of axial stresses are shown in Figure 4b.
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GLASS STRUCTURES: TWO CONTRADICTORY CASE STUDIES,
THE CRYSTAL HOUSES FACADE IN AMSTERDAM AND A SMALL

GLASS PAVILION IN GREENLAND

STRUCTURAL PERFORMANCE OF EMBEDDED LIQUID-
LAMINATED GLASS CONNECTIONS

EPOXY-PVB COMPOSITE BINDER REINFORCED WITH
NANOSTRUCTURES OF WS,

ADHESION CAPABILITY OF ECO-EPOXY ADHESIVES YNTHESIZED
BY THE ADDITION OF MODIFIED TANNIC ACID

NONDESTRUCTIVE ANALYSIS OF DEBONDING IN A
HONEYCOMB COMPOSITE SANDWICH PANEL

VITROCERAMIC COATINGS BONDED TO METALLIC IMPLANTS
FOR DENTAL AND ORTHOPAEDIC APPLICATIONS

A LIGHTWEIGHT FLOOR SYSTEM BASED ON SANDWICH PANEL

INFLUENCE OF ELEVATED TEMPERATURE ON GLUED-IN STEEL
RODS FOR CLT ELEMENT

THE APPLICATION OF ADHESIVES FOR CONNECTING
STRUCTURAL GLASS STRIPS TO EXISTING TIMBER JOISTS

Coffee break

STRUCTURAL GLASS FACADES SUBJECTED TO SEISMIC
LOADING

FINITE ELEMENT ANALYSIS OF POINT FIXED LAMINATED GLASS
PANELS UNDER DISTRIBUTED LOAD: A COMPARISON
BETWEEN MECHANICAL AND BONDED FIXING SOLUTION
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ADHESIVELY BONDED GLASS—PLASTIC-COMPOSITE PANELS
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ADHESIVELY BONDED COMPOSITE JOINTS

NUMERICAL SIMULATION OF LASER SHOCK PAINT STRIPPING
ON AIRCRAFT ALUMINUM SUBSTRATES

ADHESION TESTS AND LASER STRIPPING PROCESS OF PAINT
USING SHOCK WAVES: APPLICATION TO AERONAUTICAL PARTS
INALALLOYS AND CFRP

DATA FUSION BASED DAMAGE STUDY USING
ELECTROMECHANICAL IMPEDANCE METHOD

DYNAMICAL MECHANICAL ANALYSIS AND FRACTURE
TOUGHNESS OF CARBON REINFORCED EPOXY COMPOSITES

INTERLEAVING THERMOPLASTIC NON-WOVEN VEILS TO
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NONDESTRUCTIVE ANALYSIS OF DEBONDING IN Ce rt BO n d

A HONEYCOMB COMPOSITE SANDWICH PANEL B By

Kaleeswaran Balasubramaniam' , Shirsendu Sikdar? , Pawel H. Malinowski'
'Institute of Fluid Flow Macinery PAS , Gdansk. Poland . 2Ghent University, Ghent, Belgium

INTRODUCTION

In the study, we focused on using nondestructive debonding detection strategies in honeycomb
sandwich composite structures (HCS).The sandwich panels consists of CFRP facets and Aluminium
core. Two different sized debondings were identified inside the panels using NDT applications.

RESULTS
Sample HCS studied Guided waves from LDV Guided waves from FEM
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CONCLUSION

The poster shows NDT guided wave analysis of debonding identification inside HCS. Future works
depends on localisation and damage severity analysis of the HCS using SHM applications.

Acknowledgements : National Science Centre, Poland: SONTA BIS — 2016/22/E/ST8/00068; Flanders
research foundation Belgium — FW0.3E0.2019.0102.01; TASK Cl, Gdansk for computational resources.
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A LIGHTWEIGHT FLOOR SYSTEM BASED ON

SANDWICH PANEL

Pier Giovanni Benzo
Supervisors: José Sena Cruz / Jodo M Pereira

] MOTIVATION

The aim of this research is the development of a lightweight
floor system based on sandwich panel for applications in
the rehabilitation of degraded floor in exiting building and
modular construction (see Fig.1).

FLE Existing building lloor rehabilitation and modular construction.

] ADHESIVELY BONDED CONNECTION

The adhesive must ensure (see Fig.2):

* Load transfer from the face sheets to the webs
Long-term  deformation in  fulfillment of the
serviceability limit state for floor in residential building
Chemical compatibility with the PUR foam

Curing temperature compatible with the foaming
process of PUR

Curing time compatible with the production line cycle of
sandwich panels

From preliminary lap shear tests Epoxy resin adhesive
showed higher ultimate strength compared to
Reactive/Modified Acrylic and polyurethane (PUR) based
adhesive,

-

CHEMICAL COMPATIBILITY CURING TEMPERATURE
Adhesive spilling out The foaming process
from the bond area of PUR is an

might interfere with
the foaming process

exothermic reaction
which reaches 40 °C

Production line of the sandwich panel manuiacturing process and related consiraint for the adhesive characteristics

CertBond

COST Action CAIB120

[} SANDWICH FLOOR PANELS

Three prototypes were preliminary designed to meet the
structural safety, thermal and acoustic requirements. All of
the prototypes involve the use of steel face sheets and
different web core system (see Fig.3).

‘_F_ace sheet Fangd)

heet

PUR
foam

GFRP
webs

PUR
foam

Steel

webs
Face sheet

a) Face sheet b)
~
Balsa waod
Steal wabs
Fare shaat

)

Ei SiLayout of a) steel + PUR core system, b) GFRP + PUR and c)
S stesl + balsa wood

[J CONCLUSIONS AND FUTURE WORK

Prototypes of the steel — PUR foam web core solutions will
be manufactured to test the strength of the connections.

L ACKNOWLEDGEMENTS

Research project Lightslab - (POCI-01-0247-FEDER-D33865),
co-funded by the Regional Development Fund
(FEDER)

HANDLING STRENGTH

ULTIMATE STRENGTH

Handling
shall be

strength
reached

The full curing time
shall be within 24-48

within 3-4 mins from R

adhesive application
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STRUCTURAL GLASS FACADES SUBJECTED TO C e rt B o n d

SEISMIC LOADING COST Action CA1B12

Sandra Jordao (Coordinator of GF SEISMIC Project) ;
Eliana Inca (PhD Student) ;

Afonso Mesquita (Researcher) 12 @ 90 g

UNIVIRSIDADE B

1. Motivation, objectives and methodology COIMBRA

Structural glass facades [Fig. 1] correspond to a commonly used typology but which may be quite susceptible to the seismic
action [Fig. 2]. Present code provisions do not cover all necessary aspects of this topic and as a consequence the industry of
this sector pays a significative tool. The present project aims at contributing to tackle this predicament by preparing tailored
design formulation, constructive guidelines and also retrofitting recommendations. The focus will be on point fixed
facades [Fig. 1], which are the most affected by the seismic load. In the first phase, the parametric variation will encompass
the type of bolt (countersunk, embedded and adhesive or bonded) [Fig. 3] and the lamination interlayer (PVE,
EVASAFE and Sentryglas®).

Fig. 1 - Examples of glass facades with spiders in Fig. 2 — Glazing damage during an earthquake
point fixed bolted panels
. The foreseen new analytical design formulation will be duly
validated by numerical models calibrated with experimental
resulls of a sector of a full scale facade (with 9 panels). Due
to the inherent complexity of seismic analysis of the sector of
the facade (Phase 2), the work will consider an initial phase
LT Y g : were the panel and jeints are considered individually (Phase
Countersunk Embedded Adhesive 1) [Fig. 4]. This will allow for a step by step analysis which
will yield key information on the structural behaviour of the
Fig. 3 - Isolated glass panel with 4 stainless steel bolts panel and local phenomena, and will allow for detailed step
by step numerical modelling of all the key structural features

up to the final facade.

2. Phase 1 - Experimental analysis of individual panels subjected to wind load

The present full-scale maodels of individual glass panels are being considered to fully characterize its own behaviour and study
local phenomena at the respective joints, diagonals and central point [Fig. 5].
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Fig. 5 — Main results regarding the structural behaviour of the individual panels (Phase 1)
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VITROCERAMIC COATINGS BONDED TO

METALLIC IMPLANTS FOR DENTAL AND C & rt B on

ORTHOPAEDIC APPLICATIONS pAmaidypplplicns

Cristina Busuioc, Izabela Constantinoiu,
Dana Miu, Sorin-lon Jinga

/In the framework of “bonded structures” concept, vb
propose the development of mineral thin films through
physical or chemical approaches, with the aim of
improving the biological response of metallic implantable
devices by controlling the biochemical processes occurred
at the interface between the living tissue and artificial bone
substitute. It is obvious that the targeted application is
dedicated to the tissue engineering and regenerative
medicine fields, namely repair of bone defects,
regeneration of diseased tissues or replacement of lost

%ns from the skeletal system.

GLASS MATRIX
( Looking for potential solutions as response to the Iarge\ Si0,~P,05~-CaO-CaF, =x é/
varlety of clinical Issues, we have explored the vitroceramic Si0,~P,0,-Ca0-MgO-ZnO-CaF,
area of inorganic materials, which provides, through its ‘
glassy and crystalline phases, suitable features for the Si0,-P,0,-Ca0-Mg0O-ZnO ' .
imposed standards within the domain of hard fissue Si0,~P,0,~Ca0-Sr0-Zn0O ‘

engineering. Thus, the vitreous matrix ensues a rapid and ‘
tunable interaction with the body fluids, while the different Si0,~P,0,-Ca0O-Mg0O-Na,0O ‘
families of crystalline domains enhances the mechanical Si0,~P,0,~-Ca0-MgO-5r0-Na,0 "
\characleristics and biocompatibility factors. / Si0,-P,0,~Ca0-Mg0O-Ce0,-Na,0 —
CRISTALLINE DOMAINS

/In this context, we present several oxide systems ta

were studied from the material design to the functionality
assessment, the synthesis being carried out through laser
ablation on a wet-chemistry prepared target or spin

PULSED LASER DEPOSITION coating combined with a sol-gel approach. The resulting

—> layer-on-substrate bonded structures were characterized
from compositional, structural and morphological point of

Sol Gel view by X-ray diffraction, Fourier-transform infrared
_.E‘ - = =5 spectroscopy, scanning and transmission electron

SOL-GEL Fi __ m‘xd microscopy, energy-dispersive X-ray spectroscopy and

selected area electron diffraction. Moreover, the in vitro

SPIN COATING investigations revealed the bioactivity, biocompatibility
and sometimes antibacterial characteristics of the

Qained coated meiallic implants. /

Concluding, the resulits indicated the growth of
nanostructured vitroceramic thin films of few hundreds of
nanomelers thickness, with an excellent bioactive behaviour
after 28 days of testing, as well as good biological effect on
the selected cell cultures, which confirms the suitability of
such bonded structures for medical applications.

. P ”~N Corresponding author: Cristina BUSUIOC
st A o5 l: E-mail: cristina.busuioc@upb.ro
Eropesr Unen R cPERATION jinga_cristina@yahoo.co.uk
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POST-TENSIONED GLASS BEAMS WITH C £ rt B on d

ADHESIVELY BONDED TENDONS prz :
JOST Action CA1B8120

- 1
JagOda CUPac: PhD A /I;ns!-lansiomd glags beams arc structural compons i
= = ki glass beams reinforced and pra- i with ductile tendaons to enhance
Supervisors: Prof. Dr. ir. Christian Louter? 3
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ingat
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APPLICATION OF LASER SHOCK PEENING ON
HIGH ELASTIC LIMIT STEELS FOR POWER / Ce rt BO n d
TRANSMISSION COMPONENTS o 18120

Maxime Guerbois
Supervisors: Laurent Berthe & Véronique Favier

Action

ST

Context & Goals:

Objective: Improving the gears life cycle
for naval and aeronautics industries

As the immobilisation of vehicles s an lssue, deallng with the ageing of the gears, and
heing able to realise maintenance anthe vehicle itself is one of the main concem of this

The treatment method needs to be applicable in production
and in maintenance
shock Peening (L5F) ks used 25 a mean to (mprove fati

level of residual slresses and improving the corrosion
piaces[1,2]

life by Introducing
ed

= Thetransport of the beam by aptical finer b requirad to reach reduced access areas,

Laser Shock Peening process

Feeuring fene
—— Conned pissma
£ — —_—
. i = '
- E

Saninermsst

ce by the impulsion produces a *  Frevents the cracks on the surface,

1 GPa during its release: \Ising bow emcrgy and smadl spot size, it is gossible to transport the
the intrc 1 of d and  high bieam through optical fiber Sample after LSP trea:
CAMpIres: resldual stress In the tregted plece, compared to

comentional pesning.

Residual stress profiles

LSP treatment parameters “

All the LSF treatment were realised at the Héphaistos facllity at PInMm im
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« h=532nm . -300 IEawmE
]
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Results

The highest comprassion is obtained for a 20 um depth, with 2GPa.
+ The higher the owerlap is, the higher the compressive residual stressis

+ Residual stress can be obszrved over more than 1mm below the surface,

The Average Roughness is 1.4 pm on the treated specimen, This is 0.2 pm higher than before LSP.

+ The surface ablation of 25 pm is 3 rzal iszue for now, as it is radically changing the geometry of the speciman.
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DEVELOPMENT OF STRUCTURAL CONNNECTION

JOINTS FOR ADHESIVELY BONDED
GLASS-PLASTIC-COMPOSITE PANELS

Julian Hanig

Supervisors: Christian Louter / Bernhard Weller

Motivation

tion walls and glass doors sel
requirements for wransparency, ness and durability. The
ction batwesn the panals is conventionally perforn by eye-
1ing ilngs and clamping details, Innovalive glass=pla: Smposile
anels (Figure 1) consist of adhesively bonded thin glass cover layars by
a thick polymezr Polymethylmetnacrylate (PWMMA] interlayer core The
nposites show high-pertermance load-bearing behaviour, durability and
chibit full transparency at low self-we Additionally, the novel
composite assembly aflows lor a direcl conneclion inta the mechanically
processed PMMA interlayer core

All-glass systems such as moblle glass pa
r ,n

MNavel glass con:

Ustion with glass—-plastic-composite panels wtllize the
low panel sel ghl and reguire :\rlTIc.l as well as unoblusive
connections 1o fulfil the desirea wparency.  Therelore,
integrated  stuctural  conneclion 7 ith transparent  slruc
adhesives are under development ar'l:l tested with a focus on applicalions
in all-glass systems for the bullding Industry.

Connection Design

The adhesive connection joint was

designed for & minmized size and
g transparent
adhesives. Thus, the incraased fractre toughness of tha PMMA
compared lo glsss provides improved resistance to fracture and a
raduction in glass stress concentrations.

Flgure 2 provides an overview of the component design with asscciated
dirmensians. The sfainless-steal insart consists of an axtaror block sarving
a5 a 'wrc&cnlailor of connection hardware with an insert @b that is

ly bonded to the millad PMMA |ntcrhg,ar core, The adhesive joint
re¢ with 2 gap of 0.5-1 mm for the application of strl.cl.. ral

CertBond

COST Action CATB120

Figura 1- Glass—plastic-composite pane! structure (build-up and view)

Adhesive Selection + Experimental Testing

A preliminary  study of 14 structural  adhesives,  consi
polyurethanes, acrylates, epoxides and silicones, was cor
assess compatibllity wit
desire for & less obtrusive connection, olourless  transparan
APpEArance w crucial inival parameter sgeesing the success of
the adhesive. Ciher parameters included viscasity, applicability far small
gep sizes of 0,5-1 mm, adhesion, shrinkage and imperfections afler
applics . A reduced pool of viable adhesives was tested in UV-ageing
and clir ng o assess long-lerm aesthetic stability.

sling of
led lo

& desired adhesive |oint. To compliment the
a7

Based on the aforementionad evaluation criteria 3 structural adhesives
wilh varying stiffnesses were selecled lor mect | testing:

« 2-Cepoxy (Huntsman Araldite® 2020) — E = 2468 Nimm?

» UV cwring acrylzte {DELO® Photosond & GE368 =900 N'mm?

+ 2-C polyurethane {(lechnicel® S430-1) — E = 25 Nimm*®

The connections for glass—plastic-composite panels were experimentally
tested with the final adhesive selection. Five lest specimens each test
sangs in thicknesses of t = 8 and 12 mm with 1 mm annealed thin glass
{ANG) were lested for shorl term load-bearing behaviour under pure
tensile and pure shear force in custom made es! rigs

Summary + Conclusions

Tha tasted connaction joints showad significant differences in their load-
bsdr"lb behaviour thal was manly dependent on lhe Hexibility and

strangth of the adhesive. The more stiff adhasive connections with epoxy
and acrylata showed cubstrale failure and exceled In connaction
appl

an. The lin
ds tha initial

| fzilure of the stift adhesive connections highly
c s defect and leads to desirable ductility. The
flexible polyurethane aches ve displayed the lowest canne: tion
perormance with early o va as well as adhesive failure at in
Ioad lavals. Tha thicker bulid-up showed higher resistance to initial
ug 1o lower glass stresses. In conclusion, the designed
g provide suillable levels of lorce iransie tha size ol
connections 1“d show ductility offered by "hﬂ palymeric PMMA, interlayar
core, This allows for a siitable hardware design in all-glass systems,
Further investigations examine the connection performance wsing panals
wilh stronger glass !nce% mage of chemically srengthened glass (CSGE),
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INTERLEAVING THERMOPLASTIC NON-WOVEN
VEILS TO ENHANCE THE STRUCTURAL Ce rt BO n d
BEHAVIOUR OF CO-CURED COMPOSITE JOINTS COST Action CA18120

Oguzcan inal

Supervisors: Prasad Potluri, Constantinos Soutis, Kali-Babu Katnam
The University of Manchester, UK

WHY COMPOSITE BONDED JOINTS? | [ WHY CO-CURING?
+ Lighter structure * No surface preparation required.
+ Comparatively uniform stress/load transfer '* One-step manufacturing (simultaneous bonding and
* No need to drill holes (No damage to the composite curing).
laminate) -

However, co-cured joints have low fracture resistance!
Secondary bonding
| fEEY

Cured Lamimae
Mechimcies Adlhsive
Joank

Mechancal Joint ' o Curod Laminaie |15
Urestifffened ares
£ Co-puri
GL\\//L Bervled Jainl e
AT
LILRLERY) LUTETIE T

Umeured Laminice |
Bonded Joink

Figure 1: Load transfer map of composite joints [1]. Figure 2: Commonly used bonding strategies.

HOW TO ENHANCE FRACTURE PROPERTIES?

+

Interleaving thermoplastic non-woven veils to the interlaminar regions

of CFRP laminates [2]. r

Enhanced fracture: toughr_:gss

Maode-T (Opening) Mode-1L { [n-plune sheary
v

3000 | Referanta
2500 PFS intedaaved

a
oy 111}
s & 7 7

fade-l Init Moded Prap. Flace-ll Init | Made-ll Prop.

gE&
Eg

T

W
==
= =

Fracture Energy [1/m
]
]

10 g/m? Polyphenylene
sulphide (PPS) microfibre
nan-woven veil

g =2
= =

CAN IMPROVED FRACTURE TOUGHNESS BE TRANSLATED TO SKIN-STIFFENER CO-CURED JOINTS?
*  One-layer of PPS microfibre non-woven veil at the skin-stiffener interface

P . . 800 Reference
significantly improves the failure load. —— PPS interleaved
700+ 4
= " =
e
. 7

_| Debanding initiation

P ‘ -", \‘\ Flnélflallure
U F
- - a0 -
sarteee -
[
Quasi-static three-point bending Skin-stiffener debonding / final failure 1004
testing of cross-ply skin-stiffener co- :
cured CFRP joint o 2 4 & & 1o 12 14
Cross-head displacement [mm)
Refarences:

o I . il i t 7
g b a1 /\l E D 5 t 1-Camphell Jr FC, Manufaeturing procesess for advanced compasites, 2003 Elsevier
e Frogramme of e k’

2-inal, 0. Akbolat, M. €., Soutis, €. & Katnam, K. B. (2021}, Toughening mechanisms in cost-effective carbon-eposy
Burvgean Union laminatss with thermoplastic veils: Mode-l and in-situ SEM fracture characterisation. Intermztionsl Joumazl of Lightweight
Materials and Manufacture, 4(1], 50-61,
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FINITE ELEMENT ANALYSIS OF POINT FIXED
LAMINATED GLASS PANELS UNDER DISTRIBUTED
LOAD: A COMPARISON BETWEEN MECHANICAL
AND BONDED FIXING SOLUTION

Eliana Inca (PhD Student); Sandra Jordao (Coordinator of GF SEISMIC Project) ;
Chiara Bedon (Co-Supervisor); Afonso Mesquita (Researcher)

CertBond

COST Action CA1

Motivation, Objectives & Methodologies

Pointed Fixed Laminaied Glass System are typically used on
contemporary building’s fagade as an architectural statement of
transparency, allowing to reach lighter and spacious facilities [Fig. 1).
The fixing elements are characterized by stainless steel bolts, that are
mechanically attached or bonded lo the glass surface [Fig. 1]. However,
despite the exponential growth of glass fagade construction industry,
design codes for glass elements are still under development.

The numerical analysis here presented, was developed with the aim
of characterize the structural behavior of Bolted Pointed Fixed
Laminated Glass Panels (PFLGP), subjected to orthogonal distributed
load, e.g., Wind Load. The study focused on the methodologies to
numerically modelled the articulated bolts and its interaction with the
Laminaled Glass Parels (LGP}, benchmarked with an ongoing
experimental campaign [Fig. 3. The first stage was the
characterization of the lamination material, considering three different
interlayers: PVB, EVA and SentryGlas® [Fig. 2] [Fig. 4. Next, the
characterization of PFLGPs and the corespondent finite element
numerical models [Fig. 5], were developed, aiming to compare the
performance of three different fixing methods: i} Mechanical
{Countersunk bolts), i) Laminated (Embedded) and iii} Bonded bolts.

= s Flig. 3 = Layowt of Experimental Carmpalgn tor
Eipmrimeakil Interiayer N rraEs, difteran boit fisings-and intarizvars

campaign on Simple -
Numerica

and Bolted Fixed K LLLy ks el Bonded 1 Analysis
Panels [PFLGP) under Validation
Wind Load

Supported (SSLGP)

I
L | B

ek ¥ 5 A D2 Wi 14 BE BN LTO1R 18
Qut of plane displacement

Sontour- FYE Interlayer C?_:;ﬁgs;r: &m’;:;s"

Along Line 1-1

R VR

Qul of plane displacement
Contour- SentryGlas® Interlaysr

Flg. 6= Numat{cal Analys s an Rasults for PriGP
Outcomes

LT T—

The methodologies to develop Numerical models for Countersunk, Embedded and Bonded slainless-steel articulated
point fixings for Laminated Glass Panels (PFLGP) [Fig. 2], used for facade systems, were presented. The numerical
models allow to compare the performance for bonded and classical mechanical fixing solutions, while characterizing the
most important parameters for the PFGFS [Fig. &1, in terms of Interaction properties and interlayer material. The results
from the numerical models were bernichmark with experimental test results from GF-Seismic research project.

0 FFTx, i Pt U’{ RUEDITO
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ADHESIVE SELECTION FOR THE REALIZATION OF B d
A BONDED EDGE SEAL FOR FLUID FILLED IGU's e rt on

Alina Joachim
Supervisors: Christian Louter / Bernhard Weller

Motivation

Modem architecture swives for a maximum degree of transparancy.
Especially in office buildings. the numbear of all-glass fagadss is conslantly
increaging, Mulli-pane inzulaling glass units (IGUs) are used. The
principle of & 1GU is based on the geod thermal insulation of the gas-filled
cavity Howewer, in the case of longlasting and large (emperaiure
differences, heat exchange takes place even in high-efficient IGUs. The
idea of filing the cavity with a fluid is based on the high thermal
uctivity of a cirsulating fluid. Compared o air, water reacts sbout ten
tmes more sensitively o temperatwre. changes and can therefure be
auickly adapled to bulding conditions reguiren The lempsralure
in the Interior ean be kept constant by heating or cooling the fluid In the
cauity

Stuctural-seslant glazings are used in modem facade d quns to replace
extemal clamps and create & homagensous giab& surfage. The cur
research project fuidtGL |s working on the development of & st
bonded edge seal that can withstand the high hydrostatic leads snd &
also resislant 1o 1he ageing cavsed by penmanent comtast with lluids. The
aim is to create s fagade slement in full fuor-to-ceiling size with the height
of 3000 mm

Structurally Bonded Edge Seal Design

The design of the novel edge seal 15 based on Ihe ponciple of a
convantionzl edga seal of gas-illad IGUs. Two functicnal zones are used.
Tre first functional zone is located between the spacer and the glass and
is raspensible for the sealing, The secend zone on the outside of the
spacer takes alfl struclural lnads from the hydrostatic pressure in the
cavity, the wind and the ve loads.

This leads 1 ["f' fo Hn\'ﬂng structurally bonded edge seal design for the

s-stecl profile a5 a spacer

+ v=r=15 mm installation space for technical equipme:

Water-ethylene giyeol mix (70:30) as a fiuid r_orﬂ.',-lene glycol
preveris the growth of algae and serves as an antifregze)

Optimal ‘hl“nnpv.s of the first functional 20Ne 0., = 4 MM {delermined
Dy rme
Tetal saviyy

COST Action CA1B120

Fluighllad pane cavity
Stainlass slesl profile

First functional zone

Zpace for technical equipment

Second functional zone
Widih of tha cavity
Wichth of tha firat functional zone

Average halght of the second
o functional zone

P ¢ Hasight of the prafile

-
“
Eow omoth B W Ry o

Haure 11 Design of the structrumally bonded sdos seal lor fuid-filed 1GU

Tesl Program for Material Seleclion

For the preselection of the adhesives for both furctonal zones, the
fallowing requiremants have to be fulliled by the adhesives:

Mhesm: for First Functional Zone
High adhesion to glass and to stainless stesl
Desired adna joint dimensions can be realized
nce to water 2nd ethylena glycol

Yigcosity =10 000 rnl’a 3

Adhesive for Second Functional Zone
+ Two-componant curing
Dasired adhesive joint dimensions can ba realizad
Valid European Techrical Approval (ETA| according to ETAG 0021
Design stress resistance o, > 0.20 MPa

Basad on the preselection requirements 14 commercizl avalable
adhasives wera tastad in semall-scale tasts for their suitability for tha first
functional zone and 5 esives for the zecond functional zone.
According to uniaxizal tensile tasts perlormed at the TU Dresden, all lested
adhesives show elastic bahavier and a tensile strength of 110 Bimm2
with an average elongation af break of T0-300 %.

Expetimenizl tests of the test program presemted below are currenty
ninaing. With progressing tesl program, adhesives are eliminaled based
an the results obtained.

Liniaxial tensile test Uinfaial tensils 1221

1le bonding lest Tensile bonding test

Compatability of adhesives

Leak test Greap lest

Pemmamenl ioad test
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A PARAMETRIC STUDY OF FRICTION RIVETING ON THE

DISIMILAR JOINT FORMATION AND STRENGTH

Damjan Klobéar', Haidi Skrabar', Franci Pusavec!, Drago Bragun,

Aljaz S&etinec!, Ivan Juri&?, lvica Garagi&?, Zoran KoZuh?
1 Fazully of Machanical Enginsaring. Linversity of Liablans, Soveviz. % Lo e -5
EFazully of Mechames! Engineening snd havs) Arshiscturs, Univsmity of Zagreh, Croans

ABSTRACT
Similar or dissimilar mat=risk in serospace spplications cn be joined vsing frickion. In this way a certain CAM components of titenium alloys, stainless steel and magnesiom alloys can be replacad by aluminium allys o
composttas, Such replacement can reduce the weight of serospace component and substantially reduce the fuel consumption and €3, emissions. The prasert work shows the effect of friction riveting parameters on the
anchoring effect and jaint strength. The materials used are aluminiuem alloy 2024 and polyethermide. After the riveting the joints were examined by X-ray, which showed an insght sito the joint geometry and ancharng shape
af the river. Part of the |afnts were tested with pull-out test and from the rest macro-sections were prepared. Samples produced with higher mechenical energy achieved greater anchoring depths of rivets inta the polymetric
hase plates and comsequently higher pull-out forces. It was estahlshed that the most important parameters are frction force and fime of the first phase of frcton rivefing process, Higher energy imgut in the first phase s

reflacted in higher rivet deformation e, higher anchoring effect.

| Keywords: friction riveting, reduction of CRM's, sluminium alley 2024, polyethermide, pull-out test, MOT

CertBon
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| MATERIALS AND METHODS

The subject of Lhe shudy were rvets made of alummum rods (Fig, 1) grade Z024.T351 i tha
polythermicie (PED) base mabonal (24x24x14 mm), Fivals were mada wilh 2 GNG Doosan NX 6500 11
Alurninum rs (FI, 1) ware camped (n Me maching &t the thinner secilon.
Adrlitioraity, Fig 1 shows Iriction riveting process

Rt formalicn was sacion in wo phasas whare sach of the phases had__ N
different combination of the feed speed W, and penstration cepth T

1. Aluminum rod made contact with the bass meteral and hasting due
triction inftiated ollowad by the inserion of v rod in the baze materiz

a
rotation ard consclidation.

Increaze of fead speed and insertion degpth followed by slopped

Figurm T: Al rrowd i maraicn vl - pnccens,

Process parameters

Spindle spsed was a constant at 20000 min”. Z in the firs! phass was S mm, 8 mm and 10 mm
while VI was eitter 100 mvimie or 200 mgmie, In the seeond phase Z was 10 mm, 15 mm, 19 mm
or 20 mm. While Y was $00 mmimin, 120G movmin, 1800 mmimin or 2000 mémin, Farametars for
each rvel e showm inihe fable 1.

B

Z{mm| WF i fmin| 2mm]| W mmyfmin|
5 100 o 120
5 I 1% 2000
10 i 20 120
10 Rl 0 1600
i0 pli ) i} 00
a 2 20 o
a a0 " £l

Destructive and mon-destructive testing

To determing the quality of frictien rivets, they was examined by means of X-ray tomography
ard pull-out test. X-ray lomography showsd an insight into tha joint geomatry and anchoring
shapa of tha nwei. Pari al the joints were fasted with a pull-out test. From the remainder
macre-sections were prepared,

Modalling of the process
Hezat ingnt (E.,| was mocelled by calculation of mechanical energy, as shawn in the Equation 1

Fy=Fo + From [T sca wadet [T2 et 1] B d

Whara By, And Er, represant enargy input through tomue (T and angular velooty (w] in the fist and
second phasa of river formation .

The volumatric retia [0-1] {E,. 2} establishes & simpified guotient betwesn the volume of the
plasticaly detormad nwet and the volume of pofymer offering mechenical resstance to & rivet pull-out
&clion, The volumetric ratio (VR) & detemined by Equalion 2. Equaton companents are explainad
with the assist of the Fig. 2. Hie the panetralion depth, B the deformed fip heighi, W the maximum
dafomed width of the rivel tip and O the ariginal ivat diamsaler

-
(TR

/] a2

I B SO i AN I i i p e muet
RESULTS
K-ray tomography
Dimeanstons of all rivets are shaoven In the Fig 3, along with the comesponding volumetric rstio, Example
of rivet dimensions measursmest is shown in Fig .

18 0az [uf:}
»
16 oes 0%, 08
14 A * — 07
12 - osg
E 4 g “C
g0 05
k- 038 s 2 app
Te 2 04
o2 =H
Es 033w
4 g 022 oum
2 | -
o | | | | T
1 ER | 5 & 7

Sample

30 D ) e e vl T Figarw 3: Flelln riwd dimndors nuosumiarl

X-ray Tomography

Figure & shows X-ray tomography images of all

iivats. In addition to dimensions measurements. Bell-sraged rivel with

wach image was examined for possible defects in decieasing dameter

fha joint: Thras differant joint s hages ware towards the bottom

esognized: anchor (5, 6, 7), bell with decreasng 4 * Hofracticns

larneter (3), ball with highest diameler 2t the end * High clepth of

o revet, panatration
 Anehorshapen rived

= EBell-shapsd dvat Mo SN - Fracions in the rvet
fractures = Highdepth of penemtbx|

.

and diamstar of the rivat
Dafacts i the interaction |

Low penatration depth &

wotume of the polymer
=+ Bollshaped nvat Ancrar-shapad et
= Mo fractions = Fraciions in the rivet
= Lachk of polymer above Highdepth of
tha ball to hold the roet ® penetalion and

in place diarmiter of tha rivat

Ball-shaped nvel with
decreasing diameslar
Lweeredss Lhin Btz

= Anchor-shaped nvel
- Grzat fractions in the
rivat

e —

+ Mo tmaddions T = Aluminum erumplad in
+ High ciepth of the inferacdion volumea
penatration + Aadilional deleots i e

nleraction valume
Figaro B: W iy Lomogragng ol inanulaciueng Iiklon ik

Pull-out tasl rasulls

Pull-ut test results are showe in the Fig 7, which doss not inolude samples 3, 4, and 6, since
these samples lailed in the base material of the rivel. Thres diferent failure modes ohsarved
{Figure &j:

D= . copies 1 a0 2 (o senth of penetration)
= Failure accwrs in the polymer base matznal. This failure mode can be
ohserved at friction rivets with low depth of penetration

SamplesSandT

* Failure happers in the deformed section of 1he aluminum
rivet. Fraction of tha pomar from tha interaction volume
breaks al non delomad section of he rivet. Highest
pull-gut farce was observed here.

b
+ Bamplesd 4, 6 7900 -
= Fallure Inthe base o0
material af the rivet. L]
E-ﬂl}OD
E 000
T —
1000
= oy L B.oE .68
= VR[]
€ P Mg el i s slu g bl ek Figar s T3 Pl fsse ot s fr v conmbei: ki
CONCLUSIONS
1. Recognizedjoinl shagas:
—  Bsll shaps with decreasing digmeter,
—  Bell ghaps with highest diamsizr al tha end of the rivel
—  Anchor shape
2. Pullowt foros incrapsas with incressing VR With incraasing VR ovar 0,69 tha pullout forca shows.
deeraasing trand

3. Three diflarant failurs medas al pulloul @sl:

Failirg in the polmer base material.

Failure in the detormad saction of #8 auminum rivel

Failure in the urdeformed secfon of the aluminum rivet

Two adoifional possibhe delacts ware recoprized;

Crumpirg of the aluminum rivst inside the polymer base material.
Defects in the imeraction voluma,
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On the improvement of adhesion between
glass and polymeric materials Ce rt BO n d
Gregorio Mariggio, Sara Dalle Vacche Rl A pAICUR

Supervisors: Mauro Corrado, Roberta Bongiovanni, Christian Louter
Objective

The goal af this research is to improve the adhesion between UV-curable palymers and glass and demonstrate, using bwo examples, how a strong and reliable adhesion can lead
to the development of sironger, mere durable, and lighter load-bearing glass structures, The adhesion-promoting properties of silane coupling agents with polymers are used to
create strong bonds betwean 30 printed materials and glass to develop lighter and maore reliable composite materials, as well as to provide dursble connections between glass
and a coating developed by the authors o prevent stress corrosion.

Silanization Glass stress corrosion mechanism
Glass surface modification by immersion in water salution of the silame  [0.2 % walj: || Decrease of the bending strempth during o
Creation of strong and durable 5i-0-5i bridging bonds between glass and polymers, aging under load, favored by the presence of & é si
T +ACHOH water: : i &
OH — 51 —OH R . related to the sub-critical growth of 4 o si “+ & Si H
’.', ! micremetric surface defects and cracks T i D T e T
il i e e L3I0 W Ve B Ao * rupture of silicon-oeygen bonds Si 4 o
s o Q +11;0 . activation energy provided by external
| | stress =3
Sl Glass substrate i
Development of a functional coating for inhibiting st corrosion
Requirements: Main challenge and approach:
Hydrophobicity, — Hydrophobicity and adhesion are competing properties: need for 2 compesitienal profile from the air side to the substrate. External surface
Low permezbility to water [exposed to the envircnment) enriched with fluorinated moieties, acrylated silane to improve adhesion 2t the surface in contact with glass.
Good adhesion to glass
L Preperaiion of conted glavs samples 1. Evatuadion of the adbeston herween coating and
n
:F"'T_'"| Wire-waurd bar UV irradliotian E -1
LU 4 ‘ =L =
0 - & == Teflon mask 1Y 8 o
n = | "
Silanazad Glass || I | . S
2 3 1 R S = |
Loamf it | =
!’{.- m e s Moo R ok |
N e B e Flueeatd peun
% b 20 ] Fhalciniilsbor ; o
s Lap-shear foinis and set-up' of the lap-sheartest, © F {:";'ﬁ'" 1 |
1 Swentek and Wood. Composites: Part 15 38 [2014) Sduekmcsg; - et
235 241 TIWE oy o0 oz o4 13 og
befare curing Displacement {mm)
of the coating and the adhe. fherad
1. 2 3.
1. Mechanical ageing. accomplished F ] F F =
Zogg{ ¥ gg] = Uncoated 2 ogo{ = Uncoated -
by ISUbjEm"‘g coted samples to: 901 = a° 901 = Ceated = a 807 & At weath. costed
eyelic Inads; g 3] a ai LR| 4 Nex wasth comted o &)
2. Natural weathering, performed by 5 301I 530 % 530
exposing  coated samples to & 10 =R ‘3‘& i £ g
atmospheric agents; T 5| G 5 & P T 5
3. Artificial weathering, carried outby 2 | z ﬁg‘” Z
exposing  coated  epecimens to B 09 508 @fﬁ;’;@ T8
flugrescent LY lamps, heat and -E g R ‘g e
water, LS 5 = i £ ; = . . j
10 20 A a0 F0 100 150 10 2030 30 70 100 130 in 200200 a0 70100150
Failure Stress, oy (MPa) Fallure Stress, oy (MPa) Fallure Stress, gy (MPak
Enhancement of t_h\_e adhesive strength of 3D-prin_ted matfelials to glass t; Lap-shear test reswits Silanized Glass |
Sandwich panels cansisting of twa auter thin glazses and an inner additively manufacturad X
palymeric core can replace conventional facade glazing” because of their superior strength- |
to-weight ratio, which reduces manufacturing costs and emissions. However, the structural || formlans W
integrity @nd full exploitation of the bending strength of composites depend on the I Uv-curable Stock break

reliability, strength and durability of the bond between polymer and glass. The employment Clezr Resin Adhesive Resin:
of silane coupling agents allows to create covalent bonds between B Ay 39,17 Adhesive Clear (@ 4mm},
Elass and Uv-curable palymars, resulting in: e d 29,50 Adhesive A
* Wery high adhesive strength © = 40 MFPa ::{:Sr:ze :j:gg g::zt :2::
* Transp and ter-thick adhesive layer ] 47,54 Stock break

Rubber 53,17 Stack break

= Printing of the pelymeric core directly on the silanized glass

*  Fully automatable production of the glass-pelymer composice 5 Al

53,13 Stock hreak
38,65 Adhesive

Adhesive Strength t = 43,12 + £.61 MPa :;;"')'" Rigid |

2 Rothe, Bodeako, Nicklisch, Louter. Civil Engineering Design 20212 3:35-42  formlabs 3 t

Research products
» 5 Dalle Vacche, 5. Mariggic, A Vitale, R, Bongiovanni, W, Comrado: Compositionally Graded Hydrophobic Uv-Cured Coatings for the Prevention of Glass Stress Cormsion. Coatings 2.7, 20019,
G. Mariggio, 5. Dalle Vacche, R, Bongiovanni, ©. Louter, M Gorrade: Enhancing the design bending strength of new and aged glass with a functional coating. Glass Structures & Engineering.

51135, 2020,
= G Manggio, 5. Dalle Yacche, B, Bongicuanni, C Lowter, M. Corrado: & durable coating for an improved glass bending strength under lnng-term loads. Glass Structures & Engineerng, 2021,

[in press)
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Effects of temperature and peel-rate on fracture
energy in the peeling process of a commercial Cert Bond
safety film by considering a variable peel-angle 6 ot

Action CA1B120

Silvana Mattei, Luca Cozzarini
Supervisors: Chiara Bedon

The use of protective films on glass elements is common also in the civil engineering fisld but the literature is lacking in
definition of the advantages in using protective films on glass impact. The aim of this research is to provide a complete characterization of the
adhesive layer at the interface by using in combination experimental tests, theoretical assessment and numerical paramelric studies in
Abagus/Simulia. The adhesion strength can be used as a critical parameter in the definition of delamination. In particular, it has been studied
how the influence of temperature and aging time can influence the characteristics of these materials.

m In addition te the energy saving features, many

b) . experimental studies have shown how the use of films can increase the

= | performarnce of glass, both in terms of resistance and in terms of safety
especially in case of impulsive and unpredictable nature events (e.g., Smith
and Brokaw [1]). The numerical ABAQUS model (as shown in Fig.1) has
been used to assess the adhesion energy and to develop a consistent
cohesive zone law (Fig.2} for the specific protective film {as reporled in
Fig.3) in a peeling configuration in order to investigated fracture behaviour
Fig.1 Fraciure Eneray FE Model: 3d view {a) and 2d view (b} by properly reproducing experimental setup.

ok i

LEICHEIEENERREGEEEN  The experimental program can be divided in two main parts based on the nature
of the involved experiments. The first part concerned the characterization of materials making up the film, with

DSC and IR Spectroscopy analyses (Fig.4), and its mechanical behaviour while the second dealt with the
numerical characterization of adhesive layer. Mareover, a theoretical approach, based on Kinloch discussion
[2], was introduced to consider the peel angle variation from an initial 80-degree configuration {i.e., Fig.5).

tranclin 1

" _mepamiion &

Fig.2 Traction-separation law,

Peel i poaion

a)

8

Fig.3 Stratification dstail of safety TS

fiim on giass substrate. Fig.4 (a) DSG and (o, ¢, ©) IR Spectroscopy analyses. Fig.5 Schematic geometry of peei-test,

Generally, the temperature, such as peel-rate, is known to significantly influence the mechanical behaviour of
polymers. Firstly, it is important to note that although the temperature range explored in this work is below the glass transition temperature {T_)
of the material, the influence of temperature on PET tensile properties has not be neglected in order to properly medel the material in FE
software. Finally, 54 parametric numerical analyses - eleven samples in function of temperaturs, ageing time and peeling rate - show a good
agreement between the shape of each pair of ouiputs (numerical and thearetical according 1o a modified Kinloch approach), as shown in Fig.6,
but the effect of the variable peel-angle and the influence of little impurities or inclusion lead to an underestimation for FE simu Iation550 o C
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Fig.7 For simplicity, for one specimen of each aged sample, a companson belween experimental cunes and
numencal simulalions is repored: peel force F versus vertical dispiacement D for various prescribed aging

conditions, according to 85 EN IS0 9142:2003.
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Fig.6 _Fractura enargy Cgmﬁj;d F by .!hg: [11 JL 3mith, J.T. Brokaw:2000. "Explosive tests for the evalsation of the glass fragment mitigation
THGOIE!J@I approach and by ABA s:mularronsl characteristics of MSC Speciatty Fimes Inc. sacurity window film.” Applisd Ressarch Associates, Vicksburg, Miss,
as functions of (a) pesl-rate and (b} temperatire. 2] A Kinloeh | G.C. Lau. J.G. Willams:1984. The pealing of flexible laminates. Int. J. Fract. 86: 45-70.
|
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PROPAGATION SIMULATION OF MULTIPLE
CRACKS IN ADHESIVELY BONDED COMPOSITE / Ce rt BO n d
JOINTS COST Action CA1B120
Lukas Munch

Supervisor: Prof. Dr.-Ing. Peter Middendorf

e Background of the Institute -

Praviously developed simulation method for crack
propagation in a single plane

* Extension of Cohesive Zone Model
Additicnal fafigue damage variable

« Adaption of Paris' Law
Mixed mode ratio dependent Paris Law

= Crack Tip Degradation Approach
Apply fatigue degradation to crack tip elements een

+ Integration into Abagus Explicit B sl Sl grasin » comminicaticn at ke | Wt S =1

Load envelop and cormrelation of ime with cycles » veEtsr angminl b srack fron - smarch far neghbar-iPy with ‘WE Mmfkhfr:”
b [ 4P with 504, =1
{Failedl)

* Local neighbor depended crack frant calculations

S
//

» Extension of method to 30
Wil allowr for more madalling frasdom and harefare
potential use cazes of he simulation method

» Implementation of multiple crack fronts in the
propagation simulation

I order 10 mocel camples crack inifiation scenarios such
as impact damage

A,

Vi Results — | e W

r) = Adaptation from Abaqus 6.14 to Abagus 2019
Here: the previously validated could be matched closely

» Mathematical adaptation of the preprecessor and
material model to allow for distorted elements
Tha simulation mathod can handla distoned elamants for
law angle daviations

— For larger distortions some development still needs to be
condusted

* The preprocessor can handle multiple instances
with the user defined material model. :
| — Multiple crack fronts can prepagata simultanaausly within 1

\ the simLlation e —— ' ) /

— T

» Matarial characterization for delamination failure

= Validaticn of madel for interlaminar failure

* Simulation of crack propagation with complax crack iniiation
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In search of the holy grail of adhesives for cast glass
structures: Two contradictory case studies, the
Crystal Houses facade in Amsterdam and a small
glass pavilion in Greenland

Dr. Faidra Oikonomopoulou

Research team (TUD): Telesilla Bristogianni, dr. Fred Veer

CertBond

COET Action CA1B8120

Architects: MVRDV (Crystal Houses, NL), Konstantin Arkitekter (Glass pavilion, GL)

Crystal Houses — The challenge: A fully transparent, self-supporting facade of extreme dimensional accuracy

Quick facts:

Cast glass structure dimensions: 1012 m
Typical glass block unit: 105/210x210x65 mm
Location: Amsterdam, NL

(sccess by road, electricity provided|
Climate: Moderate mantime

Budget for construction: high

Buildirg crew: highly-skilled team

Stotus of construction: Completed {2016)

Adhesive requirements:

Structural performance

#ood short & long term compressive behaviour
establish high band svength with glass

provide a rigid structure

goad resistance to westhering

good agng behaviour

Visual performance
* completely transparent/colourless
* should not discalour when exposed to sunlight

Ease-of-assembly
~ fast fixing & curing time
* have issi F noxicus ar

* chemicals during processing and curing

Selected Adhesive:

Delo Photobond 4466

[molourless, one-component, UV-turing acrylate)

*  Setting time {100% strengthh: 50-1205 under
UV light

+  Agplication thickness: .25 mm

Quick facts:

Cast glass structure dimensions: 3m x 2.5 m
Typical glass block unit: 246 x 116 x53 mm
Location: Arctic Circle, Greenland

|no aceess by road, no electricity)

Climate: Tundra/Polar

Budget for construction: kow

Building crew: smateur/volunteering team
Status of construction: under construction {2021)

Adhesive requirements

Structural performance:

= tensile strongth 1-10 MPa

* senvice T as kow as -30°C

* clongation at break: 15—50%

Visual performance:
* transparent or light in colour
* can be easily spread

Ease-of-assembly:
+ faxt fixing & curing time
* thickness should accommodate dim. tolerances

Selected adhesives:

3N Scotch-Weld™ Polprethane Adhesive DP610
|caiqurless| for the 9 lower |ayers

* setting ime: 10min, = 2h for 1008 strength

* application thickness: 1-2 mim

DOWSIL'™ EA-3838 (white) for the upper layers

* application thickness: 2-3 mm

* setting time = 20min, = 24-48h far 1005 strength

Main challenges during construction:
Virtually 2ero adhesive thickness (0.25 mm) required resulting in.

* extreme precison in { inability to
dimensional tolerancas.
= need of post of th bricks i the cost]

need of highty-skilled bullding crew
need for homogenesus soread of adhesive ( rela wely slow construction

Htkmian)

7
3
i
H
i
H

0l T redition betvean 3
still schestis siacngth and thickress

Main challenges during construction:

Mo access to electrizity and highly-skilled crew, and cold climate resulting in:
* need of an easy and fast construction that can ke made locally

+ need of an adhesive that can size deéviations and eliminat
any need for post-pracassing of the bricks

need of kattery gun for sealing and for the application of DOWSIL
particular caution on sealing In order to resist water naress / frost
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NUMERICAL SIMULATION OF LASER SHOCK
PAINT STRIPPING ON AIRCRAFT ALUMINUM
SUBSTRATES

Kosmas Papadopoulos
Supervisor: Assoc. Prof. Konstantinos Tserpes

Paint stripping on aircrafts

The paint slripping pracess uses a hazardous
g chemical with an important environmental impact
Tollowed by a plastie media blastng, which
damages the substates malerial surface. It is,

e MSEA

thersfore,  imporant to develog  more
" enviconmentally friendly methods  far  laser
e 3 W stripping which do not demage the substrate.

Laser shock-based paint stripping*

Plassis geacmtion

ez rares imem)

Shock wave propagation

sy A Ly
Experimantal Setup

Finite element model

An explicit 30 FE model has been developed in the LE-Dyna scitware to
simulate the laser shock paint stripping on aircraft aluminum substrates.

30 Model 30 Model (zoom}
Material LS - DYNA Material Model
Aluminum WAT 5_JOHNSON_COOR
Epury MAT 10 ELASTIC FLASTIC HYDRO
Interace MAT 138 COHESIVE MIXED MODE
Tabla 1. Matesial modeling.
Material Range R
Aluminum thickness 0.7 =12 mm 0.97 mm
Epozy thickness 25=150 pm 25 um
Lager spol dlameler 2.5 — 5.0 mim 4 mm
Gig and Gy Divigion factor: 1.25, 1,50, 1018.52 J/m” and 783.41
T5.20 2
P for 1.75 GW/em® 2300 MPa — 2650MPa 2639 MPa
Table 2. Farameter's range of the study ang [

Model validation against tests’

e g

]
% Aluminum Aluminum « Epoxy
g = B — b —=e
= 59 .
2 %m Harseria Fiu

W E

= gmn

¥ £
gi i
% 9 +—aad a
w

stripping pattern

A

=]

“5 Unakd e1al (2021) Towards selecive |aser painl siipoing Lsing shock waves prosuced by
lazerglazma i ian for i izations on A4 2024 basad substrates. Optics &
Lasar Tachnobogy 141, 107096, nitpe/iogi oo 10 1418 oplizstes MI21 107005

CertBond

IST Action CA18120

Results
Distribution of normal stress during wave propagation

e = N, ba

Corona effect

Effect of subsirate thickness on the stripping pattern

1= 0.7 mem = lE nom Fy=089 mm
1= Vi men L= 10 e fam 12 mim

00O

Findings of the parametric study:

-

With increasing the aluminum thickness, a transition from the annulzr 1o
the saolid stripoing pattern takes place. Fer values of aluminum thicknass
smaller than 1 mm, an incomplete stripping is predicled.

With increasing the epoxy thickness, a transition from a solid circular to an
annular stripping pattern takes place. For the values of 0.075 mm and 0.1
mm, an incomplete stripping is predicted.

The laser spot's diamater significantly affects the stripping progagstion and
tha final stripping pattern. For values larger than 4.0 mm, an incomplsta
strip-ping is predicted.

G affects tha fist stages of stripping evolution, whils G, does not aftect
stripping evolution.

With increasing the maximum applied pressure. a transition from the
annular to the solid stripping pattam takes place. For values smaller than
2500 MPa, an incomplate stipping fannutar} is predicted.
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Influence of elevated temperature on glued-in
steel rods for CLT elements

CertBond

COaT Action C

BTl
VDA e

Nikola Perkovic
Supervisor : Viatka Rajcic

Abstract 3

Structural bondsng technology has proven o ke an economically and aliraclive conneckon
Drocess in Lmber enginecring. Connections and relnioeements with glued-in rods have been
used for many vears. Glued-in reds |GiIR) are an efiecive way 1o conngscl imber elemenls from
both load-besring capacity'stiffness and aesthedic points of wlew. The load-bearing capacity of
GiR is signficantly influsnced by the tempesature of the adbesive. Although GiF are widely
used I tmber structures, there are still no unified European test standards, product slandards,
or design equations for guch connections. Thie work presents an experimentzl program for
oisaining pull-out strengtn for GiR inseried to Cross Laminated Timber (CLTh when subjected 1o
both ambient and elevated tempersturas. WWithin the experimantsl investigation, the fotal
number of 36 specimens were tesked al ambient temperature and 10 specimens al elevated
ternfaratum. Results obtained from both tests are shown, discussed, and compared in this
work,

Glugd-in rods [GiR} are an efiectiva way of producing stiff, high-capacity connections in timbesr
sruclures. GiF are ussd for coturmn foundatons, momart-resisting connatlions in beams and
frame comers, a5 shear connectors, and for sirengihening slructural elements  when
extermively Ioaded perpendicular b he gran and m shear. The main advantages of gheed-in
rads ara high load transition, good application in combination with prefabrication for fast
installation. In addition, the aestheic appearance of the finished int also plays an important
ride GiR are often used az a conmection method in struclures that are landmarks and
testimonials to the achievements of struclural enginesring like exhinition halls long-span
buildings, and fimber bridges. Examples of such slructres with GiR conmections are shown
bedow - Figure 1.

le===

Sitato of th

- Lm0} PSS! in Se e SRa, ) NRomat A,

s 23 1 conveckinn etk i fng - San pToen 5 3
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e
Great experiarce has been galhered In the repair ard stranglhaning ol beams made of salid
limber, both softwood and hardwoed. and in connecting concrete slabs to floor baams.
Examplas arg motchad baams or beams with holes. curd of tapered beams, and cantact
zonessupports with high compressicn strass perpendicular to the grain as shown in Figure 2.

P 2 At R g s e ! e 17
Test method

Tha tasts In pul - comprassion (akso known as the push-pull msthod) are widely acceptad
becauss of their simplicity, Iow cost, and comparabifity with mher cowsl-type fastensrs. The:
tasts ars often parformed as a push-pull test as it is charactarized in EN 1362:19949. Fallure
muodss like the tensile falus are excludsd by this tesi setup and alse the spliting of the
epaciman s dotalned by friction batwsan tha limber and the stool plate. Shear fallura alang
the rod in the adheske laysr or the Hmber surrounding the red c2n ocour mostly combined as.
wall a2 yielding of the rod Figura 3 lustrstes the 1231 eatup. Tha loed is irmnafared from the
rod in aial tension 1o the adhasive and the timber by mechanical infedock.

r«—SEINNTNTL Y

Figuurm 3: Forlm o mrmccnicon fmbaaim) arvd okl = s mmtiys

Materials and laboratory lests

The timber mamiers, where the rods were glusdin. wers made either of cross-laminated
Umber with lamellas of a grade CL24h, Al tmber soecimens were equal in lhelr dimensions
weith the: length of 400 mm, the height ot 160 mm, and the width o 80 mm.

T 1 LT e

e gdcAmikn TRttt

The purpose of e research was o estimale the lead-carrying capacity of GiR and lo
eslimatz the type of failure. Therefore, the rods had 1o be designed to remain in the elastic
rangz al failura. Accordingly, steel bars with metric thrsads M10 with strength grade 8.8
(characterstic tengile strength fub of 800 Nmm2 and charactenatic yield strength fyb of G40
M/mmE) were wsed. In ihe laboratory tests, bwo-component epoxy-based adhesive (EPOCON
£8) by Croatizn producer KGK wazs used The madulus of slasticity of he achesive in tension
at 20 °C is #9,5 MPa.

e s e g gl b s

Fique & 1 Fanmued chambar and et 3ep
Results — ambient temperalure ]
The passials Lailuts modas at amblen! lemparaturs thal can sceur are summarized in Figurs 5

) Callnd

Figum B © Prenler Aafons merer et 0f e o Des el O coimeia S i e s e e
B T g O ]

Resulis d fram the exp vtal | of tha CLT spacimens
ara shown in Figume 8. 1t is visiole from the figuras that pull-out farces vary
from 25,64 ki 10 3357 kN for the pull-comprassion fest satup.

¢ Rat A

Results evated temperatul
al

The sxperimental study exhibit a failure of the connection in the
wood In tha wiclhity of the wood-adhesive Interface. The
experimerdal rosults revealed a sgnficant decrsase in the
stiffneas of the connection for temperatures sbove 60 C° (Figure
7). Thie diameatar of the bar does not affect the rasistanca of such
joinls. the dizmeter of the bar doea nol sfiect the resistance of
such joints.
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Epoxy-PVB composite binder C = rt B on d

reinforced with nanostructures of WS, it Liow
Danica Bajic, Milica Marjanovic, Bojana Fidanovski
Military Technical Institute, Belgrade, SERBIA

OBIJECTIVE

The aim of this research was to examine the possibility of reinforcing a polymeric binding system epoxy/PVB with small
concentrations of WS, nanostructures (inorganic fullerene-like nanoparticles, IF, and nanotubes, INT} for the possible
implementation as a binder in compaosite structures for aircrafts construction and other demanding applications, and as a
bonding interface for various types of materials.

Poly(vinyl butyral}, PVB, is a thermoplastic elastomer often used as a good impregnating matrix, with good adhesion
properties. It is usually added to brittle resins, such as phenolic or epoxy, in order to enhance their toughness and ductility.
So far, IF-WS; and INT-WS5, have shown outstanding mechanical resistance themselves, but also as reinforcing fillers in
polymer matrices. : : i

MATERIALS AND METHODS

# PVB powder Mowital B30H (Kuraray GmbH),

# Epoxy resin (Hexion aero),

# IF-WS, and INT-WS, (NanoLub, ApNano Israel),
» ethanol 96%.

PVB was dissolved in ethanol in which IF-WS, or INT-WS, were
ultrasonically dispersed; then this solution was mixed with epoxy resin
component A, and after homogenization component B was added and
mixed. The mixture was cast into flat moulds and dried until ethanol
evaporated. Thick film samples were obtained and specimens for
mechanical tests and other analyses were cut out. Also, sample
PVB/epoxy without W5, was made.

Nanastructures were abserved using SEM microscopy to analyze their
morphology and size before the incorporation in the composite binder and
after compaosite preparation and curing, in order to determine the
uniformity of their dispersion in it. 3 R | l] .
FTIR technique was used to confirm the reaction between PVB and epoxy, as X R T |

well as to confirm the chemical inertness of the nanofiller with the resin i I
system. =

DSC was used to determine the glass transition temperature of the s —

composite and increased thermal resistance was observed with TF-WS,. . i

The tensile test was performed and it showed that |F could not have positive T OFTR

effect on the tensile strength, due to their shape, except on the ductility, i.e. - g

on the increase of the elongation at break (for 64%); so with their addition .
other tensile strength parameters decreased. On the other hand, INT had a _
positive effect: they caused a significant increase in elongation at break (for ’
96%}) and increase in the absorbed deformation energy U,. - ; s

Sample F.. [kN] |R, [MPa] |E (GPa] e [%] Ur [MJim¥] 1 e
without WS, 170250  [14.853  48.533 |0.137 | 1.647 ® TR e
(F-WS, | mas.% 127125 .13 16078 0,225 |1.480 b Siedm
INTWS,0.3mas %  [128200  9.562 14.167 0289 1743 "

4 ) v e EL 3
CONCLUSION i T

The new composite binding system was successfully reinforced with IF and INT-WS,m, so it might be applied in laminated
compasites and as a bond for structures and materials for demanding exploitation conditions, such as: aesrospace, nautical,
automotive and construction, sports and protective equipment, etc.

Acknowledgement:
5 t‘ This research was supported by Ministry of education, science and technological
development of the Republic of Serbiz, grant No, 451-03-9/2021-14/200325,
TECHNCLOR and by COST Action 18120, CERTBOND.
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Data fusion based damage study

using Electromechanical Cert BOnd

Iimpedance Method COST Action CA18

Shishir Kumar Singh

Methodology
Supervisors: Pawet H. Malinowski

v Dlm-elrlven data lusion based demage delection using PCA and self organizing map

Applications ’ , , ®

v There is a search of effective damage identifcation solutions for light weight structures

{e.g. aeroplane fuselage, wind turbine blades) to prevent failures, One of the promising Pre-processing
method is the EMI method.
. =& ‘? Common 2 usingel J
=
| Projection of damage state data (Z, ¥, R and G] on

baseline modol

A T PEY g PCP
indices (71, Hz1 IviR
110 ane &) and &)
] Effective RMSD

Results

~ A comparative study of RMSD and PCA based fused RMSD for a) Smm, b) 8 mm and
¢} Pt fused RMSD for 5 mm hole and 8 mm hole.

Py .
T Tl = = v v EE =
Sl e it [t
I 7

Introduction HoRat "
: - 3 B o
+The eleckical impedance of the bonded PZT transducer is equal 1o the voltage (V) applied to s e
the PZT transducer divided by the current passing through the PZT = = =
v 2 e .«!L
Ziw) = K] o et
¥ Due to g the P about i £
condition of the structure.
¥ The EMI method high range in the local Sp
by application of statistical indices. - ol
. W

nspected structires [Sanel wrocessng T
- B The most common PCA based damage detection indices are Q index and the Hotellings
Signals acquisttion 7 T2 inday.
¥ Qindex used to analyze the variability of proj; data in the
¥ T*index used to analyze tha variability of projecied data in the new space of the

principle components.
Classification of damages using the Q index

-

Sample for investigation .‘ n g .....

¥ Sensor network diagram of Al plate used for damage detection in data fusion technique. .
Damage severity study based on different size of drilled hole (1) 5 mm and ged (2) 8 C ification of using the Q index S
mm hole in the Al plate. The { (G) and . e F i

Z), ),
resistance (H) EMI data used for the data fusion in damage detection of hole severity.

S
@
Classlfication of damages using the Q index F"_';”__‘
— et
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ADHESION CAPABILITY OF ECO-EPOXY

ADHESIVES SYNTHESIZED BY THE ADDITION Ce rt BO n d
OF MODIFIED TANNIC ACID COST Action CATB
Natasa Z, Tomi¢, Mohamed Nasr Saleh,

Sofia Teixeira de Freitas, Andreja

Zivkovi¢, Marija Vuksanovic,

Aleksandar Marinkovié

Introduction

The airn of this study |s to investigate the interface adhesion of novel eco- A consequence of the increase in the peel load of adhesive B was the
epoxy adhesives by the addition of two types of modified tannic acid: (4) higher percentage of CF than for REF and A. Adhesive B showed slightly
glycidyl ether and (B) glycidyl phosphate ester of T4, which are used as a different fracture behavior, Two regions of unstable forces can be noticed,
bio-based replacement of the BPA-based epoxy component. The majority which are related to the higher percentage of CF and to the crack, jumping

of structural epowxy adhesives, used in aerospace, contain & BPA from the interface to within the adhesive and vice-varsa.

compenent, and thus the adhesion effects were analyzed on two different
substrates; aluminum [Al) and carben fiber reinforced pelymer (CFRP),
which arg  used for lightweight structures. Methods used  for 2l 2]
characterization were the microhardness testing method, the bell pzel test i 1
[BPT), and microstructural analysis of fractured surfaces. In addition,
proving that the microhardness testing method of the interface adhesion is
a reliable and fast testing method will enable its use as qualitative indicator
in adhesive salection.

a by

TA madification
The chemical structure of both types of adhesive components obtained by
the modification of TA are presented in Scheme 1.

|

W= tawmic arid

Figure 2. Evampies of lood-dispiacement grophs of the bell peel test (BFTF on AX for
aatesives o) REF bl A, end ) B

The cbtained results from Figure 3 indicated that the fast and easy method
for assessment of the adhesion quality, using the adhesion parameter b,
may be used to predict the differences between the selected adhesives for
the same adherend material.

" Heo-rpony adhesive

Scheme 1, Chemical strructure of modified tonnic aid for the aim of obteining eco-epoxy
Covnponents b

Results and discussian
Figure 1 shows the values of the adhesion parameter b as a function of the
replaced apoxy BPA compaonant. An increase of the adhesion parameter b

with the increase of TA content indicated an Inerease of adhesion with Al g 4 -y
adherend. The adhesion parameter b, for adhesive B with 15 wtb of E W] i
replacement, was 41.6% higher than for adhesive A and 153.4% higher F
than the REF. g4
i+ W Adhesve A g L
®  Adhosive B - a4 =
110
330 R T T s T TR
2 sMadhesion panameler &
< M0
E 140 4 - Figure 3. Corredation between the cohesive fmture and the adhesion porameter b for
:g' o] adheshes REF, A, and B an Al ndherends
é o RER = Conclusions
2w S L o s The synthesized epoxy ester phosphate derivate of TA (adhesive B} showed
a4 enhanced interfacizl adhesion on both Al and CFRP and their high
un i > i potential as a replacement of the BPA component (DGEBA)] was
e L L e emphasized. Industrial application of obtained eco-epoxy adhesives might
consider bonding of secondary/non-structural elements of lightweight
Figure 1. Adh [2 b ingd using the Ch model (1,27 structures.
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DYNAMICAL MECHANICAL ANALYSIS AND
FRACTURE TOUGHNESS OF CARBON
REINFORCED EPOXY COMPOSITES

Z Bergant1 A Sawn2 R. Sturm?, U. Trdan'"

*corresponaence: Y uils
ABSTRACT

CertBond

COST Action CATB

The objective of this reeearch s 1o evauate the mechanical properies of a crees-ply and quasHsotrople symmeatrical plain weave carbon-spoxy laminake produced with a vacuum bagging mathad and 3
autnclavs pracessing mathod for 8 givan s2t of spony/carbon fabrice types. Autecisve processad laminatas Svhibit higher static stramgths. higher meduli in fansion. comprazsicn and berding, but lower
Chamy impact toughness, Mew findinge ahout materials propartles were deducted from dynamic mufi-frequency tests between 110 50 Hz where it was found 1hat the aciivation eneray is 1.8 1imes higher in
aulnclans processed gpecmans. Moreawer, autoclave laminales have. an an average 1.7-imes lower damping ratio n the glassy plaleau ragion and a 3-tmes lowar peak damping rate in the glass franstion

region than wed-layup specimens.

[ saMPLE PREPARATION

The subect of the study were elght-ply 0], Amingte composite and & elght-ply laminale composite
with the atsching secuence (4570450045145 or [(4800),], produced from ohotropic (cross-ply, o
A0 wowen - Fig. 1.

Wet-layup method with vacuwsm bagging

8 plies of dry plain weave cartan fabrics Sigratex®
CW2-PLIA (T wmfibers [200 tew) of S00 » 500 mm® x
impregnated with enewy-resin MGS® 285 (Rm=70-80 MPa, -
E-3.3.3 GPa, A= 6-6%, p=1.19 gicmd)

Peel ply on the top of the Impregnated fabrics « palyester-
bessd 2.5 mm thick non-woven ebscrber for removing the excsss resin after the vacuum

The total production time was 50 min, followed by 24 hours of initial curing ol room tamperatues .
Thin, The plat was subjocisd 1o post-curing at 60 °C for B hours,

Autccleve Repreg proceasing ;
|- 8 plies cf gain weave prepreg material CC202 ET 445

(7 pm fibers (200 taw)
Peal ply on the top of the laminate + 3 mm thick nor-woven
atmorbar for awin distribubion o vasem pressuns oeer fhi
plale and irserted ing the asloclave.
A vacuum level of 30 kPa was estsblished and 1he
pressure of 400 kPa,

- The heating rafe of 3°Cimin and the holding time of 100
minutes at 130°C was used {Fig. Z).

L e e

Fi, I Bkl wowen imminares

Fige. 2. The auroelowe morfacruring ol
MACROSTRUCTURE AND FIBRE VOLUME FRACTION (according ta ASTA DE584)

Wel-layup & vacuum-bagged :
= Highly porous laminates
# Owerall thickness of 2.8 mm
# Z fibre volume content
= Veid content: 4.8-6.8 %
* 3 void groups:
- Interlaminar voids (=500 um|
- Resin voide (10-100 pm|
- Fibre-tow woids (30-50 pm)

[0l

[14540),),

Autoclave-prepreg.
* NOM-porous, Void FREE
microstructure

# Owarall thickness of 2,05 mm
4% tilre volume content
Higher fiber dengity & smaller
regin-fich areag

W

I4s/0);],

Fig. 4.

il

Smaller E and strengths with lhe wet-
tayup laminates,

The wetdaminaled (0], lamirate
reached oaly T6% of the lensile, 58%
of compressive and E8%% o flexural
strangth ot [0], autociave praprag
laminste (Fig. 5ia-c-all.

-

The slastic moduli, strengths and
uliimate sirains decrease in quasi-
Esolrople [[450).], stacking
sequence in comparison with

[0}, layup.

I this case, the wel-laminated
[145/00,], laminate reached T2 % of
tine lensile, 59% ol compressive and
74d T of flexural strangth of [(4500),),
autoclave-prepreg laminate, (Fig.
g,

-

DY¥YNAMICAL MECHANICAL ANALYSES (DMA)

anm

] IHENLL - Apemny

FE8f

Semg mate 5 ]

al Torparin FLC) thi T e TS
o IR s (AL W
R i Lo o Hp. 6. Starage
rrindulus £[T], boss
madulis E747),

tandT) At testing
frequencies 1, 3.33,
5. 10and 50 Mz

B W
T T
# The storage modulus £ wlan nlmﬂlcumly with the manufacturing technology (Fig. 62-b).
= Increase in stor o preprag -= higher fibre content {fule of
mizlurs] and a decrease with the incorporaion of +45° ples in [{4540)], stacking sequarce
+ Autoclave-processed spacimans have lawer damping tand the sntire
range, wilh much lower peak-damping than wetlyup specimen {'0.2 vg 0L6), Fig. oot

am )
e raTeg TR

Witz
— i,

i

—— e,

# The glass transition temperatures T,
[iram slorage modulus), Tee (fomloss |
modulus curve] and T {from tan &
cUrve) Increases with frequency of
testing.

# T.increased betwesn 219°C (et
faywp}and 8-11°C (awtoclave prépreg)|

# T, of tha wet layup laminale istha |
same as of epaxy MGS 285 --70.2°C

'
34

Fropmnr bal

Flg. 7. Glass transkion temperatien: a6 a function of testing.

CHARPY IMPACT TOUGHNESS 16

= Higher impacl energies wir wel lay-up PN @”mmémﬁ?:’m...mm
specimens (efiect of epoxy reain wih 5

.

lower T, %
¢ Obvious effect of the stacking E,—_.
sequence =w production  process-» §
higher toughness with quasidsotropic P o
[35:0)], & wet-lay-up B
E

v

Wilh additional'ewly  prepared  [£45),
specimens the highest impact energy
has been absorbed & samples wers
visually undamaged. b8
Fig. & Charpy un-natched impact energy; flatwise test |30 175-2:1937 |
CONCLUSIONS
¥ Thz asuloclave processed ToraycaET445 laminate exhildt  significantly higher tensile,
ccompresaive and flexural strength [belween 24-42 %5) than wet |lay-up leminale spacimana.
¥ Confrary, awtoclaved laminale axhibil lower Charpy impact fracture enargy, due to increased I
higher britlarass of epoey syster in preprag, with higher T, transifion. Tha incorporation of =45°
plies increases the fraclure energy egardiess of the manutaciuring lechnology used
> DMA multH-frequensy analyses betreen 30-200°0 confim the slotage modulus glass wanallian
influence by the fraquency of the test. Fraguercy increase from 1 Hez to 50 Hz. incremses the |
gless bransition temperature-Tg, up to 14 “C. Energy loss through damgping tand is significantiy |
higher (cvar complafe T and fraps] in wet lay-up specimens dua to lowsr fitns cortsnl. |
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Adhesion tests and laser stripping process of paint using
shock waves: Application to Aeronautical Parts in Al
alloys and CFRP

Selen UNALDI

Processes and Engineening in Mechanics and Materials,ENSAM, Paris
Supervisors: Laurent Berthe, Emmanuel Richaud &

Matthieu Gervais
In collaboration with Patras University

- Bring opticnal and functional
| Clean Sky Vulcan Project I et it ey | | sase cont |
Ta resist maternal environments
GOALS amacks {dust, sard, lightning]
Pratecting the substrata from corrosion | | Primar |
. _ o o Good kevel of adhesion between lyers
. Deveii?pment of anindustrial |-i'ISEl slrlpplng process Whld:l is able to remove X | e Te ek |
selectively the top coat of an aircraft paint system by keeping the substrate health R |
+ Erwirenmental Friendly + Restoration,
= Maintenance
* Universal solution that is applicable for both composites and metals . ine 1 ian durin It life tina
- Concept & Approach

= The tznsile location can be shifted by changing laser parameters [duration, pulse

Background & Specifications i

If the tenslle stresses created by the shack waves are lower than the failure stress of
i he material, no mechanical damage s obtained. For the case of spallation, the tensile
Sensitive areas should be protected 1 ‘ 4

i i p stress levels which are created via shock waves ars higher than the material's tensile
during the operation stress [2].
Waste chemical disposal after the Time

Chemical Stripping

operation — Smock 3 Free Sartare
- Mulmane

Mot Selective

e
Media Blasting (® + Treatment of dust during blasting
* Treatment of media after stripping
— * Mo use of chemical products
Laser Stripping [Tl * Pracess can be monitored

Lower investment cost space
) ) Space-time disgram for a mono pulse mpact

_ Process Parameters ~{ Samples & Methodology }—

JFulse Duration: 8-25 ns Laser pulse LASET

dWavelength: 532-1064 nm Focuslag loas

QEnergy: 0.2-50 Joules Coiuemm :
Target S |
JRepetition Rate: 1-200 Kz bt
Prabe Inser
Qspot Diameter: mm VAR Composita cross-section cut
under SR
I ey 1 H s - g
JFPower Density: 1-10 GW/em [ . Velosity
o prafile Flist, debonding thrashald calculated! via VISAR for base materials
O Pressure: 1-8 GPa Then, stripging threshald for the paint i {or CFRP-E | aiveraf fings to.

verify base materials health s function of different spot sizes.

Schematic Represertation of VISAR Diagnastic fLe Bras 2019/ 1]

1 Results & Discussion
VISAR Analysis

Evaluation of the Removal Threshold

e s ot |
clod
=

£ £
F E
AW ‘
T - ‘.ﬂ' \J"\"w
e i
™~ ™ - . kT, Cwsise TR
i For the case of no damage For the damage thrasheld within the composi ippiing T Id Ewaluation as function of spot diameter

With ¥I54R Diggnostics, we were able to monitor the shock wave propagation within plies. Nomber of peaks corresponds to the number of plies. It was also monitorable to detect the damage threshald

within the composite from the change of the wave propagation,
The darnage threshold for the base materdal is higher (1,62 SW/om?) than the stripping threshald for the external aireraft steipping theeskold (1.5 Gw/fom?® for 2 & dmim spok sizes) which means that
without damageing the substrate, we tan have a stripping on the compasite+BAD with these configuration.

|+ The stripping rate is cakulated as 0.7 rifh for the compositz +eac which is in the framewaork of the project.

- ek ? prel REFERENCES
PR A E D 5 I: a..r\lludau:-m:."sunn.:;tmuu:‘nx l.l?.\.:h.:l.t oy 10, 2. M0, 8. Bl DL furtn, L Brih
Franiewnes rroremme 07 Ire v
Eeepean Lnkn P N i, £ BOlepkerre ;Do hssic i B e T 52T, BNl E feThe, L imanPrke e

U nEhoch wrasniTad by (338F PRspin e on for peeessn s anph cimars o AR U2 Buasdsubeimies ot Liser
L 40, e
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THE APPLICATION OF ADHESIVES FOR
CONNECTING STRUCTURAL GLASS STRIPS TO
EXISTING TIMBER JOISTS

CertBond

OST Action CA18

Zlga Unuk - University of Maribor, Faculty of Civil Engineering, Transportation Engineering and Architecture

Introduction

Strengthening procedures often
impair the original appearcnce
of timber floors. An example of
such a procedure is applying
tensile strengthening elements
made of steel or various
polymers. This study proposes
using structural glass strips as a
transparent tensile
reinforcement.

Materials and methods

Two methods of connecling the
structural gloss strips to the
timber joists were considered.
The first method wes direct
adhesive bonding, whereas the
second method employed o
newly developed timber—glass
point jeint, consisting of self-
tapping screws, an aluminivm
insertion, and an epoxy resin-
baosed adhesive. First, the two
connection methods were tested
on ¢ small scale regarding their
shear load-bearing capacity
and load-slip behaviour. Finally,
the two connection methods
were tested on old timber joists
strengthened with CLT panels
and structurel glass strips under
four-point bending conditions
over ¢ span of 4.5 m,

Glass sample -

Achvasive layer
Timber sample—.,

2,
Fig. 1. Adnasive bondng Spedmen configuration

Sall-lipirg sooms

A ireson

Adhisha |1. 5ep)

Tempesnd garss ciste
wh o Foie

s

= At (2 st}
Fig. 2. imber=glass point [oint configuration

Fig. 3. Ultraviolet light shining on the a¥ (leff)
and fin sidee (right) of the glass ships

Results
The results comprise small scale shear |loading test results and four-
point bending test results,

Fig. 4. Bandad spacimen shzar

test eoiurt e

Failure type photo

toruy v

Lo o casecwe (el

Fig. &. Lood-displocsment curyes for tha shear spacimens end for
diffarant envircomental conditions

15.00

'«g -
Ew 1000 ws
p= o m o
2 =30
T

5 10 20

Moisturs content [3%]

Fig. 7. Average shear striengh of the bonded sheer specimens in
relation bo different test temperotures and fimber moisture
contgnts [with errar bars representing standard daviaticn|

Fig, 5, Bended spedmen foilure typas

iy

o
b

Disghwsascn inasl

Fig. 8. Timber-glazs paint

Flg. 9. imber-glass port [oins

Fig. 10. Trnker—glazs point joint thear

okt sheer lest tast Locd-displacement curves
a) £
i Al = bonded glazz =rip!
rere A2~ serewed glass #ip
= e Tlmcarp - fom (paint joirmt

8 anly Ymber joist and
£1T panall

Adcre ot Aey

C = only Himber [oist!

Teirr aoeneetin PSSR
wesrmd (1 1560 Sary
plerc

Fig. 11.a) C Al ~ long] sactlon; b) Al - ion: €) A2 -
longitydinel section, ) sanfigurarion A2 — ¢rees-socion

A Avermed torce-

Conclusions

The performed experiments on
small shear specimen under
different environmental
conditions indicate the
suitebility of the chosen rapid-
setting thixotropic epoxy
adhesive for bonding alass 1o
timber.

The point joint represents en
alternative to classic adhesive
bonding, when reversibility is
an important factor.

The results of the four-point
bending experiments show that
the structural gless strips
significantly increcsed the
bending stiffness of the tested
timber jolst configurations and,
in some caoses, also resulted in
higher load-bearing copacities.
The screwed glass strip is
structurally less efficient than
the bonded gless strip, but 1 is
superior in terms of non-
invasiveness and reversibility,
which is essential for
applications on the wooden
built heritage.

Additional information:

- Unuk, Ziga, et al. "Evaluation
of a structurcl epoxy cdhesive
for timber-glass bonds under
shear loading ond different
environmental conditions."”
International Journal of
Adhesion and Achesives 95
(2019): 102425.

- Unuk, Ziga, et al. "Novel
composite connection for
timber—glass composite
structures.” Archives of Civil and
Mechanicel Engineering 20.1
{2020]: 1-16.

- Unuk, Ziga, et al.
"Strengthening of old timber
floor joists with cross-laminated
timber panels and tempered
glass strips.” Construction and
Building Materials 298 {2021):
123841,

b Avenet forceslip 1 Aveaced Diceste 12. Feur-
diegl . s (CL1 pancl cumves (ghss tip) Fig. 12 Fewr
10 T we - 100 - polat bending
7V SV fes ged
P y o - s W - torca
$ // & Z ’ 4T
T W : 2w Zm
-] ] B / %
o I B Y £ 5 foh force-slip
S & L.
Vi 7 -,
20 / - -] gloss ship—c¢
g o curvas for

- different joist
czafiguratins

O us 1 132234
St (o)
—a2

—Al
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STRUCUTRAL PERFORMANCE OF EMBEDDED
LIQUID-LAMINATED GLASS CONNECTIONS

PhD candidate: Stratis Volakos
Supervisor: Prof. Mauro Overend

Abstract @
Embedded laminated glass connections consist of a metallic

insert embedded within a laminated glass unit by means of
ransparent polymeric feil interlayers. The connection is
assembled via the standard autoclave lamination process
where the heating/cooling of materials with different
coefficients of thermal expansion can lead 1o residual siresses
[1] thus reducing the connection strength.

In this work, a variant of this connection is investigated,
consisting of a thin steel insert encapsulated by a transparent
cold-poured resin to eliminate the unfavourable residual
stresses. In particular, the connection mechanical response is
assessed via numerical {FE) analyses and pull-out tests
performed at different displacement rates (1 & 10 mm/min) to
examine the effect of the viscoelastic resin behaviour.

@

Load-Displacement behaviour

- Test o £
| e (o e

1 g 4 liom faihre

— ] il

High strain-rate tested specimens exhibit higher strength and stiffness

Glass stress state

: : Stress concentration
Tensile Mechanism ;

[ e

» Resin highly confined

Cer’l_g(_zBond

IST Action CATE120

Failure Mechanisms

Sieel failure (high strain-rate)

o Ul Dol

f -l
-l | || a
B £l
| -
it icvrencs

1) Shear mechanism: Shear stresses in the interlayer
2) Tensile mechanism: Tensile stresses in the interlayer

®

Contactless Configuration

Load-Displacement behaviour

[
Fausta

5 Rk

B funra

Conclusions: The tests showed that the stiffness, the load-bearing capacity and the failure mode of the connection are significantly
affected by the imposed strain rate. The FE results indicate that the resulting stress state within the connection is a consequence of
two load-transfer mechanisms and that the relative contribution of each mechanism depends on the relative stiffnesses of the
constituent materials. In this regard. a modified embedded connection (contactless) configuration was proposed that significantly
reduces the glass stress concentration without compromising the pull-out stiffness of the connection or its aesthetic qualities.

References : [1] Santarsiero, M., Bedon, C., Louter, C.: Experimental and numerical analysis of thick embedded laminated

glass connections. Composite Structures, 242-256 (2018)
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TESTS OF THE EMBEDDED LAMINATED
CONNECTION FOR GLASS STRUCTURES

CertBond

COST Action CA1B120
Michaela Zdrazilova ¢
srw FACULTY OF CIVIL
Supervisors: Zdenék Sokol / Martina Eliasova @ ENGINEERING

CTU IN PRAGUE

‘INTRODUCTION

Laminated connection belongs to the most progressive ways of glass components connecting. Despite being widely used,
the design procedure is mostly based on experiments.
in Prague, two series of small scale experiments focusing on characteristics of the embedded laminated connection under
the short-term tensile and eccentric shear loads were performed

Within the ongoing research at the Facully of Civil Engineering of CTU

TESTING PROCEDURE

For both sets of samples, the tesling process\

« included numerous leading and unloading
cycles;

« after each increase or decrease cycle,
the load was kept on a constant value
for 1 minute;

+ the load was cyclically
the collapse.

increasing until

A special frame with detachable bottom part was
used to apply the tensile load The samples were
placed on a steel bed with twa cylindrical supports
and plaslic pads

For the eccentric shear load tests, the glass pane
was verlically clamped to a steel frame with
a detachable upper part. To create the eccentric
shear force load, a special steel tocl was put
on the bolt screweded in the steel element

CONCLUSION g

The experimenl revealed the dominant mode
of failure and described the behaviour of this
fixing system under two different types of loading
However, further research consisting of full scale

tests and numerical modellng should be
performed.
ACKNOWLEDGEMENTS N

This experiment was prepared with a support
of the grant Hidden Connection of Laminated
Glass Panes No, TH 03010175 of the Technology
Agency of the Czech Republic (TACR)
SGS of the Czech Technical University
SGS19/150/0HK1/3T/11 and with a cooperation
of OGB s.r.o.

DESCRIPTION OF THE SAMPLES

Laminated connection:

N

= the same manufacturing process as for the standard laminated glass
panes;

+ combines mechanical and adhesive systems;

= the steel element (bolt) is embedded between two glass panes:

- the adhesive interlayer is represented by two layers of foil.

— ESG/TVGglass
2x EVA/PVB fall
- ‘Iam glass
[ N —

Defects do not
they might be

All the samples were checked before the experiment.
influence the performance of the connection, but
unacceptable for the aesthetical reasons.

The samples may suffer from:

= bubbles surrounding the edges of the steel element;
+ bigger bubbles in the area of the steel element;
+ combination.

OIS

COURSE OF THE TESTS

The course of both types of tests was essentially the same:

Small bubbles appeared in the area of the connection

Their number was increasing with the increasing load.

After reaching a certain point, they started to merge into bigger
bubbles

wWN =

H

The bubbles eventually covered the whole area of the connection
exposed lo tension

5. In some cases, bubbles appeared out of the connection as well

The connection failed due to reaching the tensile resistance limit
of the glass pane. No delamination occured.

fo
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EURDPEAN COGPER
I SCIENCE & 7€

Furcen! by the Herizae 2020
[ATens Progrmme of e
Bungean Unin”

66



MECHANICAL PROPERTIES OF GLASS-METAL

ADHESIVE CONNECTION UNDER ELEVATED

TEMPERATURE
Markéta Zikmundova

Supervisor: Martina Eliasova

cTu

CIECH TECHMICAL
UNIERSITY
1N PRAGUE

INTRODUCTION

= Adhesive bonding is commonly ased in autometive and
dcrospace mdustry.

*  Nowadays, adhesives are more used in civil engingering,
especiully for fuvade application as & mudem type of
connection,

= There is not enough knowledge abeut adbesives with higher
strength and stilmess, espevially aboul their behaviour al
elevated temperature.

EXPERIMENTAL PROGRAMME

+  Specimens us double lap shear juints.
+ Alfloat gloss plate in the middle,
* Two different exwernul metal sheets:
» Yn-eleciroplated sieel, roughened surface,
= Aluminium, roughened surface.
* Two component nerylaic wis used uy an adhesive bond.

o Juint thickness of 1 mm.

o

steel plate-.
- atee plate
win 36 spetimen - tested
specimen - tested- Elass substrate.
s swhstrate '
adbasiua layar-
nohysmice washer. ki washer
spacmen - mstag
metal sustrate | s
8 | -spetimen - tested

=1 T metal subsrate

+  Different temperatores daring the test:
= Room temperaure,
*  Elevared temperature 60 °C,
*  Elevared temperature 80 =C.

A CertBond

RESULTS

= Shear strength reduction on 63.7 % (60 *Ch and 36.5 % (80 “C).

= Decrease of the initial stilTness and a bigger elongation with
elevaled lemperalure,

i

canlrn
14 e
—r — (RIn& R
o {J SRS
Lk Tad3
E. 4
Z " |'|[ TEEE LTI
» |
g o ——
= L—
o
woog ,J
_a
<
0
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Shear straln 7 [-]

*  Fracture of glass at the room temperature, at 60 °C combination
Failwe mode with dominant cohesive mode of failure, at §0 *C failure
of adhesicn on the glass surface.

Terrpersiure Substraiz 5’“’!‘:1‘;1‘?\?::;] Stmm[rp?]"ahu" Falure mede |Falia T,
gavn | reobckupbibdBoal IZi60 i ACE 000
22°C Auminum 11.267 2,152 | 5 #1.2%
80 "0 Zreskechopeted seel 7087 0,879 A-C-5 B3, 7%
B0 L Auminum 4,507 0,814 A 5T

Specimen at 22 °C (lefr), specimen at 60 "C {middle). specimen at ${ °C
{right)

Shear srenith [P

8

i :

a N
2

u

I duminium <12 "¢ I I eectopkited stesl +22°C
W e slecirophaied desl i 0 aduminie «80 0

CONCLUSION

*  Lowerstiffness and strength with higher remperatmre.

*  Low adhesion 1o glass Tor high emperalure,

ACKNOWLEDGEMENT

This work was supported hy the Crech Science Foundation [grant number
GA 8- 109075 and the Student grant competition of CTU [2rant number
SGS18/169MOHKLTYLL,

Furced by the Herm 20200 1 I D 5 I
PR Frogrenme of e K/

Eupgean Union

67



Keynote Lectures

68



Date: 22-23 September 2021
Place: University of Trieste, Trieste, Italy

A Glance at biobased and low
environmental impact coatings and binders

Dr Sylvain CAILLOL
Sylvain.Caillol@enscm.fr

Montpellier, FRANCE
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CHIMIE' Montpellier




2 l 2
|CUM MONTPELLIER, FRANCE
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MONTPELLIER

» Famous region for summer
activities...



n [ g
ICUM lCHEMISTRY IN MONTPELLIER, FRANCE

Institut Charles Gerhardt Montpellier

SO S
‘ W TR T *“
CHEMISTRY Dpt B R NS
* 1,000 scholars . ‘ R mp
+ 3,000 students i I e
* 600 publications / year B T LW = Ar— s
- 30 international patents / year Chemistry Institute

» Polymer team of the Chemistry Institute ICGM

» Green Chemistry and Polymers



i (@ Green Chemistry and Polymers

Institut Charles Gerhardt Montpellier

Substitution of tOXIC

P g substances
Green ﬁ 1 \
routes BPA, phenol,

: _ Design inspired by Nature formaldehyde,
)CI'Ck'Chem'Stry to reduce Environmental Isocyanates,
styrene...

Impacts in LIFE CYCLE

) Emulsion

) UV-reaction

Recycling ‘y

Final Impact

Thermo responsive
polymers

Renewable

resources

Self-healing
polymers

Biodegradable
structures




i (@ Green Chemistry and Polymers

Institut Charles Gerhardt Montpellier

Structure design

Reactivity 6
study

VARIOUS
APPLICATIONS

Final properties

Platform approach
for functionalization




(‘lel Functionalization of renewable resources
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Institut Charles Gerhardt Montpellier

Lignin, Tannins and derivatives
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BIOBASED AROMATICS: WHY ?



|(";'V| Aromatics: From oil to biomass
s;s;‘ (] _

Institut Charls Gerhardt Montpeller - eSS
» Renewable sources to reduce fossil footprint

» Volatility of oil price - biomass as more stable supplies ?

» Development of shale gas (USA...)
-> Tensions over naphta cut and aromatics availability

» BIOBASED MONOMERS AND POLYMERS

Billion toe

18
Henew.*
Hydro

h MNuclear

12 :
Aromatic polymers

» Needed for high thermo-mechanical properties

» Most of the time thermosets — no recycling

0
1965 2000 2035

REAL STAKES FOR THE DEVELOPMENT OF
BIOBASED AROMATIC MONOMERS AND POLYMERS

8

Sources; SRI Consulting, Platts Special Report; The shale revolution and its impacts on aromatics supply, pricing and trade flows. 2013, European Bioplastics




|C\JM Substitution of harmful aromatic monomers

AL
.

Institut Charles Gerhardt Montpellier | ";-'.,;-f:‘m

« Bisphenol A: 4Mtly - various applications

BPA : CMR Repr. Cat. 2, Endocrine disruptor HOOH
idden | i 1 C, o9ss
Forbidden in France since . . H
Mimics estradiol :
January 2015 (food contact) Low-dose effects I .0

Ho H

= Used in 90% polyepoxide networks — 2Mt/ly
Cl

/\(,

Bisphenol A (BPA) BADGE
(BPA diglycidyl ether)

e and also:
Phenol, styrene, isocyanates....

= TARGETS
 Biobased non-toxic aromatic monomers for polymer synthesis



|CGM R Structure / toxicity relationship

Institut Charles Gerhardt Montpellier

« Bisphenol A: endocrine disruption effect

BPA : CMR Repr. Cat. 2, Endocrine disruptor HOOH

Regulates activity

Needed for \ N
estrogenic activity Increases activity

liaisonshydrogéne . ) ‘,"
Activity reduced with: Hydrophobic pocket

- Longer or shorter molecules of Era (estradiol) receptor
-X, X,Y,Y¥H

Expertise Collective INSERM, Reproduction et Environnement, 2011, ISBN 978-2-85598-891-



ICGM
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Tannins

OH

ﬁj "
Catechol

CMR

Cashew Nut Shell
Liquid

Biobased is not harmless

OH OH
o HO OH HO\I:EJ/OH
OH
HO O
Resorcinol % _ _ %
Gallic acid Pyrogallol

CMR CMR

HO Z =

Cardanol

OH N
HO _ ~
Sensitizer

Urushiol



| ( g M Biobased doesn’t necessary mean « no impact ! »
"a? NP & |
nstitut Cherles Gerhardt Montpelle > [ G L

» Petrochemical vs biobased materials ) - :
Oil | i i l Chemical
intermediate

i' Chemicali Agri Chemical
intrants

intermediate

Which renewable resources ?

PLA (NatureWorks)

PHA (Utilizing Stover) 2 4

PHA (General) 2 8 » Careful choice of low impact and non-toxic
PLA (General) 4 C renewable resources

High Density Polyethylene 5 2

Polyethylene Terephthalate 6 10 » Cultures with reduced inputs

Low Density Polyethylene 7 3 > By-products !!

Bio-polyethylene Terephthalate 8 12 o _ _ _
» Wood = lignin and tannins derivatives
eneral Furpose Polystyrene » Robust processes to avoid purification

-t L]

Polyviny| chloride 1 7

|
Polycarbonate 12 11 (networks!)

Tabone, Environ. Sci. Technol. 2010, 44, 8264—-8269 12
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From natural phenols to biobased networks

and coatings



|CJM Lignin derivatives

Institut Charles Gerhardt Montpellier

Lignin — Vanillin
Depolymerization
15-30% of dry weight lignocellulosic biomass
2"d largest molecule on earth after cellulose
15t most abundant source of phenols > 300bt/y
50Mt/year extracted from paper pulp -

H CHy; OCH,
i {‘;@DH On OH
HQ, H CH4
)‘Pg CH >
H,CO, H 0
-

» Innocuity @
» Aromatic structure
> Reactive functions

» Complex structure > Industrial production
> High Mn /C process from wood?
> Insolubility = | > DIFUNCTIONAL
» Diversity (species, time of year, extraction

process...)
» Mostly used as it in materials or after

partial functionalization 1 Borregaard Company




Example of Vanillin platform

@ 0

Institut Charles Gerhardt Montpellier N X 5.,_ .

o#ofo 07/\0 0 o\/& oo L0
\O/© £ ._co, @ ESL co,
/ )

O>¥O o~
0 ~_ 1 Dakin Ox o
MeOhydroqumone on \ / ©"Vanilic acid
HO -~ ™0 Eé\ \ NP O O~ S~
\OJ:j — J;j /Eé — \ 20 5\0/ —> -
Ho/\/S\/\/O y>\/N P O\/\/s\/\OH
HN\/\s/\/\o éj\ /g; \ o O\/\/S\/\NHZ
—0
v ~
N/\/S\/\/O S
OH Van|IyI alcohol
0+_0 s OH
Ho \/\ / \ NN \/73(
\O é -
HO Se_~_0O O\/\/SWOH

jO(\/ / o\/\ \ J
é\o/ é\o/ é\o/ O>\\o é\o/

O S on O\/\/S\/\NH2 OM\/SWOH \/&O

Fache, Caillol et al., Green Chemistry, 2014, 16, 1987-1998




p M V - .
kel anillin-based epoxy polymers

l " D 8 _ | pOxy poly

Intitut Charles Gerhard Montpelle - eSS
Biobased and aromatic diepoxy monomers from vanillin:

» Use of common industrial hardener : iPDA
» Comparison to existing systems for the synthesis of polyepoxide networks
» Substitution of BPA diglycidyl ether (BADGE) ?

07/\0 o O\/& o\/&
2 ~ /© /@/ &\ i); >
2N 0 2\/Ho/k0

(o] + H
o~ iPDA 0

le) o\/A
2 \)\/ ~p~
Sk N - top 2 Hoj\ on o Hoj\ BOVSE
step 1 2 \)\/ N 0._.0
2 _N 0. /O\/A R, \R/
R»] R2 11
I
NH, wNa,

Fache, Caillol et al., Europ Pol J., 2015, 67, 527-538



|CGM - Tg of epoxy networks

Institut Charles Gerhardt Montpellier

220 -

200 - Ta =182°C
180 - ~ . Ta=166°C Tg = 166°C

160 - Ta=154°C " 14 = 150°C

140 - Tg = 132°C

- Ta =106°C
Tg=97°C

=
N
o

Temperature (°C)
H
(o) o
o o

60 -
40
20 +
0 - T T T

DGEVA-based poI)(/)mer DGEMHY-based polymer DGEVAC-based polymer DGEBA-based polymer o

0
o+ o/ﬁo 0y O~ I o/
-
- o @ 5 3
0 0 LA o 0 o~ ’><‘
LA _o AN . fo

Fache, Caillol et al., Europ Pol J., 2015, 67, 527-538



|CGM Tg of epoxy networks

Institut Charles Gerhardt Montpellier

Structure-property relationships

DGEVA DGEMHY DGEVAC
0 . 0
O oo 63 |~ 05
1 5,5 A
4.1 A
A 0 O/ o O/ o O/
%o L\%o %o
T,=97°C T,=132°C T,=152°C
T,=106°C T,=154°C T,=166°C

» Size of rigid segments
» Rotations possible

Similar properties compared to networks from BADGE
Possibility to tune properties with structure of monomers

18
Fache, Caillol et al., Europ Pol J., 2015, 67, 527-538



|CGM Structure-properties

Institut Charls Gerhardt Montpeller -
Reactivity Tg value
R ol
7 o
=
O . .
9 diamines Polyepoxide
R 0 networks
oA~
» Reactivity of amines governed by . Oe
favourable positions due to H-Bonds!? AN
» Higher reactivity of external, ether
epoxides, compare to external then internal > MeOH buky groups reduce Tg of
ONes polymers obtained thereof by 23°C 23

R
o R o R
0o > > R'\(l/ > ()O
L\/ L\) !

1. A Cupples, H Lee, D Stoffey, Advances in Chemistry Series, 1970, 92, 173-207
2. D Hernandez, Master Thesis, Rowan University, USA, 2015
3. D. Hernandez, J. J. La Scala, J. F. Stanzione, et al. ACS Sustainable Chem. Eng., 2016, 4, 4328-43309.



Real life ?

@ 0

Institut Charles Gerhardt Montpellier | NN
H O
LIGNIN o
-' Biobased
; ~o Purification Functionalization epoxy
OH v (0] i
thermosets
OH
Mixture from lignin
depolymerization
Acide aq. Solvant organique Solvant organique
(H250;, HSOy) (benzene, toluene etc.) H,50, (benzene, toluene etc.)
|
n b L] Complexes l C | l
:::engﬁzla;l; —] Bisulfiltation —»aldaeur;\;::—pbtizl:lliiltse —»| Extraction —.| dehzngg—ggejlfite_' Neutralisation [— Aldehydes (agq.)— Extraction |— Aldehydes (org.)— Purification
v | | }
Lignine résiduelle Autres phénals 50 Effluents aqueux
+solvant :
\ J

Y
Which purity needed?

Fache, Caillol et al., Green Chemistry, 2016, 18, 712-725



17 Epoxy networks from model mixtur
|C\JM poxy networks from mode tures
. EEeeeESeE

Biobased
LIGNIN » > epoxy
thermosets

Institut Charles Gerhardt Montpellier

110 - Mixture from lignin depolymerization \mﬂw‘m
\AM
- -2
1,E+09 -
1,E+08 - - L
. Ta # 115°C
.."s"_u. 1,E+07 - E
i 1 E
TJ(GS)=113°C | /P \V T~ o . 0
. i Char @ 600°C : 20%
- 0,5
1,E+05 -
1,E+04 = T : T ITm——— : 0
0] 25 50 75 100 125 150 175 200 225

Température {°C)

Fache, Caillol et al., Green Chemistry, 2016, 18, 712-725



f ..’~ From natural phenols to biobased epoxy networks
|C\JM P POxXY

Institut Charles Gerhardt Montpellier o T e
Tq (°C) 200
g (°C) 180°C
180
150°C
160 140°C

140
120 100°C
100 90°C
80°C 80°C

80
60

40°C o
40 30°C
20 |I\

cardanol cardanol Vanillin Vanillin Tannins Tannins Eugenol Ferulic Ferulic

o

x o
o
o Vs o D_/_x
A : :
0 pas !
%o ' a
O (BDF(amide)2EP
O\/AO fepoxy = 1.9

Cheml Rev, 2014, 114, 1082-1115



|("~ M Amination of epoxide: toward green amines
"-? D &
st e Mool [ o2 v A

« Direct amination of glycidyl ether with aqueous ammonia solution
* Obtention of a hydroxyl amine

NH3.H,0
large excess
0-R-0 — > H,N 0-R-0O NH R= —(CHo)— @
DGEBA (n = 0) Y R T i Aof Aof ’ (CHa)
Ta, 2-4 days isolated 60 - 88%
yield
Solvent = acetone, methanol or dioxane
Targets J\)
. . T
- Green reaction conditions &rl
L : ‘!
« Application to bio-based monomers
« Use of new amine in epoxy thermoset system R
|
Study of the reactivity of B-hydroxylamine 4
0
P
RN,

a) Y. lwakura, S.-I Izawa, F. Hayano, K. Kurita, Die Makromolekulare Chemie, 1967, 104, 66-76
b) X. Xu, R. Wang, L. Ling, J. O. Burgess, Journal of Polymer Science: Part A: Polymer Chemistry, 2007, 45, 99-110 3
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1ICGM  Theinfluence of B-hydroxy group on reactivity

Institut Charles Gerhardt Montpellier

0 Bulk OH
+ %O B ——— (o)
\© 60°C, 2h \©
or or
OH OH H OH
« Hydrogen bonds ? A NH, “ A N_L_ o
1.2 equiv. 1 equiv \©
100%{
Ny
100 - IR R B |
— ' A
9\1 80 :
> 1 .
é 60 - . A
Q - a
w ] -
2 401
S "} — 31%
&  20{ ® -
S -
£ Al
o 04h® - A putylamine
o . . . * ®-_1-amino-2-butanol
0,0 0,5 1,0 15 2,0 2,5

time (hours)

v Positive effect of B-hydroxyl group on R\o/\ﬁNH2
amine reactivity

Mora, Caillol et al., OH B /LA, OH H OH
Green Chemistry, 2018, 20, 4075-4084 R/O\)VN\ o\)V ' v}%
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|C\JM Synthesis of two bio-based amines

Institut Charls Gerhardt Montpeller [
* Improvement of this methodology
ﬁ“ - — Microwaves irradiations: reduction of heating-time
" — Use of 2-MeTHF, bio-based and nontoxic solvent
é/ — Functionalization of vanillin-based epoxy monomer
X MeOD
7 o/\?
- A po—_g, NH;.H,O (excess)
=2 T o o 2-MeTHF
o/~ %_ 85°C,1h,MW
O
OH ::

Solid, yield 100% ~o oH »-/"/ u
O T
i : 4I.2 I 4I.0 I 3I.8 I 3I.6 I 3I.4 I 3I.2 I 3I.0 I 2I.8 I 2I.6
DHAMHY
Mora, Caillol et al.,

Green Chemistry, 2018, 20, 4075-4084 5




|C\JM Synthesis of two bio-based amines

Institut Charles Gerhardt Montpellier

* Improvement of this methodology A
ﬁﬂfﬂ — Microwaves irradiations: reduction of heating-time
" — Use of 2-MeTHF, bio-based and nontoxic solvent
é/ — Functionalization of vanillin-based epoxy monomer
||”\ 11 1|J.I
methylen o |
N\ o A
i oo I,
, coscdd NH;.H,O (excess
é A T o *-MeTHF |
OVA °o_ . 85°C, 1 h, MW X MeOD
& |[oH
P ‘
Liquid, yield 100% o *»J\\ @JL

O

OH S
\//@ T T T T T T T
4.0 3.5 3.0 2.5
DHAVA
Mora, Caillol et al.,

Green Chemistry, 2018, 20, 4075-4084 6




|C\JM Synthesis of epoxy networks

Institut Charles Gerhardt Montpellier

—— DHAVA-DGEBA network

l _____________ I 2
I Exo u - ]
| HLN NH, : P MXDA-DGEBA network
1 I P
we | I AR
1 1
1 1

r_,a ‘I I \
X MXDA S P
b o e e e e g ] \
\O/ OH é II N“
0 NHy| & VAN
\)\/ 2 8 ol ——— ’ \
DGEBA as epoxy % o T R4 Y N
o OH

O\A\/NHZ 1100 -50 0 50 100 150 20

temperature (°C)

T,neet @re very close

» 93 °C for DHAVA and 86 °C for MXDA

« The measured enthalpy of the DHAVA-DGEBA network is lower
» AH =6 J/mol for DHAVA and AH = 84 J/mol for MXDA
» Can be advantageous for industrial applications

v" High reactivity for the B-hydroxylamine DHAVA

Mora, Caillol et al.,
Green Chemistry, 2018, 20, 4075-4084 7



|C\JM Synthesis of epoxy networks

Institut Charles Gerhardt Montpellier .
0
o~
10014 o=
90
+ ~o 0 80
OH O\/A - 70_‘ 290 OC
(=]

OWNHZ DGEVA S ]
~ 60
a _
O 50-
o OH € 40
= ]

S, [ h g 22 %
DHAVA % @ 20 4

O O 10 - === DHAVA-DGEBA \

o 0 _

WA /\Z 0———DHAVA-DGEVA| | | 112 %

DGEBA 0 200 400 600
\ / Temperature (°C)

Tey,: the higher aromaticity of DGEBA confers higher thermal stability to the thermoset

Residual mass at 600 °C: higher thermal stability over time = the absence of the gem
dimethyl bridge on DGEVA

Mora, Caillol et al.,
Green Chemistry, 2018, 20, 4075-4084 8



| "M Synthesis of epoxy networks
1CG! Y POXY
R r—— 5 o

0
oA

-1 —— DHAVA + DGEBA
Exo up —— DHAVA + DGEVA

4 o V& ]

OH 0
_2 .
™S o K NH, DGEVA

@)
}o
T

Z

o
\
/

DSC (MW/mg)

%

DHAVA g '
% o T o " 63 °C

0 100
Temperature (°C)

Methoxy aand methylene groups behave as spacers ) ( *\ ’/ *\

and lower the Tg

Mora, Calillol et al.
’ . ' a) E. D. Hernandez, A. W. Bassett, J. M. Sadler, J. J. La Scala and J.
Green Chemistry, 2018, 20, 4075-4084 F. Stanzione, ACS Sustainable Chem. Eng., 2016, 4, 4328—4339. 9



|C\JM Synthesis of epoxy networks

Institut Charles Gerhardt Montpeler | [

Higher Young modulus = high rigidity

oA
—— E' (DHAVA + DGEVA)
= E' (DHAVA + DGEBA) B 172
--0--tan 8 (DHAVA + DGEVA) }
go ~o o 1| -0 tan § (DHAVA + DGEBA) | 1
0 )
OH O\/A DD L
™S 0K NH, DGEVA g 0°
= % F06 o
\./[5 o) a . Higher Young| =
O\)\-/NH / \ = %QE% ngIOdU|US g_ 04 .
\ 2 7 | |
DHAVA % %@D g i 0,2
— e RS 0,0
T T T T T T T T T T T T T T T T T T - '0,2
DGEBA 20 0 20 40 60 80 100 120 140 §
\ / Temperature (°C)
Network DHAVA- H ®
DGEBA /‘ ‘\ "/ *\
*
Swelling 134% Y 1}3 (=
index

Hydrogen bonds

v" The methoxy moieties may increase stiffness because of hydrogen bonding
Mora, Caillol et al., Green Chemistry, 2018, 20, 4075-4084 10
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C\JM Phenolic networks

Institut Charles Gerhardt Montpellier

Context

Elaboration of ablative phenol-formaldehyde resol resins
for aerospace industry

Acid catalyst

Phenolexcess HO i i OH!

Novolac resin
OH lo)
+ —
©/ HJLH

Phenol  Formaldehyde

e OH

Resol resin Reactive functions

Basic catalvst
Formaldehyde excess

Resin polymerizable in several steps [cat. basic]

31
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|C\JM Phenolic networks

Institut Charles Gerhardt Montpellier

Context

Elaboration of ablative phenol-formaldehyde resol resins
for aerospace industry

Acid catalyst

Phenol excess Ho
s/,

oH o Novolac resin ageh
+ —
- A

H
OH
Phenol  Formaldehyde ! >
OH ,
S Cross-linked network
é Basic catalyst
Formaldehyde excess

CMR \ Resol resin active functions

4 /,)g

Resin polymerizable in several steps [cat. basic]

32



1CGM Which biobased aldehydes?

nsitut Charles Gerhrdt Montpelie [

Biobased aldehyde reactants

0
Furfural A
o] H

- Reactive aldehydespzbut CMR 2

H (0]
Glyoxal OHH -
—0 (0]
Dimethoxyethanal <

4 Not CMR but low reactivitys

- Non toxic [food ingredient —R
Vanilline [food ingredient] =

o - - -
OH Available resource [lignin]

Aromatic aldehyde [high density of aromatic]

No information in literature on reactivity in basic media

[1] C. Lacoste; M. C. Basso; A. Pizzi; M. P. Laborie; D. Garcia; A. Celzard, Industrial Crops and Products, 2013, 45, 401.
[2] L. H. Brown, J. Ind. Eng. Chem., 1952, 44, 2673.

[3] A. Despres; A. Pizzi; C. Vu; H. Pasch, J. Appl. Polym. Sci., 2008, 110, 3908. 33
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Institut Charles Gerhardt Montpellier

* No information in literature on reactivity of vanilin derivatives in basic media

 Theoretical study of reactivity of aldehyde functions

Hammett constantspy : O

For each substituant :
>0 : Electro-attracting effect on aldehyde function

——> Study of electronic effect of substituents R

Reactivity of vanillin derived aldehydes
IS

0] . .
S c<0 : Electro-donating effect on aldehyde function
R Gmeta Gpara
R, R, H 0 0
Rz OH | 0,12 | -0,37
Sum of effects of all substituents : O | -0,47 | -0,81
OMe | 0,12 | -0,27
2o =0 (Rpnento (Rz)para + 6 (R3)meta CHO | 035 | 042
20 : Electrophilic reactivity of aldehyde 7
[1] C. Hansch; A. Leo; R. W. Taft, Chem. Rev., 1991, 91, 165. 34

[2] E. F. Pratt; E. Werble, J. Am. Chem. Soc., 1950, 72, 4638.




|CGM Reactivity of vanillin derived aldehydes

Institut Charles Gerhardt Montpellier
o\
OH NaOH (0.3 éq.)
+ —> Pre-polymer
R R;

130°C, 30 min
1.5 éq. 1éq. C Reactivity at 15mn by *H NMR

Cross-linking (%) t
504 Oy -1,0 o
; - Very low reactivity
i %% confirmed by Hammett
i -06  constants
sl ¢ o4

40 -

R

Gmeta Gpara

-0,2

o\
Cramin (70) | 03 I H 0 0
25 o = _too Zo
- 0y ‘aad OH | 0,12 | -0,37
e
o/

é o-
_ B

< B

0

20 --0,2

s O |-0,47 | -0,81
Y OMe | 0,12 | -0,27
5 [0 CHO | 0,35 | 0,42
0- . — - 1,0

|:> Need to protect hydroxy functions to avoid formation of hydroxylate

15 4

10 -

35



Reactivity of vanillin derived aldehydes

oM

Institut Charles Gerhardt Montpellier

NaOH (0.3 éq.)

——> Pre-polymer
130°C, 30 min

o\
OH
+
R1 R3

1.5 éq. 1 éq.
b E
Cross-linking Oy N = =
(%) 50 o () 0~ -
; =3 o0_ |04
45 =
4 o o e
40 S 0,2
4 = S I
354
1 = ~ s o~ =] -0.0
. ] 0 0 0 i
15mm (/u) e o - --02 Yo
25 0 B
- o- B
g --0,4
| (0} B
15 -
J = é 0,6
10 4 i3] ® L
1 ® 0.8
5_ .
0 T l a ; T T ] -1,0

)

Significative increase of
reactivity

36



|CJM Reactivity of vanillin derived aldehydes

Institut Charles Gerhardt Montpellier

N
OH  NaOH (0.3 éq.)
+ ——> Pre-polymer
Ry R; 130°C, 30 min
Rz
1.5 éq. 1 éq.
Cross-linking Oy )
(%) 50-_ t

" i - 0,4
40 - 0.2
35_. - 0,0

5 Low effect +M i

5 (%) ] i

15m 25 - 02 EU

20 04

154 [
; High effect +M n é --0,6

10 - Fo I
o B ® _—-0,8
0 T ; l : =n I ; X T I T : T -1,0

> Significative increase of - Despite lower electro-donating effects
reactivity « Still low conversion

 And low thermal stability 37



1CGM

Institut Charles Gerhardt Montpellier

Grafting of aromatic

aldehyde groups

Functionalization to increase reactivity

O\ o\
+
Ri | R,
OH

Nucleophilic substitution

g Non CMR

R4 R,

O -
,’\\/\@( Electro-attractive
X mesomer effect (-M)

Foyer, Caillol et al.,
Eur. Pol. J., 2016, 74, 296-309
Eur. Pol. J., 2016, 77, 65-74
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Grafting of aromatic
aldehyde groups

Cross-linking (%)

Functionalization to increase reactivity

0\
Nucleophilic substitution
aromatic
>
Ri R,

g Non CMR 0 .
,;\/\@( Electro-attractive
N S mesomer effect (-M)

o\
35 - i
o/
o
\©\9°
25 - }
l (o) (o)
C 15m|n (0/0) &l N N
- O\
15 -
1 0 . 0
(0)
o 1§
o4 ¢ o
| g
Substituent : ] ' ' | ' ' ' '
(0] (o]
. .. o_< > < > / < > //
INn para position e Qs ° ° Eﬁ)r/elr:’ocl: ailumzeotl%' 74, 296-309
Effect +M +M__ Low +M -M -M Eur. Pol. J., 2016, 77, 65-74
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Grafting of aromatic
aldehyde groups

Cross-linking (%)
35 -

30

25 -

Cr

4 o
15min (%) 20 N

15 -
104 ¢

5 4

O

Functionalization to increase reactivity

0\3 O\ 0\
Nucleophilic substitution
aromatic
+ >
R1 ! R2 R1 R2
OH F

Non CMR 0 .
,’\/\@( Electro-attractive
9 '3 mesomer effect (-M)

Steric hindrance of

} phenoxy group
} Significative increase of
3 reactivity by functionalization
03 with group -M
SER®
¢ 3 Aldehydes:

Biobased, Reactive,
Aromatic and Difunctional

0
Substituent i
in para position OMe

ove ) )7

Foyer, Caillol et al.,

Effect +M

Eur. Pol. J., 2016, 74, 296-309
Eur. Pol. J., 2016, 77, 65-74

+M__Low +M___-M -|v|>




|(~GM Thermal resistance: Char content
‘- 0
ntitut Chares Gerhardt Montpeller ' [ 2

Determination of char (coke) content of formadehyde free resins [TGA under N,] :

- (. | intl

- 65
A Target reached
- 60
25 - _ (2 59%)
] - 55
Cr,. . (%) 20 ‘50 Char content (%)
e : 900°C
- 45
10 4 - 40
51 - 35
0- T T T T T T T T T T 30

> Strategy validated: Biobased precursors allow substitution of formaldehyde

Foyer, Caillol et al.,
Herakles Patent, WO116697A1, 2016 ; Herakles Patent, Eur. Pol. J., 2016, 74, 296-309

WO116699A1, 2016; Herakles Patent pending FR 1560070, 2015 Eur. Pol. J., 2016, 77, 65-74



| CGM | Particle board adhesives

Institut Charles Gerhardt Montpellier

Maritime pine bark tannins Natural extract o Wood lignin
O g . . OH N 03
HO 0 O oH o — Poaan
O 0 or ©
OH
Tl

OH

OH

20% w/w.
Water/EtOH

10% solids with dry industrial wood chips
Panels hot pressed at 220 °C - 7.5min with a

pressure cycle of 28kgcm3/15kgecm?3/5 kgecm3 for
2min/2.5min/3min.

Polymers suitable for

European Standard EN319 : 1993 particle board adhesive

Determination of tensile strength
perpendicular to the plane of the board
0.47MPa > 0.35MPa

Collaboration
Pr Antonio Pizzi
ENSTIB

Pizzi, Caillol et al., Int J Adhesion and Adhesives, 2016, 10, 239-248



(~ 7 Curing of Acrylic polymer with biobased aromatic
| -a\.’M cross-linker

Institut Charles Gerhardt Montpellier

Example of standard curing :

(0]
| C
Polyacrylate _ 0. .0
yacty Alcohol-isocyanate
g NH
+ 1 Cross-linking
0 P q r '
0”0 0” ™o 0" ™o M
| (<N
(LY R N\
\
\OHI \N \O/
7 ——N .
( 0=C~= ) Toluene diisocyanate
vd

|:> High performance properties: + durability
* thermal stability

« solvent and water resistance
* mechanical strength
« stain protection



(~’~ Curing of Acrylic polymer with biobased aromatic
l .o\JM cross-linker

Institut Charles Gerhardt Montpellier N

Me »
N TDI classified CMR
o “c. (Carcinogenic Mutagenic Reprotoxic)
|:> Toxicity issues 0
=N
0=C

Phenolic hardener

Need of alternative aromatic cross-linking systems without toxic hardener

RN OH
Aldehyde-functional Copolymerization HO 0 0 o
styrenic monomer O
OH
o OH
Vinylbenzaldehyde (VBA) Catechin
Not classified as CMR Biobased and non-toxic
crosslinker

from wood tannins

NC

Aldehyde functional
copolymer /H

C _I' kl - :
ross-inking Cross-linked coating
OH
HO O o O OH

OH
OH Hardener

Advantage: Aromatic composition I:> Thermal stability and rigidity




| (‘ = M Synthesis and polymerization of aldehyde monomer
& B
nstitt Chrles Gt Montpelle [ G L

« Synthesis of aldehyde monomery

AN AN AN
Hydrolysi. i iati
ydrolysis . Selective ox:datlon> 80% yieI d
NaOH (10% eq.), NBusl (1 eq.) MnO, (10 eq.), cyclohexane, r.t. [two steps]
cl OH No
Vinylbenzylchloride Vinylbenzylalcohol Vinylbenzylaldehyde VBA

 Copolymerization of the aldehyde monomer

= X ] DEAD-END polymerization
O + _¥O + + ¢ NC
o o AIBN (5% eq.), 80°C o
\ g Propionitrile | r
\
o o )
VBA -

VBA concentrations: 0, 2, 4 and 6%w

MMA ABu S

» New (meth)acrylic-styrenic oligomers with aldehyde functional groups
for coating applications

Foyer, Caillol et al., Progress in Organic Coatings, 2015, 84, 1-8, 45



| ~ Cross-linking and coating application

Institut Charles Gerhardt Montpellier

Cross-linking of aldehyde copolymer with:
« resorcinol (as a model)
« catechin

OH

HO 0 O oH Cross-linking

¢ ~
OH

T #100°C

1 eq Catechin

Copolymer | Mn (g/mol) | Tg (°C)
Cross-linked coating
COP-0% 7,600 65
COP-2% 5,000 68
COP-4% 7,550 67 » Formulations casted on steel plates
COP-6% 5,050 72 with a 50 um film thickness (bar-
COP-6% LTg 8,600 50 coater)

Foyer, Caillol et al., Progress in Organic Coatings, 2015, 84, 1-8, 46



| (‘ ~ M Coating characterizations
"-? D &
Institut Charles Gerhardt Montpelier [ L N

ALDEHYDE MONOMER CONTENT
For all cross-linked coatings:

Gel content (%) Swelling index (%)
)
100 100

OH
80 80 o . O
60 60 ] O on
OH
40 40 OH
)
20 I 20
O T T T O T T T l
0 2 4 6

6 0 2 4
Aldehyde concentration in copolwmers (Yow.) Aldehyde concentration in copo ymers ( oW.)

* Thermal stability properties: » Aldehyde function concentration 2

For all cross-linked coatings, c linking d P
Td, o= 350°C > ross-linking degree

6%w aldehyde function = best concentration

Foyer, Caillol et al., Progress in Organic Coatings, 2015, 84, 1-8, 47



S Coating characterizations
ICGM

nsitut Charls Gerhardt Montpeler 0 IS

Falling ball test
v - O OH
° OH

||
HO
m ()
OH

1
OH

Impact resistance results (cm)

50

40

‘ 30
20

10

0

COP-6% COP-6% LTg
Aldehyde concentration in copolymers (%w.)

Cross cut adhesion =1

» Coating with high mechanical resistance
suitable for industrial applications

Foyer, Caillol et al., Progress in Organic Coatings, 2015, 84, 1-8,



~ ~ Non isocyanate Polyurethanes
oM Y Y

Institut Charles Gerhardt Montpellier

PUs : 6" polymer in the world, 18Mt/y

H
I
< O N~ |
HoRion  * 0=Cc=N""?N=c=0 RUYTOR: N > |
. § l" 7/
diols diisocyanates PonSrethanes //y
v -
—) ISSUES Me
- Aromatic isocyanates are harmful reactants N O=C=NN:C:O
« TDI and MDI (CMR) "C,
© MDI
o=c"N  1DI

m=) Synthesis of non-isocyanate PUs



~ Non isocyanate Polyurethanes
oM Y y

Institut Charles Gerhardt Montpellier

PUs : 6!" polymer in the world, 18Mt/y

)
R -_.O N
Ho NMon +  0=Cc=N" 2N=C=0 RT Rz
. " o)
diols diisocyanates Polyurethanes

—> ISSUES

Me
- Aromatic isocyanates are harmful reactants N O=C=NN:C:O

- TDI and MDI (CMR) C

MDI

m=) Synthesis of non-isocyanate PUs

= Synthesis of Polyhydroxyurethanes (PHUs)
by reaction between cyclic carbonates and amines

/—_( ﬁ + HN’R2\ 70°C . j\ i )Ri/
o_ 0O o. 0O 2 NH, w2 Ry, * RoL OH
ol T

C5 dicyclic carbonate PolyHydroxyurethane



~
C\JM From cyclocarbonates to PHUs

o
Insttut Charles Gerhardt Montpelier = | N
Carbonation of oxiranes with CO, (Trans)esterification with glycerol carbonate
0 0 i o
Cat. Syst. T(°C) e
0
> O)LO R% + o o Esterification o )k
A 0" 0
R CO, O. .
R' TransesEsterif
R HO 0
R'=H ou Me
0=
R

L
I

J:S—E\W j) [SZW HzNﬁﬂ j/\rNHz l
N‘Igg Jeffamine D400
0 0 70°C Non-isocyanate

© Polyhydroxyurethane

» Access to biobased non-isocyanate polyurethanes

» Various properties and applications owing to the structure of carbonates
and amines

Cornille, Caillol et al.,
European Polymer Journal, 2017, 87, 535-552
European Polymer Journal, 2016, 84, 404-420 51



|CGM - Adhesive Properties of PHU Materials

Institut Charles Gerhardt Montpellier

* :80°C/12h puis 150°C/1h

Formulation de colle NIPU
9 o Zone de collage

' Traction des éprouvettes de
lcollage avec un dynamometre

o) 0
o)
0 O™\ e emmm—————
: 0>\;\OJ\J/<0 + HN— N >
0]

Le verre casse (2MPa)
avant le décollage

Colle NIPU

Défibrage du bois
lors du décollage

Excellent adhesive properties of PHU on the 3 tested
substrates

52



|CGM - A_dhesive Properties of PHU Materials

Institut Charles Gerhardt Montpellier

7 5.0 - Alu
16 - Bois o .
- On wood 45- On aluminum
14—_ o
e N
'E 1 £ I
E 104 £
z Z
g 87 Q
6 &
T i
6 5
£ o o
0 44 &
2
0

Q 0 0O O Q 0 QO 0
S EFSFF & S S S
S P IR < S
07 07 P P SRR N
e POPFOPie
FLE &S
& SE S AP
Q- O Q"\ Qo‘a D O 06'3

Best adhesive property of PHU
compare to PU on wood =» Creation of
H bonds between OH of PHU and wood

B Failure mechanism:

Failure meghanisfm - PU and PHU: Adhesive failure
PU = Adhesive failure

PHU =» Cohesive failure

Similar adhesive property of PHU
compare to PU on Aluminum

Défib}aqe du bois 53



C\JM Synthesis of C5, C6 and CS cyclic carbonates

nsitut Charles Gerhrdt Montpelie [

»o 4(’ ; 9
DCadp (n=4) >\\0 0J<

O
O\/\/S\/\O/\/S\/\/O\/‘\/
DCseb (n=8)

0 o) §/JVO\/\/\

)~o o4 O/\E =0 i

o_J_o o P O\fo Butanol o o) s\)ko O\/:o

. \© P %O Vanillin derived O\j/sfow /\[O
o._o._+,_P° e 00

o:\/;)fo o/\/j\{) N /z O%j\/o @Oﬂo ot o \j< T™P
Gallic acid ;L ° ° N Ao

O* ;Sj | ')OJO —
. o),
HW f [oﬁgw o @-oi @O %\I ).
Vegetable Oil J_/ § H ) o
Wl_i/g Isosorbide L In ’/8 Polyether
i 0=y O .
Caillol et al.,

o S O% S
Polymer International, 2012, 61, 1666-1674 >=o S>\\\)O\/ O o//<s
Polymer International, 2012, 61, 918-925 o OSSO A
Reactive and Functional Polymers, 2013, 73, 588-594.
Polymer Chemistry, 2011, 2, 2661-2667 limonene  °%° O °
J. Pol. Sci. Part A: Polymer Chem., 2011, 49, 2677-2684 O\JVO\/\/S\/\O/\/S\/\/O\/&O
Lipid Technology, 2014, 26, 35-38 54




: (™ From PHU materials to new properties
oM prop

Institut Chrles Gerhardt Montpeler o IS

= Tg of PHUs synthesized with various diamines

; ; ; « NIPU CQ2
I T + NIPU CO2
T | NIPU CO2
« INIPU CO2
fred - N|[PU CO2
NIPU CO2
NIPU CO2 ¢
NIPU CO2 ¢
NIPU TEC s
NIPU TEC
NIPU TEC =
I + NIPU ester
T T « NIPU ester
T T T 4 NIPU ester
I T + NIPU ester
T « NIPU ester
+ NIPU ester
: = NIPUester | |
-40 -20 0 20 40 60 80 100
16 Tg (°C)

» Promising adhesive properties of
PHU compare to PU
=>» Creation of H bonds between OH of
PHU and wood

14|

12

Shear Force (N.mm?)
[oe]
1

PU = PHUs = PU — PHUs —
Cornille, Caillol et al., European Polymer Journal, 2016, 84, 404-420



i( > 'Vl Toward reversible PHUs
? D & |
Institut Charles Gerhardt Montpellier Iﬂﬂ

Synthesis of cleavable cyclic carbonate
O

Diels-Alder @ oy
.‘Woww? S ol Vwm

Diels-Alder bis cyclic carbonate

3 days ° 99% conversion (RMNH) °
Ratio endo/exo = 3/10

HzN\/\O/\/O\/\NH2
HO
H oH @ 0 ° @ ;L JOL Reversible PHU
o\/\o/\/NToJ\/o \ T(AO /\X\(O Fe /*(N 0NNy
O o) X y z o) ) n

)SC l(mWImg)
n3y

- Thermal behaviour

-0.15

Tg=-17°C

-0.25

(solid) (totally liquid)

) 88°C | L123°C

50,0 00 500~ 1000 1500 Dolci, Caillol et al., Polymer Chemistry, 2015, 6, 7851-7861

Température I'C




[ h .
|CQM Toward reversible PHUs

Institut Charles Gerhardt Montpellier IR My L
Before (25°C)
PHU-2G
0,75DA-tc/0,25PPG-dc/1,0EDR148
(totally liquid) \
After thermal treatment (140°C, 2h) DEBONDING

Dolci, Caillol et al., Polymer Chemistry, 2015, 6, 7851-7861



|CGM Strategy: PHU cross-linking

Institut Charles Gerhardt Montpellier

Strategy:

Radical copolymerization of GCMA in styrene-acrylic polymers; cross-linking with diamines.
Substitution of de 2-ethyl-hexyle acrylate (HEA) / isocyanate system

”——-~

(  ——> Free radical polymerization
\\ ;’

O - A
GCMA O\ —mn L«\‘ 2

1 \ O
(O 0! HEA_\—OH
Cross-linking with «—— 7{ i
- - \
diamines \p /’
Synthesis Cross-linking with
O>\ < O>\ { poyisocyanates
o CO2, LiBR o NGO
S -
GMA f DMF, 80°C 0
O o
HHN\(O
OCN/\/\/\/N\"/N\/\/\/\NCO
Camara, Caillol et al., Polym. Chem. 2013, 4, 4545-4561 °

58



ICGM Study

Institut Charles Gerhardt Montpellier

]
e N@mwf%w%mw%m%mﬁﬂhr) Copolymerization

o "0 S0 o o/go
o o

>ro %o
o L
0 \ ° ) 1°) Homopolymerization
G 4P) Copolymerization of GCMA in the
3°) Cyclic-carbonate / amine reaction resins
v

wﬁrmﬁ%ﬁ“«;ﬁ%ﬁ%ﬁ% %ﬁ%ﬁ%ﬁw Nﬂ%ﬁwf%ﬂ% R
0" Yo oo o) o Yo
/\H /\H /\H 5°) Cross-linking
o o __with polyamines

0 >//o
O H N7 e R e s N s s o e 0

6°) Coating formulations and
evaluation of the properties

59



|CGM Homopolymerization

Institut Cherles Gertardt Montpelle [
Polymer characterization
o) H,
ha Jr }n > Tg #120°C
0
DMSO
o\n/O BN so°C , L . k.2
L g » Determination of ratio =2
o

te

NMR=>In[Mo]/[M]

Tobolsky equation :

In[M],/[M] = 2 kpiWkte X f}{—d x /[I,]%(1-exp(-kdt/2))

European Polymer Journal, 2014, 61, 133144 60



|CGM Homopolymerization

Insttut Charles Gerhardt Montpellier - IEsTeaaSsss
Polymer characterization
Q | H
OH Jr)c;c o > Tg#120°C
//2 _ bwso o
0.0 AIBN, 60°C /_H 2
o_ 0 , . . i k
\‘OW/ e » Determination of ratio =
(o)

te

NMR=>In[Mo]/[M]

kp?/Kte Tobolsky equation :
0,80
0,731
0.70 In[M],/[M] <= 2 kp/Vkte x /:—d x o/ [I]*(1-exp(-kdt/2))
0,60

> GCMA is more reactive than MMA and
GMA (in DMSO at 60°C)

0,50

0,40 Literature : Acrylic cyclic-carbonate

monomers polymerize more rapidly than
classical acrylic monomers, in
photopolymerisation.

0,30

0,20

0,10

Berchtold, K. A.; Nie, J.; Stansbury, J. W.; Bowman, C. N. Macromolecules
(Washington, DC, U. S.) 2008, 41, 9035-9043.

Kilambi, H.; Stansbury, J. W.; Bowman, C. N. J. Polym. Sci., Part A: Polym.
Chem. 2008, 46, 3452-3458.

Decker, C.; Moussa, K. Makromol. Chem. 1991, 192, 507-22 61

0,00

GMA

Monomeére

European Polymer Journal, 2014, 61, 133-144



|CGM Paint formulation

Istitut Charles Gerhardt Montpeller - IS
REFERENCE: Acrylic copolymer (HEA) Copolymer MAGC
NCO /”\V/A\O/A\V/O\V/A\V/NHz
+ diamine

. EDR 176
+ polyisocyanate

24 hours RT 1 hour 80°C

24 hours RT 1 hour 80°C

Camara, Caillol et al., European Polymer P hard Simil
Journal, 2014, 61, 133-144 SUECr NElCITEsS fmar 62

1 and 2 same aspect than the reference

Comparison to the reference

Gloss (60°/20°) Similar
Adhesion (cross cut) Similar
Solvant resistance (MEK) Similar



Institut Charles Gerhardt Montpellier

REFERENCE: Acrylic copolymer (HEA)

NCO

+ polyisocyanate
HHN\(O

(0]

24 hours RT 1 hour 80°C

—~—

Camara, Caillol et al., European Polymer
Journal, 2014, 61, 133-144

Varnish formulation

Copolymer MAGC

NH, 0
EDR 176

+ diamine

24 hours RT 1 hour 80°C
.
1- Whitening after drying at RT

2- Same after 1 hour curing

Improvements:
- Polyamine structure

Cyclic-carbonate content in the polymer
63



i( € 'Vl Biobased polymer latexes
- NP & |
Institut Charles Gerhardt Montpellier ‘mﬂ

: BIOMASS

FEEDSTOCK _
Radically polymerizable ' Sud Biobased Latexes
Biobased monomers Radical

Emulsion
Polymerization

é, Water: Innocuous and nonflammable solvent
é, Reduction of reaction medium viscosity
Q—?—y Improves heat transfer (easier reaction temperature control)

64



(~ 7 M Emulsion Polymerization for waterborne binders and
| ? P & coatings

Institut Charles Gerhardt Montpellier

Mixture of monomers Emulsion radical polymerization
(meth)acrylates

= io ?O
Styrene o Y
R

Water
Surfactant
Initiator

T>MFFT

Coalescence _ i i
I D

V "
Packing of deformed particles Polymer coating

Ratio of monomers
for a Tg of polymer
suitable for film forming

I g
[N
\




|CGM Eugenol

Institit Charloc Garhardt Mantnolliar
OH '
1N ’

~
KOH
CLOVE High temperatures
Bud-Leaf-Stem
b )
/ Isoeugenol

CLOVE OIL \ /\/ﬁ l Hydrogenation
on
Eugenol \ O

Dihydroeugenol




lC\JM - __Syr_\the3|s of Eugenol-based monomers

Institut Charles Gerhardt Montpellier

| ( OH )
0/\/0% /0 o/\/o
/O (0] /0 (0]
e =
EDA \Dihydroeugenol } EDMA
| OH ¢um) o
°/\/OT]J 0 o™~A° o\

g (0]
/0 (0] /0 (0] /0
EEMA
L. Carbonate
| Epoxidized 0>=
EEA EEMA o
I \ Eugenol / l EEMA o o

)
l & e o
o ™~° _o 0o 0

_o 0 A 0 _O o
<= — —
N
X A Epoxidized
EIA \. Isoeugenol / EIMA o EIMA

| ] \ ]
T T I Y i

Acrylates Building Methacrylates Epoxides Carbonates
Blocks
Molina-Gutiérrez, Caillol, et al. , Macromol Chem Phys, 2019, 220 67




Synthesis of Eugenol-based monomers

oM

Institut Charles Gerhardt Montpellier

0o
)Ln/o _o
N 0 o

\/NV

0o
<_\F EtOAc |

OH 0°C tor.t
m o~ Af r EEMA EIMA EDMA
MeO

IH(C, m.p.: 11 °C m.p.: 37 °C m.p.: -59 °C
150- 180°C
R °N
n=1.23 n=1,2,3 \/NV | |
EtOA (0)
fi 0°C to rt o) o/\/ojH o o~ \QJ
R:V/\/ Ar A A0 ° d
R3: ,r‘\/
X
[ Solvent-Free Ethoxylation ] | EDA
EEA EIA
m.p.: -44 °C m.p.: 56 °C m.p.: -58 °C

Molina-Gutiérrez, Calillol, et al.

, Macromol Chem Phys, 2019, 220

68



i( ~f 'M Miniemulsion Homopolymerization
@JJO _
Institut Charles Gerhardt Montpellier N

Organic phase Ultrasonication

NS NS

Starting mixture Macroemulsion

o !

f 70 °C %
o” ™0 oo

Ar
—> H
AIBN 2 wt%*

o =l
OMe /\/@ 1 0
OMe Monomer conversion > 97%

EDMA 115 nm /Tg : 30°C

12.5 wt% solids
*Wt% based on monomer




1CGM

Institut Charles Gerhardt Montpellier m‘
* Thermal Initiation

R1:_~~ EEMA
R2: .~ EIMA

_>
Init 2 % wbm

Cr ol
Rn OMe SDS 4.2% wbm RN OMe

=12,
n=1,.2,3 n=1.2,3

12.5 wt% solids / % wbm weight based on monomer

Monomer conv > 97%

EDMA

Colloidal d
Stability

Gel Content: 1 %

EIMA

Colloidal d
Stability

Gel Content: 74 %

D;: 63 nm D;: 45 nm
Ty :26°C Ty :63°C
pH: 8.9 pH: 6.4

Molina-Gutiérrez, Caillol, et al. , Indus. Eng. Chem. Res., 2019, 58, 21155

Direct Emulsion Homopolymerization

/é Water soluble initiatorm
S ——g
K+

Q o

o)
N
k4,4'-Azobis(4-cyanovaleric acidy

EEMA

Colloidal
Stability

Gel Content: 98 %
D;: 57 nm

Ty: 27 °C

pH: 8.5



-4 ﬁ . .
|C\JM - PSA Application

Institut Charles Gerhardt Montpellier N

H

H | MMA 12% wbm MMA 6% wbm - EDMA 6% wbm
o] MMA 12% wbm MMA 6% wbm — EDMA 6% wbm
OMe
Ry~~~ EDMA ICGM G@ F3 iCGM 6({(’:\ F4
i s e aeber CHIMI lies ot Cmsanstievts.  CHIM! et
R Ryt <~ EEMA EONGA2% when | EDMA 11% whbm - EEMA 1% wbm
EDMA 12% wbm EDMA 11% wbm — EEMA 1% wbm
200 - F1 F2 F3 F4

MEEE
« % -
i

Particle di

N 173
5160 -
5 140 -
T 120 -
€ 100 - A ,d

Molina-Gutiérrez, Caillol, et al. , Biomacromolecules, 2020, 21, 4514 71



@ ﬁ . .
|CJM PSA Application

Institut Charles Gerhardt Montpellier ‘m‘-‘

5.0 - 0/\/0 °/\/o

45 - T

P

4.0 -
£ : EDMA | EEMA )
= 3.0
E 2.5 A 2.31 -
S0 e 2.00 9 Peel force decreases with
3 || .
Q15 biobased monomer

1.0 - ﬂ

0.5 A 0485 45 o (- 3 .

' — B 7 EEMA = Noticeable
0.0 : .
BAMMA:MAA  BA:MMA:EDMA:MAA  BA:EDMA:MAA  BA:EDMA:EEMA:MAA Scotch Magic™ Tape decrease of peel force
(87:12:1) (87:6:6:1) (87:12:1) (87:11:1:1)
= Average Value (N/cm) = Maximum value (N/cm)
12.0 ; $ 1
100 ] & Tack force decreases with
: biobased monomer

s 8.0
3 ] - .
§ 60 481 7 EEMA - Noticeable
g ,,1 & % decrease of tack force

20 ]

® @ o .
; . — Comparable with commercial
0.0 L L ) .
BAMMA:MAA  BA:MMA:EDMA:MAA  BA:EDMA:MAA  BA:EDMA:EEMA:MAA Scotch Magic™ Tape formulation

(87:12:1) (87:6:6:1) (87:12:1) (87:11:1:1)

Molina-Gutiérrez, Caillol, et al. , Biomacromolecules, 2020, 21, 4514 12




|CGM From Cashew to Cardanol

Institut Charles Gerhardt Montpellier

Cashew Nut Shell
Cashew nut and fruit Raw Cashew nut (80-75 wWt%)

=LY
1, -

'y 'l
b H d [——
. | | PORTWINE

no.7

| s

xd

e ‘ - g o
Cashew nut
Cashew apple

PP (20-25 Wt%) Country Prod (t)
Cashew nuts world :\"dg.e”a 333’888

. naia )
proc.luctlon Viet-Nam 590,000
2014 : 3,700 kt Cote d’Ivoire 570,000
2015 : 4,275 kt Main producing countries of Benin 226,000
cashew nuts in 2015 Philippines 188,000

Source: FOOD AND AGRICULTURE ORGANIZATION OF THE UNITED NATIONS STATISTICS DIVISION



Institut Charles Gerhardt Montpellier

|CGM | | From Cashew to Cardanol

/8% 18% 5%

COOH

ANACARDIC CARDOL CARD
Prod ACID

#1 Mtly Heatin
» world ‘ 9
Cashew Nut
Shell Liquid 0% 8% 78%
- 0
(20-40 wt%) » cooHR ™ ol A
R
ANACARDIC  CARDOL | CARDANO!
ACID
/ OH —/\/\/\/\/\/\/\ 5-8%

/\/\/\/;/;/\ - 0
Cis5H31:n 16-17%

\Cardanol L NN TN TN TR 29-30% )




| ‘OM Examples of Cardanol Platform

nsitut Charles Gertardt Montpelier | N
Linseed fibers and Cardanol vinyl ester composites

EJLST, 2014, 116, 928-939; 2015, 71, 248-258

PVC Plasticizer

Nutshell
Liquid
Indus Crops Prod, 2019, 130, 1-8
I .
Cardanol-nonanal resole resins
: _ EJLST, 2018, 120, 1800175
Cardanol surfactants
T - X
R = C,5 saturated or mono- or di- or tri- unsaturated \ //O
—NNN/\/\S\\—O'
cl OH 0
/ 0 NaT_i //
o~ N_~_S0

Caillol et al. @ CisH31n

Green Materials, 2015,

3,1-29 Green Materials, 2017, 5, 144—-152 : -
COGSC, 2018, 14, 26-32 75




(~ o~ Synthesis of Cardanol-based radically polymerizable
| a\.’M monomers

Institut Charles Gerhardt Montpellier

From cardanol to methacrylated monomers

CI/\G

@) Hydroquinone
OH P Not too hydrophobic, suitable for
@\‘W (CN}) TEBAC direct emulsion polymerization

Triphenylphosphine

Sy

::> Homo- and co-polymerization with MMA
Low Tg of polymers due to dangling chain

Caillol et al., European Polymer Journal, 2017, 93, 785-794
Caillol et al., Polymer Chemistry, 2018, 9, 2468-2477 76



s Emulsion and Mini-emulsion polymerization
_coM poly

nsitut Charles Gerhrdt Montpelie [

Direct Emulsion Polymerization

O 20 wt.% solids
~—
OV —
S
O o 3 St -
OH Organic phase irring Polymerisation
~0 e e |:> -
- Nl
W s/ \am Water soluble
Initiator
Starting mixture Emulsion
<>
Mini Emulsion Polymerization M
20 wt.% solids =2
O/\/O — “% / Q
O re— ‘ "i
~——— U lt rasonication ~————1]
Organic phase e %7
—t VYY) — 1 0 o
Water phase hydrOPhObe ™ o Hydrophobic
0 s Initiator

> 28, .
\OV Starting mixture Miniemulsion Polymer latex



| ~ Cardanol-based emulsion polymerization
|C\JM PO

Institut Charles Gerhardt Montpellier

RMN 1H g 4 0 2 14
. . . . 1
Emulsion Co-polymerization with MMA P e n e
100 CisHat-n = < : 8 11
= MMA [ ]
® CAMA u °
80 4 "
i u
O ®
< 60+ MeO ° O/\ﬁo 50 -50
£ . HO O%\]/ CMA/MMA
2 . Latex
o C15H31.n
> 40 -
S .
20 4 -
[
0 - CMA
0 ' 5IO ' 160 ' 1%0
Time (min) VR R T B T S (I S S G e o T
 Similar reactivity of both monomers ! : : ’
« Particle sizes # 60nm
. Tg #20°C

Double bonds or cardanol are not reactive during polymerization
» Available for cross-linking

Caillol et al., European Polymer Journal, 2017, 93, 785-794
Caillol et al., Polymer Chemistry, 2018, 9, 2468-2477




1CGM

Institut Charles Gerhardt Montpellier ‘“1, -v S0 I

Mini-emulsion polymerization

Mini-Emulsion Co-polymerization with MMA

100

20

&0

70

a0

50

40

30

Monomer Conversion (%)

20

10

0

o B

3
& £ [ | ]
& i =
A ]
]
& n u - .
] = L
] . L

gn
==

O/\/O O
|
n 100 wt.% CM
= Cy5H-
1 2 3 4 5 5] 7

Time (hours)

Similar reactivity of both monomers
Particle sizes # 180-200nm

Tg from 0 to 75°C

Double bonds or cardanol are not reactive
during polymerization

Caillol et al., European Polymer Journal, 2017, 93, 785-794

wwwwwwww

75 wt.% CM

P(CM) -~

™
ey

P(CM-co-MMA), 75%CM




l("‘ lvl Cardanol-based water coatings
Institut Charles Gerhardt Montpellier mm!w
OMe

Film formation
E ) QMe 603 UV Thiol-Ene

HS o~ ~SH crosslining
O >
©\\NW /,VVV

Biobased nanolatex

UV 1800W - 200-600 nm

Gel content # 10% . l Cross cut

adhesion =1

Crosslinked

biobased coatings » Cross-linking degree 2
Gel content # 90% IMPACT RESISTANCE

Caillol et al., European Polymer Journal, 2017, 93, 785-794 80
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|CJM Ferulic acid

Institut Charles Gerhardt Montpellier ‘mﬂ

Beetroot Wheat or rice bran

OMe
OH

Ferulic acid

4 Collaboration
M Prof Masami Kamigaito
Prof Kotaro Satoh
Nagoya University

H Takeshima, K Satoh, M Kamigaito, Macromolecules, 2017, 50, 4206-4216 81
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~ Conclusion: from biosourced monomers and

I Eolxmers to materials
Institut Charles Gerhardt Montpellier = Yl

» Natural phenols: interesting building blocks for monomer synthesis for various
polymers such as polyepoxides, polyurethanes, vinyl esters, polyacrylates...

» Aromatic ring: confers interesting reactivity and high mechanical or thermal
properties

» Safer chemicals: replacement of isocyanates, styrene, BPA, DINP...

> Some of our achievements

' Prosthetic
socket

Sport floor coating
Doming

Allrane
llrim |

Composite matrix
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Adhesive Bonding...a new age?

© 2019 CertBond - Cost Action CA18120



What is an adhesive? M CertBond

The definition of an adhesive according to DIN 2304-1 (2020):

"Bonding of joined parts via adhesion (surface adhesion) and cohesion
(internal strength) with a non-metallic substance (adhesive)”



Adhesion and Cohesion M CertBond

Cohesion Adhesion
The effect of attractive forces between atoms or | Effect of attractive forces between different
molecules within a substance. substances.
Nk NI Adherend 1

NN NN _;;i \ Nl
32222222222 222222222222222222221
RARA4A4ARAARAARAARAIMARAAAAA44MA T Adhesive forces

R B R 0.7 i R R between adhesive

Cohesive forces in -
the adhesive layer |

B e layer and adherend
323213222222L) surface

40444
/74— Adherend 2
Source: Habenicht
I Adhesion and cohesion are decisively determined by the binding forces! I

© 2019 CertBond - Cost Action CA18120



Adhesive Bonding...pro‘s

* Uniform stress distribution perpendicular to the loading direction
» Possibility of joining very thin parts
» High fatigue strength

.

* Low thermal stress (only with cold-curing adhesives)

* No thermal influence on the microstructure

* No thermally induced component distortion

+ Joining option for very heat-sensitive materials lightweight construction

* Bonding option for different material combinations

Weight saving &

» Possibility of bonding metals with different electrochemical properties
» Joining of sensitive materials (e.g. glass)

* High vibration damping

Source: Habenicht



Adhesive Bonding...con‘s A CertBond

» Difficult process integration

» Viscous media (no initial strength)
» Long process times (curing)

= Resistance to ageing

= Monitoring difficult

" Change of properties Combination of disadvantages » limited use in aviation

» Infiltration
» Testing
» "Kissing bonds”

= Properties of bonds dependent on temperature



Adhesive Bonding...influences M CertBond

Adhesive I—) (—l Substrate ‘

Geometrical
, Stress
design ‘ E ; \
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Adhesive Bonding...focus of lecture =~ A CertBond

Adhesive I—) (—l Substrate ‘

Geometrical ‘ 3 E \
: Stress
de3|9n




Adhesives —
Mechanism and
Examples

&
o



Adhesive — A general classification A CertBond

i Adhesives

[ l
Reactive monomers Ready polymers that have to
curing in the glueline be transferred into a liquid
through chemical state or that adhere owing to
reaction surface pressure
[
Chemically reacting __ Physically setting
‘ adhesives adhesives
Reactive adhesives Hot-melt adhesives
, Dispersion adhesives
l Solvent-based adhesives
. Source: Habenicht
See next slide Pressure-sensitive adhesives

© 2019 CertBond - Cost Action CA18120



Chemical reactive adhesives

Chemically reacting adhesives

Polyaddition
adhesives

Epoxy resin
adhesives

Polyurethane
adhesives

© 2019 CertBond - Cost Action CA18120

Polymerization
adhesives

Cyanoacrylate
adhesives

Radiation curing
adhesives

Methacrylate
adhesives

Anaerobic
adhesives

[ Polycondensation
| adhesives

Phenolic/melamine/

urea-formaldehyde
adhesives

Silicones

Source: Habenicht



Functional groups

/CertBond

A functional group is a group of atoms in a molecule that shows characteristic properties and
reactions and that essentially determines the behaviour of the molecule.
Several identical or different functional groups can be present in a molecule at the same time.

Functional Groups* Formula Example
Hydroxyl -OH Alcohol
Amino -NH,, Aminoacid
Carbonyl -COOH Aceticacid
Aldehyde -CHO Formaldehyde
Isocyanate -N=C=0 Methylisocyanate
Vinyl -CH=CH, Vinylchloride
-CH - CH i
Epoxy g . /2 Epoxyresin

*not exclusive



General reaction mechanisms

e Polymersiation
e Polyaddition
e Polycondensation

© 2019 CertBond - Cost Action CA18120



Polymerisation /Cert:B_o,nd

Reaction of low-molecular substances with the opening of multiple bonds or ring structures to form
macromolecules (requires C=C double bonds).

Initiation (also called chain start or primary reaction): The reaction(s) that set the chain reaction and thus the
formation of polymers in motion.

Growth reaction (also called build-up or propagation reaction or propagation): Here the molecular chains
become longer and longer (run length approx. 0.1 mm)

Chain termination: Reactions that lead to the termination of the chain reaction.

As a rule, thermoplastics are formed.

No stoichiometric mixing of the components is necessary.

Monomers + Initiator
© 2019 CertBond - Cost Action CA18120




Polyaddition A CertBond

Reaction of polyfunctional monomers with different reactive groups with migration of hydrogen atoms.

No initiator

First linking of individual groups, then linking of groups to form long polymer chains - Step-growth reaction
2C and 1C possible

Mandatory stoichiometric

:.‘ "-»‘"’ *3s

Monomers Oligomer Polymer
© 2019 CertBond - Cost Action CA18120




Polycondensation M CertBond

= Similar to polyaddition, but formation of one low-molecular-weight compound per linked bond.
= Step growth reaction
= Porosity possible due to deposition (Low molecular weight compounds)

Low molecular Low molecular
welght compounds weight compounds
@ O O
Monomers Oligomer Polymer

© 2019 CertBond - Cost Action CA18120



Examples

e Polymerisation

© 2019 CertBond - Cost Action CA18120



1C Polymerisation: Cyanoacrylate A CertBond

= Linear chain growth - thermoplastic adhesive
Moderate temperature resistance (approx. 80°C)
Moderate media resistance (e.g. in water: substitute absorption)
Low adhesive layer thickness (100 - 200 um)
Small bonding surface

Brittle

Very fast curing (= super glue)

Reaction with moisture (rel. humidity min. 30..40%)

= Examples of applications:
= Bonding of elastomers
= Bonding of plastics

Source: Cyberbond Europe GmbH



1C Polymerisation: Cyanoacrylate A CertBond

Cyano group
;I—q IEN Fli g{ﬁ* CIPEN ||-| C|:EN H CIZEN
e F — I
e T o SRR i OO e S e
H COOR H COOR | H COOR| H COOR[ H CooR|

Chain initiator: OH™ -lons (as a rule: from humidity or activator)

Does not stick to acidic surfaces (e.g. ceramics): H;O* surplus = no OH-ions to start the reaction
The chain grows by adding further monomers to the already activated adduct

Chain break: meet a second chain or another OH-ion (limited chain length - thin adhesive layers)



1C Polymerisation: Anaerobic

1C polymerisation adhesives that cure in the
absence of oxygen

- Adhesives remain in a liquid state as
long as they are in contact with oxygen
("liquid plastics")

After bringing the metallic joining partners together,
the stabilising oxygen is shielded - Curing reaction
starts

Low activation energy - Curing at room
temperature

Metal ions for curing necessary - at least one
metallic joining part or activator required

Source: Cyberbond Europe GmbH


http://cyberbond.de/index.php?eID=tx_cms_showpic&file=uploads/pics/Cyberbond_AN_Familie.jpg&md5=3e301cf960967497a9cdca19194d8fc911c122d7&parameters%5b0%5d=YTo0OntzOjU6IndpZHRoIjtzOjQ6IjgwMG0iO3M6NjoiaGVpZ2h0IjtzOjQ6IjYw&parameters%5b1%5d=MG0iO3M6NzoiYm9keVRhZyI7czo0MToiPGJvZHkgc3R5bGU9Im1hcmdpbjowOyBi&parameters%5b2%5d=YWNrZ3JvdW5kOiNmZmY7Ij4iO3M6NDoid3JhcCI7czozNzoiPGEgaHJlZj0iamF2&parameters%5b3%5d=YXNjcmlwdDpjbG9zZSgpOyI+IHwgPC9hPiI7fQ==

Securing Sealing

Source: Habenicht
© 2019 CertBond - Cost Action CA18120



1C Polymerisation: Anaerobic

/ CertBond

=  Starting products: Monomers derived from methacrylic acid by esterification of tetraethylene glycol

= Example: Tetraethylene glycol dimethacrylate (TEGMA)

Veretherung
4 HO—CH,—CH;—OH ~ ———»
zum

Ethylenglykol

HaC O

HaC O

HO+CH2—CH2—O—)—CH2—CH2—OH
3

- 210

Tetraethylenglykol

O CHs

Methacrylsdure Tetraethylenglykol Methacrylsdure

O CHj

[ N1
HZC=C—C—O+CHE—CHrO—)—GH2—GH2—O—C—C=CH2
3

Tetraethylenglykoldimethacrylat (TEGMA)

,Liquid plastic”

© 2019 CertBond - Cost Action CA18120



1C Polymerisation: Anaerobic A CertBond

= Question: Why does the adhesive remain liquid when oxygen is present?

= TEGMA radicals are continuously formed in small quantities with the hydroperoxide (by UV
radiation/ temperature).

TEGMA radicals have high reactivity to oxygen: reaction to peroxide-containing TEGMA radicals:
Impeding polymerisation

TEGMA- + O ki TEGMA —O—O- Reaction constant
k1>>k2: Reaction stops

Y » at this stage and
: lymerisation d t
TEGMA—O—0+ + TEGMA —— TEGMA—O—0O—TEGMA - polymerisation does no
take place

K4, K, - Reaction rate constants




1C Polymerisation: Anaerobic A CertBond

= Two-step curing reaction

1.: Formation of radicals by metal ions

Metal ions must be present!

2.: Chain growth under oxygen exclusion

No oxygen must be allowed to get into the adhesive!




1C Polymerisation: Anaerobic A CertBond

CHs

= Radical-forming substance: Dimethylbenzyl-hydroperoxide Qé_o_o_H

|
CHs3

» Metal ion-catalysed decomposition of hydroperoxide as a source for the formation of free radicals

ME + ReO—O—H — pue®,: r—o- + o Sp_eed of formation of the
radicals: metal-dependent

Me®e+ R—{O—O—H — Mé’g + R—O—0O + H'EB ‘

M® = Metall| 5 = 1 Total duration of adhesive
€ = Metall-lon B | curing: metal-dependent




1C Polymerisation: Anaerobic

Free radical

- TEGMA
|
@ + HEC-—C—C—O'(CHE—CHE—O)_C_ C=CHz

(A—o0—0)
fliHa (|3H3
R—O-—CHQ—Q—ﬁ—O-(CHg—-CHE—O)—tljl:—C‘,:CHg
4
(rR—0—0% © o

Here accumulation of further
oxygen molecules

/CertBond

Breaking the double
bonds in the TEGMA

h 4

Chain growth through
polymerisation

Attention!

Polymer chains are only formed
when no oxygen molecules are
present!




1C Polymerisation: Light curing A CertBond

Energy emission after conversion of electrical energy _ . -
into radiation by the radiation source UV radiation curing: photoinitiators

| |

E-radiation curing.

. Ph hemical pri i
Energy absorption by the monomer molecules otochemical primary reaction

Formation of free radicals /

Re s bl e RLE

v

Initiation of the reactive system through the formation of monomer molecules

I e

\

Formation of chain start molecules
Rbbtle o on Gl — RebfLELLL
I I I W n
Chain growth (formation of the cross-linked adhesive layer)

v

Chain termination by recombination or radical molecules

Source: Internet

© 2019 CertBond - Cost Action CA18120



1C Polymerisation: Light curing A CertBond

» Radical formation through photocleavage:

| hv |
©—c—c—x — G+ w0=X
o)

Il
O

» Radical formation through hydrogen splitting (H-abtractors):

tertiary amine

Source: Internet



2C Polymerisation: MMA A CertBond

= |nitiator decomposition through accelerator:

Accelerators: tertiary aromatic amines
(R,)sN, e.g. dimethyl-p-toluidine

/

0 O Accelerator o} ﬁ
OO0 — OO0

Dibenzoylperoxid

» Radical chain polymerisation of the MMA (methyl methacrylate) monomer:

0 H CHs 0 H CHs | H CHs
OHeovn 5 — OLpH

I!| (|3=O il-l (I:=O Il-i CI:=O

(IJCH3 C|)CH3 (I)CH3

“n-1



2C Polymerisation: MMA

Monomer Monomer
+ +
Accelerator Hardener
A Y
Component Component
A B
_ | Mixing and application | _

i to adherends
_ | Application to Application to|
~| adherend 1 adherend 2 |
o 2
Joining of
adherends
M

| Curing |

© 2019 CertBond - Cost Action CA18120

"HuD

MULTIFEST

HMITHYUMETHACRY LATKLERSTON

50ml/48g ©

Source: Habenicht + UHU GmbH & Co. KG



Examples

e Polyaddition

© 2019 CertBond - Cost Action CA18120



Polyaddition: Epoxide

LT T |
CI—CH'—C\—/C—H + HO—@—C—@—OH + H—C\—C—CH_—CI
O‘\_/ (I:H- \_/O/
Bisphenol A

Epichlomydrin 1 Epichlorhydrin

NoOH
HCI
I III H H H /
DEGBA H_C\—C—C—O—©7|C~©fo—l
) H !

Diglycidylether von Bisphencl A (D G EB A)

Source: Internet
© 2019 C



Polyaddition: Epoxide

CH,

] . O 2
Il : Il [
C : C—0—CH
\ CHs [
I CHg
R o+ Ho—(i“,H —_— R :
/ CHz ’
C : C=—0H
] : I
O (o]
Carbonsdure- Epoxidharzkette + HC—CH=CHz -----
anbydrid mit Hydroxylgruppe NS
Epoxidgruppe
E|,_..-_,|§._ T l:n:- g ﬁ, ICH2
skl ey C—0—CH
H2C} .....

C—O—CHy—=CH—CH3 -
Source: Internet 1l - | 2
[8) OH

© 2019 CertBond - Cost Action CA18120



Polyaddition: Epoxide A CertBond

Curing agents for several applications and specifications, e.g.:

. . . . . Rl Wz +CH:—CH R® —R'—NH CHz—CHR*
= Aliphatic amine, aromatic amine e W

0 OH OH
: : Sl CH R
- POIyamlne'epoxyreS|n'addUCt R NHCH:—CH—E2+ClH—CH—RE ..l{;__\I{\
N CH:—CH- R?
OH 0 |
= Polymercaptane " OH
RN Gy Ol R
= Anhydrite o r
R -NT o CHaCH—-0 CHi—CH—,
= Latent hardener, e.g. DICY (Dicyandiamide) k R R?

= Light curing, UV curing agents, e.g. onium-salts

PF;
ﬂm DICY

Diphenyliodonium hexafluorophosphate



1C/2C Polyaddition: Epoxide A CertBond

= General description
=  Solvent-free adhesive (2C: resin (component A) and hardener (component B), 1C: with latent hardener)
=  Cures at room temperature (2C) or elevated temperatures (1C, 2C) to a duromer

= Typical properties of the cured adhesive

= High strength

=  Generally brittle with low elongation at break (toughend products also available)

Use of the cured adhesive possible up to 200 °C

=  Good resistance to physical (e.g. sunlight) or chemical influences (moisture, cleaning agents, chemicals, etc.)



2C Polyaddition: Polyurethane A CertBond

= Solvent-free two-component adhesive (2C) consisting of resin (component A) and hardener
(component B). Resin and hardener are supplied in separate or individual containers and
must be mixed for processing.

= Cure at room temperature or elevated temperatures

= Curing depending on the adhesive to an elastomer

+ ’ I - . e
O=C=N—R~=N=C=0Q + HO=R,~CH + 0= C£N— R=N=C=0 + HO=—R,~0CH + O =C=‘N— Ri—N=C=0 D | |Socyanate
Diisocyanat Dicl Dlisocyanat Diol Diisocyanat 'T'
O=C=N4©—(I: On= c=0
H

Diphenyimelhan - 4,4 ! disocyanct (M D 1)

Polyisocyanate + Polyole - Polyurethane

2.4 - Tolucldisocyanat [TDI)




2C Polyaddition: Polyurethane

Characteristics of the cured adhesive

Rubber to hard elastic, medium elasticity at break
Medium to high strength

Temperature range from -40 °C to approx. 110 °C
Adhesion without primer sometimes problematic
UV-sensitive

Repair bonding on the cutted bead possible

Can be painted over even in hardened state

Lower resistance to physical and chemical stress than epoxies

© 2019 CertBond - Cost Action CA18120

Source: Weiss



1C Polyaddition: Polyurethane M certBond

R—N=C=0 + H—OH —— R—N—GC—OH

H O Curing by water from the air:
- = Observe ambient conditions (temperature &
iscoyanat Wasser substituierte L.
Carbaminséire humidity)
» Foaming possible (CO, formation)
AL ——— R—NHz + co; 1 = Limited bonding areas (apply in lines)
M O
Amin .
correct incorrect
R=HMNH, + O=C=N=—=R —* R—I'I\i—lclz—ri.l—R / \
H O H '
substituiener
Harmnstoff
Ri—N—C—O0—R e e M e Adhesive beads
Tl ’ R "/
H O H O H \ Y,

urethane urea




1C/2C Polyaddition: Polyurethane A CertBond

,Booster* Applications

_ Source: Sika Deutschland GmbH
© 2019 CertBond - Cost Action CA18120



Examples

e Polycondensation

© 2019 CertBond - Cost Action CA18120



Polycondensation: Phenol- A CertBond
Formaldehyde-Resin

OH OH

I

2] C—0CH
+ =0 — |
H

Phenaol Formaldehyd o-Methylolohendl
(2-Hydroxyioenzylalkohol)

I—0O=—I

Phenol-Formaldehyd-
Kondensat

I The linking of the two phenol molecules takes place after the splitting off of an H,O molecule via a methane bridge ( -CH,- ). I




Polycondensation: 1C Silicone

X R R R X

I I I I I
R—ISi—X + HD—ISI 0—:Is.i D—|Si—OH + X—|SI—R

X R R R X
n
Vermnetzer Siloxan Vermetzer
-] 2XH
X R R R X

blocked siloxane

Prevention of premature polymer formation

© 2019 CertBond - Cost Action CA18120

/ CertBond

)
R—Iswo— i—R

X .

N Setting process

I

o)

|

H: . '

)I( R—Siww O—&i—R

; -nHX | |

R_ls s o o

X

| |
R— Siwwn O— Si—R
. I

T 7
==K T—O—I K== X |IT—0—I|X—p—=x

|

i

Source: Internet



Polycondensation: 2C Silicone

/ CertBond
|
o
—Ry—S—R;— ] ] )
OR, R» aron 9 R Condgpgatlop crosslinking of
R1O—|Si—0R1 + 4 I-EO—ISi—O— —_— —O—ISi—o—sl;i—o—ISi—o— A) silicic acid ester and
OR, Ro R2 O R B) hydroxypolysiloxane
_Rz_sll_Rz_
A B) 5
|
For comparison, 2C silicone as an addition reaction:
- d - )
| é
—O—&i—CH=CH, + H—8i—R —O—8i—CH—CH,—5i— R . . .
L | b ! Addition crosslinking of
[ T | A) siloxane with vinyl group and
—O=G=—CH=CHy + H=Si=FR —_— =S CH— CH—8i—R . . .
k 5 I B) siloxane with Si-H bonds
R o R o
—0—:Si—CH=CH2 + H—S—R —o—%i—cu:—cnﬁ?—li—a
R

) R 9
[ |
) B)




Adhesive — A general classification A CertBond

i Adhesives |

|

Ready polymers that have to
be transferred into a liquid

state or that adhere owing to
surface pressure

[
_| Physically setting
adhesives

Hot-melt adhesives

Dispersion adhesives

Solvent-based adhesives

Pressure-sensitive adhesives

© 2019 CertBond - Cost Action CA18120 Source: Habenicht



Physical

/CertBond

Polymer Liquefy Setting Adhesive
Thermoplastic Melting Solidifying Hotmelt adhesives
Thermoplastic Dissolving Evaporation of the Solvent adhesives

solvent

Thermoplastic

Permanently plastic
Soft
Sticky

Pressure sensitive
adhesives

Thermoplastic droplets in solvent Gelation due to

reduction of solvent
content

Plastisols




Hotmelts

= Adhesive is a polymer

» Heating up to or beyond the melting range

= Application of the melt to the part to be joined

= Wetting of the part to be joined

= Joining

= Solidification of the adhesive = Polyvinyl-acetate (PVAC, T~ 70..210 °C)

» Ethylene-vinyl-acetate-copolymers (EVAC, T, ~150 °C)

» Polyamide (PA, T,,= 220 °C)

» Polyethylene terephthalate (PET, Tm: 250 °C)

= Polyolefin —>Polyethylene (PE, T~ 140..210 °C)
—>Polypropylene (PP, T~ 160 °C)

» Polyetheretherketone (PEEK, T, ~ 335 °C)

» Formation of the adhesive layer

Source: Internet
© 2019 CertBond - Cost Action CA18120



Hotmelts /CertBond

Properties of the setting adhesive
m Free of solvents and monomers (individual building blocks of plastics)
= Medium to high strength in the bonded joint, flexibility depending on the thermoplastic
s Continuous use temperature is below the softening temperature

= Swelling problems, tends to creep

Attention

The parts to be bonded must be acclimatised before bonding. Especially important when bonding
metallic parts (high thermal conductivity): Danger of shock-like setting.



Solvent based/ water based M CertBond

adhesives
A solution is a ; oy o : ,
homogeneous mixture g ol = Thermoplastic, dissolved in organic
consisting of one ormore | "7} | = solvent
dissolved substancesanda | ‘-~ . " Setting takes place through
solvent. § ' )2 evaporation of the solvent
A dispersion is a - e
heterogeneous mixture of at J:F "::# ‘ = Polymer particles distributed
least two substances that do a = (dispersed) in water
not or hardly dissolve in : ﬂ{}g = Setting to thermoplastic or elastomer
each other. Ny L,ﬁ‘_:; K,

Due to the absence of organic solvents, dispersion adhesives are traded as an
environmentally friendly alternative to solvent adhesives!




Pressure sensitive adhesives M CertBond

I Base bolvmers I Various rubber polymers
POy e.g. CR, NBR, SBR, acrylates, silicone
- Solvent adhesives
I Coating types I Hotmelt adhesives

» Radiation crosslinking
» Electron beam crosslinking
= UV crosslinking

PRoFessionaL
Duct Tape
o " 2%mysomm

PSA = Pressure-Sensitive Adhesives I

Source: Internet
© 2019 CertBond - Cost Action CA18120



Pressure sensitive adhesives

© 2019 CertBond - Cost Action CA18120

-—— Adhesive film

."
e&&k&:ﬁk‘%&x .

B ?9_ Adhesive layer
s Substrate

—— Adhesive layer

Adhesive surface
Foamed adhesive layer

Adhesive surface

Release film
I-—— Paper
; Release film
Adhesive layer
< Substrate

' ' RS ~"~ Adhesive layer
Two-sided adhesive tape with release liner

=
Sl=
E
=
-
E

Source: Habenicht

CertBond

OST Action CATR120



Plastisole M CertBond

Liquid plastisol
o

PVC e "
IBase polymers I Acrylates

Gelation

- Tricresyl-phosphate
I Plasticiser I various phthalates
I Tvi I at 150 °C - 180 °C by swelling of the base
ying polymer and accumulation of the plasticiser

molecules

© 2019 CertBond - Cost Action CA18120




Surfaces and
pre-treatment

\®
|
&



Bonding — In general M CertBond

Adhesion (of polymers) is practically only determined by intermolecular binding forces.
These binding forces (adhesion) are small compared to main valence bonds (cohesion).
There is no general theory of adhesion.

Adhesion must be seen as the effect of many individual interactions!

Source: Internet



Types of bonding

/CertBond

Major valence bonds
(chemical bond)

Secondary valence bonds
(intermolecular bonds)

Homeopolar bond
(covalent bond)
0,1-0,2 nm; 60-700 kJ/mol

Metallic bond

Van der Waals bonds

Dipole forces
(Keesom-energy)
0,3-0,5 nm; 50-60 kJ/mol

Hydrogen bonds
0,3-0,5 nm; <50 kJ/mol

Black: bindings relevant in bondings



Surface of a metal M CertBond

Contamination

1 Adsorption layer

Reaction layer

//// (Cold) deformed layer

\\ \\ Basic material
N\ N\
&\\\ SSSSSS —

| The surface and the structure of the surface layers have a direct influence on the bondability of the materials! |




Wetting

Wetting is crucial for adhesion!

Range of the forces ~ 1/10 nm

Source: Habenicht

o

s "\,![_ _— High-viscosity adhesive

AP PN, A S0 Adherend surface

Low-viscosity adhesive

fwa:f-ﬁ wa’r:;}}ﬁﬁ U -Adherend surface

Wetting behavior of a high-viscosity and a low-viscosity adhesive.

a < 30° a= 90" o~ 180°
very good good insufficient no

Wetting



Young/ Dupre formula A CertBond

OKG
G: ambient gas
atmosphere oL K: adhesive/ liquid
G A Tk

<&
<

AN RN NN NN N NN
AN F: substrate/ solid \s\\

ARRNRNRNRNRNNNY ARNRNN
AN NN NN NN NN NN N NN NNNNN

Young's equation: ¢ ;g =y kg + O kg COS @

Dupré equation: W, = 6xg *+ Org - Yke

a Wetting angle

Surface tension of the joined part

Surface tension of the liquid adhesive

Interfacial tension between the surface of the part to be joined and the
liquid adhesive

W, Work of adhesion



Surface energy

/ CertBond

the work of adhesion:

= According to Dupré's equation, the surface energy of the parts to be joined has a direct influence on

= High surface energy of the joined part > high work of adhesion - Surface energy of the joined part
should be higher than that of the adhesive

Material

Surface energy

Material

Surface energy

[mJdm-2] [mJm2]
Polytetrafluorethylene 18,5 Water 72.8
Silicone 24 Aluminium 1200
Polypropylene 29 Lead 610
Polyethylene 31 Chromium 2400
Polyamide 6.6 46 Iron 2550
Epoxy resin 47 Gold 1550
Polyamide 49...57 Glass 290




Pre-treaments - Processes

Surface treatment

I

Surface preparation

Surface pre-treatment

Surface post-treatment

— Cleaning

— Adjusting

— Degreasing

© 2019 CertBond - Cost Action CA18120

Mechanical

Physical

Chemical

— Application of primers

Climatization

Source: Habenicht



Surface pre-treament

Tasks

-

» Improve adhesion (adhesion promoter)

» Increase ageing resistance

» Preserve surface condition (primer)

The surface pretreatment must provide a
reproducible surface for the bonding process




Primer /CertBond

Adaptation of the joining part surfaces to the adhesive matrix

// @ Examples:
2 = Silane coupling agent
@ » Zirconaluminate adhesion promoter
N » Bonding agents based on epoxy-
@ functional anthraquinone compounds
@ = Amines
/
@ Characteristic for the adhesion
-~/ promoters is a bifunctionality of the
. _ _ molecular structure, which does not lead
Joining Bonding agent Adhesive to any intramolecular reactions of the
part \ ‘ monomers or prepolymers.

Boundary layer



Well done

Bondline
0.2 mm x
@70 mm

Source: 3M
[DP760, pre-treatment: sand blasting] ' oridrecord 2012 I ...but adhesives can do much better! I




Literature M CertBond
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Non—destructive assessment of structural integrity
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Outline

. INTRODUCTION
. MOTIVATION AND RESEARCH OBJECTIVES

= |[NSPECTIONS OF COMPOSITE STRUCTURES
= NDT/SHM methods for surface assessment
= NDT/SHM methods for structural joints

= NDT/SHM methods for damage detection

= CONCLUSIONS

© 2019 CertBond - Cost Action CA18120 2



Motivation M CertBond

Composite materials are increasingly used in aviation construction.
Boeing 787 and Airbus A350XWB — carbon composites pose over 50%.
Aircraft still use significant amounts of rivets, even for fuselages made
of composite materials.

e Airbus A380 - 3 min rivets (merely in wings 1,5 min).

e Eiffle Tower - 2,5 min rivets.

e  Composite patches are becoming more and more common.

o  Effective surface assessment methods are needed, for assessment

of adhesive bonds and fault detection.

Sources:

http://www.hexcel.com/solutions/aerospace/
http://www.corrosion-doctors.org/Landmarks/Eiffel.htm
http://www.answers.com/Q/How_many_rivets_in_an_airbus_a380_aircrafts
http://www.theguardian.com/business/2006/feb/23/theairlineindustry.travelnews
http://www.amrdec.army.mil/amrdec/pif/composites.html

© 2019 CertBond - Cost Action CA18120




Motivation M CertBond

[ Control of Materials ]

& Processes [ Structural Design J

Physico-
Chemical
Properties

Operational
Loads

[ Extended NDT ]

Structural Health Non-Destructive
Monitoring ( global ) Testing NDT




Research Objectives M CertBond

= Evaluation of surface condition before bonding
= Evaluation of the bonded joint condition

Damage detection

Sources:
P. Malinowski et al. Composite bonds assessment using EMI technique.
Proceedings of 9th IWSHM, Sep. 10-12, 2013, Stanford, California, USA.
P. Malinowski et al, Assessment of damage in green’composites. Proceedings of SPIE 2017
© 2019 CertBond - Cost Action CA18120




Investigated Cases A CertBond

degradation /

= Study of the surface of polymer reinforced contamination

carbon fibres samples (CFRP)

Sample

Sample 1 degradation/contamination

EEEEZE]  unaffected

‘ bonding

© 2019 CertBond - Cost Action CA18120 6

» |nvestigations of condition for CFRP bonds




Motovation

ACGHESIVEIDONG G Ul

METHOD
Active thermography using ultrasonic

excitation
THz / GHz reflectometry

Nonlinear ultrasound
LASAT technique
Laser ultrasound

Active thermography using optical
excitation
Laser scanning vibrometry

Electromechanical impedance
Vibrothermography

Ultrasonic frequency analysis

Active thermography (for Tg analysis)

ENCOMB | 7th Framework Programme |
Extended Non-Destructive Testing of
Composite Bonds

© 2019 CertBond - Cost Action CA18120
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METHOD

X-ray fluorescence spectroscopy
Reflectometry/Ellipsometry

Infrared Spectroscopy

Laser scanning vibrometry

Optically stimulated electron emission
Active thermography (for Tg analysis)
Aerosol wetting test

Laser induced breakdown spectroscopy
THz / GHz reflectometry

Optical fibre sensors

Electrochemical impedance
spectroscopy
Electromechanical impedance

Dual-band active thermography
Vibrothermography

THz technology

Optical coherence tomography
Nuclear magnetic resonance
Electronic nose technology

/ CertBond



General Overview on SHM and NDT methods M CertBond

Most.commontNBDIFMENeds Most common Extended NDT methods

Ultrasonic inspection Electromechanical impedance [ EMI ]

Dye penetration test Active thermography using optical excitation
Laser excited ultrasounds Active thermography using ultrasound excitation
X-ray radioscopy Laser Doppler vibrometer

Strain gauges THz technology

Other .....oooviviiiiiinnn, Oother .....ccooovviiiiiinns

Most common SHM methods

Vibration based methods
Guided wave methods

Fiber optics techniques

Acoustic emission

Comparative vacuum monitoring

Electromagnetic layer
© 2019 CertBond - Cost Action CA18120 Other



General Problems | Areas of Interest M CertBond

General Problems Areas of Interest

Sensors (type, ..... ) Sensors

Location of sensors Models

Implementations Signal processing

Measurements Temperature

Modelling of structures Damping

Signal processing Moisture

Visualization Chemical contamination

Other ..., Nonlinear properties
Other .......ccooviiniil.

© 2019 CertBond - Cost Action CA18120



Investigated Methods M CertBond

Electromechanical Impedance

Resistance L)
A A RS H a8 F

18 0
Frequency [MHz)

Frequency range: 4 Hz = 5 MHz

Laser Fluorescence

Laboratory: Institute of Fluid-Flow
Machinery, PAS, Gdansk, Poland

© 2019 CertBond - Cost Action CA18120 10




Investigated Methods

Laser Vibrometry

Laboratory: Institute of Fluid-Flow
Machinery, PAS, Gdansk, Poland

11



Investigated Methods

¢THZ
y-rays X-rays UV visiblelt. " IR Microwave Radio

» Teraview THz time
domain spectrometer
Gantry unit for large
sample scanning
1 Im 1km

Frequency range:
~0.1-4THz

Terahertz spectroscopy

Transmission mode

100 pHm o Reflection mode

Source: http://en.wikipedia.org/wiki/File:Spectre_Terahertz.svg




THz Laboratory

Optical Heads

= Transducer

- Specimen
Yo A

3
e ——

B Receiver

Chamber of the

‘*‘spectrwfter

Laboratory: Institute of Fluid-Flow
Machinery, PAS, Gdansk, Poland

© 2019 CertBond - Cost Action CA18120




INSPECTION OF
COMPOSITE
STRUCTURES

NDT/SHM Methods for Surface
Assessment



EMI Method for Moisture Detection /CertBond

! % HIOKI IM3570 — Impedance Analyzer

* Frequency range: 4 Hz -5 MHz
* Frequency accuracy : + 0.01 %
* Voltage:

o 5mV-5Vupto1MHz
o10mV-1Vupto5MHz

* Impedance range: 0 — 1 GQ

Electro-mechanical impedance technique

Laboratory: Institute of Fluid-Flow
Machinery, PAS, Gdansk, Poland

© 2019 CertBond - Cost Action CA18120




EMI Method for Moisture Detection /CertBond

HIOKI IM3570 = Inipedance Analyzef Electro-mechanical impedance technique

180,

Conductance [S]
&

L 33 ia T a7 i a8 as

38 40
Frequency [MHz]
Registered response — impedance spectrum

Root Mean Square Deviation was chosen to quantitatively assess the samples

x — conductance for reference sample
measurement

y — conductance for tested sample
measurement

Electrical impedance of a piezoelectric sensor is measured. Due to mechanical coupling
the electrical response contains information about mechanical vibration of the structure.

© 2019 CertBond - Cost Action CA18120 Laboratory: Institute of Fluid-Flow

16
Machinery, PAS, Gdansk, Poland



EMI Method for Moisture Detection

» Carbon Fiber sample from Augusta Westland AW-139 helicopter

> made out of 3 carbon-epoxy pre-pregs [-45°/45°/0°] + of one layer
0.14 mm for surface quality improvement

» total thickness 1.5 mm

A CertBond

» piezoelectric CERAMTEC transducer made out of Sonox P502
(diameter 10mm) attached and covered by silicone

CFRP sample

Attached piezoelectric transducer isolated
by silicone layer

Sample has been immersed in water

Source: T. Wandowski, P. Malinowski, L. Skarbek, W. Ostachowicz, Moisture detection in carbon fiber reinforced polymer composites using
electromechanical impedance technique, Proceedings of the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering 17
Science 230: 331-336, 2016.



EMI Method for Moisture Detection

Absorption after thirteen days

Mass of CFRP sample with moisture

Weight increase [%]
2.72

Mass [g]
36.74

referential state

13 days moisture uptake
1 day drying

2 days drying

7 days drying

280 285 280 295

Frequency [kHz]

X |Q-

referential state

13 days moisture uptake
1 day drying
10 2 days drying
7 days drying

4 * t}. J ! ')

| \
= 'v.(..r S
v o M‘)

150 200 250 300 350 400 450 500
Frequency [kHz]

2
0
0 50

There are some changes in the spectra barely visible in this wide frequency

range.

The closer look reveals the frequency shift to the left and amplitude drop

due to moisture.

Source: T. Wandowski, P. Malinowski, L. Skarbek, W. Ostachowicz, Moisture detection in
carbon fiber reinforced polymer composites using electromechanical impedance technique,
Proceedings of the Institution of Mechanical Engineers, Part C: Journal of Mechanical
Engineering Science 230: 331-336, 2016.

18



EMI Method for Moisture Detection /CertBond

Deviation Index for drying process monitoring

14000

12000

DI :Z I:e\/\/(i)_I:QD(i) 10000

RD (I) - 000

R, — i-th sample of resistance for wet sample .
Rp— i~th sample of resistance for dry sample "

DI -]

13 days 1 day | 2 days 7 days
moisture drying drying drying
uptake

Case | - |

Source: T. Wandowski, P. Malinowski, L. Skarbek, W. Ostachowicz, Moisture detection in carbon fiber reinforced polymer composites using
electromechanical impedance technique, Proceedings of the Institution of Mechanical Engineers, Part C: Journal of Mechanical
Engineering Science 230: 331-336, 2016.
© 2019 CertBond - Cost Action CA18120 19



Moisture, initial stresses, thermal, icing, ...

/ CertBond

EMI - Electromechanical Impedance Results

60

H

| Release agent |

or 1 Sample Gy [J/m?] RMSD
XK Reference 1072.72 0.00 %
a0 I 2.1 at% of Si 1062.75 12.66 %
< 6.5 at% of Si 439.2 15.99 %
ec I 8.2 at% of Si 60.8 31.67 %

. 10.1 at% of Si 40.4 48.48 %

a0 B0 B0 1000 1200
GIC [J/m?]

Source: P. Malinowski, K1 Tserpes, T. Wandowski, L. Skarbek, W. Ostachowicz, Composite Bonds Assessment using EMI Technique, Proc.

of. IWSHM 2013.

© 2019 CertBond - Cost Action CA18120




Moisture, initial stresses, thermal, icing, ...

EMI — Electromechanical Impedance Results

50

45+

40+

3B

30k

25+

RMSD [%]

20r

151

10F

/ CertBond

}_%

Sample Gyc [J/m?] RMSD

0.45 WT% 1129.95 -
0.45 WT% 1129.95 28.17 %
0.80 WT% 914.44 16.68 %
0.80 WT% 914.44 18.24 %
1.13 WT% 795.31 19.14 %
1.13 WT% 795.31 33.46 %
1.25 WT% 885.17 14.08 %
1.25 WT% 885.17 42.06 %

5
600

1
700

1
800

1 1 1 1 1
900 1000 1100 1200 1300 1400

GIC [J/m?]

Source: P. Malinowski, KI. Tserpes, T. Wandowski, L. Skarbek, W. Ostachowicz, Composite Bonds Assessment using EMI Technique, Proc.

of. IWSHM 2013.

© 2019 CertBond - Cost Action CA18120
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Terahertz method / CertBond

Teraview THz time domain spectrometer
Gantry unit for large sample scanning.
Frequency range: ~0.1 —4 THz.
Transmission mode.

Reflection mode.
THz Waveform

02
015 l
. D1
>
S I
Soos “
fregistered signal | &
Example of registered signa o | s Lo
| } V
.05 |J
Laboratory: Institute of Fluid-Flow
Machinery, PAS, Gdansk, Poland 01
00 100 200 w00 400 50.0 80.0 7090 22

© 2019 CertBond - Cost Action CA18120 .
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Terahertz Applications

Teflon insert
in GFRP

Impact
in GFRP

Delamination
in GFRP

/ CertBond

Moisture on CFRP

|

Electronic component

- transistor

© 2019 CertBond - Cost Action CA18120




Terahertz Method for Moisture Detection

/ CertBond

Transmission measurement

Source: P. Malinowski, N. Palka, S. Opoka, T.
Wandowski, W. Ostachowicz, Moisture detection
in composites by terahertz spectroscopy,
Proceedings of DAMAS 2015 Conference.

© 2019 CertBond - Cost Action CA18120

position /mm

-10.0
-15.0
-20.0

20.0
15.0
10.0
5.0
0.0
-5.0

Surface water contamination
(100-300 um)

Amplitude dropped
twice due to water

-20.0 -10.0 0.0
position /mm

20.0 30.0
24



THz Spectroscopy — Thermal Degradation of GFRP M CertBond
L L ertibon

1200+ x ‘ . - state 8
' o state 3
state 0|

I

Changes in refractive index (n) and

=l 1000 absorption (A) for the selected
E 900 heating steps
<
800
700
600 :
2 21 2.2
Heating of samples n
. ' Mahalanobis distance between
State T[°C] t[h] the reference state and a further
1 100 1 step of heating (for two samples
s-1 and s-2)
2 100 20
3 100 24
4 100 68 Source: M. Radzienski, M. Mieloszyk, E.K.
5 120 22 Rahani, T. Kundu, W. Ostachowicz, Heat
6 140 22 induced damage detection in composite
materials by terahertz radiation,
7 160 22 Proceedings of SPIE 2015 Conference.
25
8 180 1




Damage Detection Using — THz Technique
A CertBond

Sample 2

Sanpie 4 Sample 5

05¢ 0% 05,

| | . smaged | s Sagel

na5h 0asy / ¢ el pasy a6 3

23005 | =e t
0ah [ (F13
= D&k > 0aF o [
¥ D35 ¥ D35y X G
T E | £
S 03l S 03 S 03l
% 0 r % 03F -3 0 3
2 oasp 2 oasp 2 02sr
2 | : | g |
g 03 £ 023+ g 03+
3 £ £E__|
;f‘.l.’r ;ﬂlfr 2 015>
= = b |

ol | Y
[IR]3 (8] ¢ |J—
cask cask 005
| ] |
at " L - at " . - ok e - =
b 0a 05 s 07 08 '6:,- 0a 05 05 07 08 02 0a 15 0% 07 08
Q00 L Ol 5 mas vk [mm) Q00 cf Ol 5 mae vk [mm)

Opac -:l;)t-w S2mas vk fmmy)
Normalized peak values and the time of arrival of the peak (referred as optical delay) are plotted along the two axes.
Three colors are used to plot the points that correspond to three states or stages of heating — 0, 3 and 5. Three plots

correspond to three samples — 3, 4 and 5.

Source: M. Radzienski, M. Mieloszyk, E.K. Rahani, T. Kundu, W. Ostachowicz, Heat induced damage detection in composite
materials by terahertz radiation, Proceedings of SPIE 2015 Conference.
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Damage Detection Using — THz Technique
A CertBond

Stags b

Staoe Stagn 5
0% 04 0%
sample 3 |

D45 p45H pasH

[ F13 Dak [(F13

- - -
: s ¥

< 038 < DS < 038
T T T

S 03l E ial =

3 03 3 03 3 03

2 oasp 2 oasp 2 oasp
£ 03 £ 03 =
£ £ £
éf?|7~ éﬂl,“ é
= = =

eIp (8] 2 (815

cosk oosk cosk

| | |

0a 04 05 08 07 08 3 04 05 [T 07 08 0a 04 05 08 07 08

Q00 Oelesy 52 mas wakus (mm] Q00 cf Dby 52 mas vk [mm) Q00 Oelesy 52 mas wakus (mm]

Normalized peak values and the time of arrival of the peak (referred as optical delay) are plotted along the two axes.
Three colors are used to plot the points that correspond to three samples — 3, 4 and 5. Three plots correspond to

three states or stages of heating — 0, 3 and 5.

Source: M. Radzienski, M. Mieloszyk, E.K. Rahani, T. Kundu, W. Ostachowicz, Heat induced damage detection in composite
materials by terahertz radiation, Proceedings of SPIE 2015 Conference.
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Damage Detection Using — THz Technique

Thermal
delamination

Laboratory: Institute of Fluid-Flow
Machinery, PAS, Gdansk, Poland

© 2019 CertBond - Cost Action CA18120

-y sy

Scan area

Thermal
delamination

A CertBond

Specimen — laminate FR4
(reinforced by glass fibres)
with thermal delamination

| View to composite
layers and debondings

28




Damage Detection Using — THz Technique

Photograph of one of the 3 specimens tested

Tt g e T

Time history recorded by the receiver

M CertBond

Photograph showing the specimen mounted
on the THz machine

Laboratory: Institute of Fluid-Flow 29
Machinery, PAS, Gdansk, Poland



\ (varying from
left to right in the top photo) and at states

0 and 4 (varying from left to right in the bottom

photo).

N ating.

© 2019 CertBond - Cost Action CA18120

Damage Detection Using — THz Technique

| |
L ‘
| | i
) * wh oy ‘e
{ TS A R
[ |

i
i
{

M certBond

Reference signals recorded at
“different times — for all these signals
T-ray passes through air. These
‘differences are due to machine
calibration problem.

Five different signals are transformed

“into one signal after appropriate time
~shift and multiplication by the scaling

factors.

Laboratory: Institute of Fluid-Flow
Machinery, PAS, Gdansk, Poland
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Investigated Methods /CQrtBond

Laser Fluorescence

T=450°C, t=5's T=450°C, t=10s

Distributions of fluorescence intensity at different times
of exposure to high temperatures

Source: P. Malinowski, M. Sawczak, T. Wandowski, M. Radzienski, W. Ostachowicz,
Composites Surface State Assessment by LIF Method , Proc. 7th International
Symposium on NDT in Aerospace 2015.

31




Laser Induced Fluorescence Method — Thermal A CertBond
Degradation of Composite Materials or G

Distributions of fluorescence intensity at different times of exposure to high temperatures

Integral of area bellow
the intensity curve

T=450°C, t=5s T=450°C, t=10s T=450°C, t=30 s

Intensity of fluorescence vs. the time
of exposure ( amplitude for 585 nm)

2oq0°]  Fluorescence intensity at 585 nm

2.0x10° A

1.8x10°

1.6x10° PRLL
. . s taxio ] 2o
S5 Heating time. ..
1.2x10°4 =
e ?(53 s
—10s 1.0x10°
-— sl u/

8.0x10°

6.0x10° inm
150 o 4.0x10° A

Fluorescence intensity

Dependence of

Fluorescence intensity

. . 2.0x10°
100 4 fluorescence intensity 00 —
distribution vs. the time ref 53 10s 20s 30s
50 - of exposure Exposition time

Source: P. Malinowski, M. Sawczak, T. Wandowski, M. Radzienski, W. Ostachowicz, >
5 Composites Surface State Assessment by LIF Method, Proc. 7th International 3
Symposium on NDT in Aerospace 20175.




Laser Induced Fluorescence Method — Thermal

Degradation of Composite Materials

/ CertBond

Integral of area bellow the intensity curve

\

250 - Heating time:

55

5 —10s

© 200 - ~———20s

oy —30s

{0l

5

£ 150 4

(4]

[&]

=

[

S 100

2

o

=

“ sn-

MMW ! Bategs
04— : , . T ) : ; r
0 1 2 3 4 5
K fem

Dependence of fluorescence intensity distribution vs. the

time of exposure

Source: P. Malinowski, M. Sawczak, T. Wandowski, M. Radzienski, W.
Ostachowicz, Composites Surface State Assessment by LIF Method,
Proc. 7th International Symposium on NDT in Aerospace 20175.

2.2x10° Fluorescence intensity at 585 nm
2.0x10° 4
1.8x10° 4 1oar]
1.6x10° g 1o

1.4x10° -
1.2x10°

1.0x1 06 ] g \
20¢10°4

8.0x10°

6.0x10° - Inm

Fluorescence intensity /counts

4.0x10°
2.0x10° A
0.0 ; . ,

ref 5s 10s 20s

Exposition time

30s

Intensity of fluorescence vs. the time
of exposure (amplitude for 585 nm)
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Laser Fluorescence Method — Detection of Chemical

Contamination in Composite Specimen
2,5x10° -

o
[m)
=
N
0
™

.TD3

3.5.38.TD2

3.5.33.TD2

Density of fluorescence [-]
'I3.8.20.UT

bBggegee
~ ~— N N N N
Source: P. Malinowski, M. Sawczak, T. Wandowski, W. Ostachowicz, A. Cenian,
Characterisation of CFRP surface contamination by laser induced fluorescence Proc
SPIE 9064, 90640E, 2014.

/ CertBond

Selected Results of Research

3.5.17.TD1 3.5.38.TD2
(190C) (200C)

3.8.20.UT
(REF)

An increase of density of fluorescence
vs. temperature of a composite

34



Thermography — Detection of Water Drop

/ CertBond
Vibrothermography 4-layer GFRP spgcimen ' ‘

pulse thermography

Q P1" —drop of w;@
P2,P3,P/", PA"— composite

150 P2',P3',P5',P6" — optical fibre
Source: K. Majewska, M. Mieloszyk, W. Ostachowicz,

100 Glass fibre composite elements with embedded fibre

Bragg grating sensors inspected by thermography
50 techniques,

e-iournal of NDT, ISSN 1435-4934 2016.




INSPECTION OF
COMPOSITE
STRUCTURES

NDT/SHM Methods for Structural
Joints



Adhesive Bonds Assessment

Surface contamination

\_\

Sample 1 Sample 2 g
Sample 1
Imperfect adhesive bonds: Sample 2
1. Pre-bond contamination with moisture (MO) Adhesive
o . bonding
2.  Pre-bond contamination with release agent

(RE)

Sample for investigation

37




Adhesive Bonds Assessment

Imperfect adhesive bonds:

Poorly cured adhesive

Adhesive bonding

Sample 1

)

Sample 2

Sample for investigation

poor curing with too low temperature

38




Possible Sources of Weak Bonds

/ CertBond

Sources Manufacturing Services

moisture X X
anti-adhesive agent ( release agent) X
fuel X
hydraulic fluid ( skydrol ) X
de-icer X
thermal degradation X
improper adhesive curing

errors in bonding X X
finger print X X

© 2019 CertBond - Cost Action CA18120
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Introduction and Motivation

Contamination influence on the adhesive bond

/ CertBond

1200 4 [ ]

T 800 N B
Normal bond: Bond contaminated £ |
Jumping from one interface to the with release agent: = 600 -
other Adhesive failure O 400 A

200 A ﬂ
0 T — T - B T T T 1
& % & @ Q& o>
& \>‘<\\ & & *& ng
. & & g ¥ T ¢

Thermal degradation: & N Q\,\‘?? L
Adhesive failure N /\\\Q}

Markatos D., Tserpes K1, Rau E., Pantelakis Sp. 2013. Degradation of Mode-I fracture toughness of CFRP bonded joints due to moisture and release
agent and moisture pre-bond contamination. The Journal of Adhesion, doi: 10.1080/00218464.2013.770720.

Markatos, D.N, Tserpes, KL, Rau, E., Markus, S., Ehrhart, B., Pantelakis, Sp. 2013. The effects of manufacturing-induced and in-service related bonding
quality reduction on the mode-I fracture toughness of composite bonded joints for aeronautical use. Composites Part B: Engineering 45, 556-564.
Malinowski P., Tserpes K.I, Wandowski T., Skarbek L., Ostachowicz W. 2013. Composite bonds assessment using EMI technigue. Proceedings of 9th 40
IWSHM, September 10-12, 2013, Stanford, California, USA, pp. 2407-2414.



Investigated Methods

Electromechanical Impedance

-

§ o

Resistance L)

=1 |

£ a0
Frequency [MHz)]

Frequency range: 4 Hz -5 MHz

The most popular signal processing approach is to extract:

Y = +iB Laboratory: Institute of Fluid-Flow
1 Resistance G Machinery, PAS, Gdansk, Poland
' Z=R+iX
2. Conductance 1
Y=,
z

and compare it with a numerical index such as RMS, CC, ...

© 2019 CertBond - Cost Action CA18120 where: Y - admittance, G — conductance, B — susceptance 41



Proposed Numerical Processing Approach for EMI /CertBond

Proposed a 2D approach analysing the curves on a complex plane

07 T e 0.3
‘ il |
o6t ¥ | G |
B | 02r
05} B

01

) J =
’ 2 m
01¢F
i Representation on a
complex plane 02t
N3¢
(! [\J ‘ _D‘-l 1 1 1 1 1 1
3 32 34 36 38 40 42 44 46 48 50 o o1 02 03 04 05 D6 07
o Y =G+iB 1

where: Y - admittance, G — conductance, B — susceptance

Source: P. Malinowski P., T. Wandowski, Ostachowicz W., Study on adhesive bonds influence on EMI signatures, Proc. of INSHM 2015

42



Assessment of Curves Similarity A CertBond

Frechet distance:

The minimum cord-length sufficient to
join a point traveling forward along blue
and one traveling forward along red
curve, although the rate of travel for either

point may not necessarily be uniform.

Sources:

1. Zachary Danziger, http://www.mathworks.com/matlabcentral/fileexchange/31922-
discrete-frechet-distance

2. Tristan Ursell, http://www.mathworks.com/matlabcentral/fileexchange/41956-frechet- 43
distance-calculator



Adhesive Bond Assessment - Results

BlS}max(B[E])

08k

0z

04 06
G[SFmax(G[S])

0.8

0.z

0.1

Frechet Distance \
O
®
q
~F
vy
()
-
Q.

bonded symm

bonded symm RE {iLe] FC
Tested cures

Adhesively bonded two 1.5 mm-thick CFRP samples with prebond
contamination or improper curing of one of the samples.

RE - release agent contamination

MO - moisture contamination

PC - poor curing at 120°C

Bonded symmetric ( bs) sample cured at 180 °C

Source: P. Malinowski P., T. Wandowski, Ostachowicz W., Study on adhesive bonds influence on EMI signatures, Proc. of IWSHM 2015
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EMI Method — Diagnostics of Adhesive Joint M CertBond

A comparison between curves
using the so-called Frechet
distance

BIS}max(B[S])

Susceptance
BIS)¥max(B[S])
Susceptance

—045%
DEBf ——0.80%
—113%
—125%

08¢

02 04 06 08 1
GSWmax(GIS])

Conductance

0 0.2 0.4 0.6 0.8 1 0
GISmax(GIS])

Conductance

Moisture contaminated adhesive bond Adhesive lowered curing temperature

0.3
0z
0.1

e}l

MO2  MO3 104

a

45

Source: P. Malinowski P., T. Wandowski, Ostachowicz W., Study on adhesive bond’s influence on EMI signatures, Proc. of IWSHM 2015



EMI - Selected Results of Research

60

50+

RMSD [%]

201

10

30+

PRE

PRA1

PRAZ

PRAZ

/CertBond

Electromechanical Impedance
(assessment of weak adhesive joint)

Symbol Description Contamination
PRE Reference measurement absence

PRA1 Anti-adhesive agent, level 1 3.2 (+/- 0.2) at.% Si
PRA2 Anti-adhesive agent, level 2 5.1 (+/- 0.7) at.% Si
PRA3 Anti-adhesive agent, level 3 6.2 (+/- 0.3) at.% Si

Source: P. H. Malinowski, R. Ecault, T. Wandowski, W. M. Ostachowicz, £valuation of adhesively bonded composites by nondestructive

techniques, Proc. of SPIE 10170, 101700B, 2017.
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EMI - Results for Pre-bond Thermal Treatment
‘ ‘ /CertBond

80 T

C
o
=
()
=
S
5
(<)
()

RRE |

g B
14 o

RTD31
RTD32

» According to US test RTD31 has a delamination, most probably caused by the heating.

* The results for the highest level of thermal treatment (280°C) were separated.

» Samples: RRE2, RTD12, RTD22, RTD33 rejected due to different spectra shape.

47

Source: P. H. Malinowski, R. Ecault, T. Wandowski, W. M. Ostachowicz, Evaluation of adhesively bonded composites by
nondestructive




EMI - Disbond size estimation
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» Changes of conductance maximum (location and magnitude) in relation to unbonded sensors

Source: P. H. Malinowski, R. Ecault, T. Wandowski, W. M. Ostachowicz, £valuation of adhesively bonded composites by nondestructive techniques,

Proc. of SPIE 10170, 101700B, 2017.

500

700

800

RFC1
RFC12
RFC13

800 1000
Area lmmzl

1100

1200

1300

1400

W )

8
5

0

0

600

700

300

an

s
G0}
a0y

RFC11
RFC12

RFC13]

900 1000
Area Inm-.:f

1100

1200

1300

1400

RFC12

RFC13

48



LDV ( Laser Doppler Vibrometry ) A CertBond

LDV ( Laser Doppler Vibrometry ) method for adhesive bonds

18 T T T T T T 1 T T T T T T T T @Ef

MO2 *
16 F - 0ot -
14 MOT | 08 -
i MOde * il
126 W« MO3 07k -
= 1ot - =~ 06k i
o T 0
g 4l | 2 osl 51 170°C |
BT E o4k _
1t - 03t -
| i %52 160°C
2 U021 w53 1500 iy
Cx
D 1 1 1 1 1 1 D-l 1 1 1 1 1 1 1 1
0 2 4 B B 10 12 14 01 02 03 04 05 06 07 0B 09 1
EE, [ EE, [

Pre-bond contamination with moisture Poor curing of adhesive

E - mean out-of-plane vibration energy ENCOMB | 7th Framework Programme Extended

o — standard deviation of E Non-Destructive Testing of Composite Bonds 49



Adhesive Bonds Assessment | THz M CertBond

015
-l p Results | Moisture at the interface
3 008 . .
b Transmission study — thick layer
; 00 Mﬁwl’*'\
-0.08 \/
0.0 10.0 200 30.0 400 50.0 60.0 70,0 Moisture case
time /ps? 0.06
Dry case
0.04
0.02
The thick layer (100-300 pm) causes significant
. 00
attenuation.
Three times reduction of pulse amplitude is visible. 0.02
0.04
0.0 10.0 200 300 400 50.0 0.0 70.0
time /ps?
Source: P. Malinowski, N. Palka, S. Opoka, T. Wandowski, W. Ostachowicz, Moisture detection in composites by terahertz spectroscopy, 50

Proceedings of DAMAS 2015 Conference.



Adhesive Bonds Assessment | THz A CertBond

20.0

10.0

0.0

position /mm

<100

-20.0

Results | Moisture at the interface

Transmission study — thick layer

Max in time domain

<10.0 0.0 10.0 200 300 400
position /mm

Max in frequency domain

Source: P. Malinowski, N. Palka, S. Opoka, T. Wandowski, W.
Ostachowicz, Moisture detection in composites by terahertz
spectroscopy, Proceedings of DAMAS 2015 Conference.

-10.0

-20.0
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position /mm 51



Sizing of the disbonds with ultrasonics

Names Area | Outline | Length
(centers) (mm? [ (mm? | (mm)

CertBond

Defect Detection

Source: Malinowski P., Ecault R., Wandowski T., Ostachowicz W., Evaluation of adhesively bonded composites by nondestructive

techniques, SPIE Smart Structures/NDE, March 25-29, 2017

g+_T_0-1

X=43 y=62) 13280 25756
?X+=_;£f)\_/2=81) 20 78.0 13.0 1.08
?X+=_ gé,o\?: Y 144.0 12,0 1.09
?x+=_g6?\_(izo) 174.0 260.2 19.2 1.12
(gx+:_2T§,0\_/i27) 108.0 160.0 16.0 1.08
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INSPECTION OF
COMPOSITE
STRUCTURES

NDT/SHM Methods for Damage
Detection



A stand for electromechanical
impedance tests with AD5933 system

Laboratory: Institute of Fluid-Flow
Machinery, PAS, Gdansk, Poland

© 2019 CertBond - Cost Action CA18120

IMPEDADANCE ANALYZER AD 5933
ANALOGUE DEVICES

RELLTELILLE
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An electronic devices for the AD5933
system

A computer programme for
configuration of the AD5933
system and selected tests
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EMI - Investigated Methods M CertBond

Electromechanical Impedance

a2 ai o5 )

o 1
ae 32 3¢ EL] |

Fy e
Frequency [MHZ)]

Frequency range: 4 Hz - 5 MHz

Measurements were taken for CFRP sample with dimensions:
100 mm x 100 mm x 3.5 mm at:

v referential state, temperature T=22°C

v referential state, T=24°C

Laboratory: Institute of Fluid-Flow v damage state — delamination D1, T=22°C

Machinery, PAS, Gdansk, Poland v’ damage state —delamination D2, T=22°C
© 2019 CertBond - Cost Action CA18120 55



CFRP sample dimensions:

100 mm x 100 mm x 3.5 mm

Laboratory: Institute of Fluid-Flow
Machinery, PAS, Gdansk, Poland

© 2019 CertBond - Cost Action CA18120
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EMI Temperature Compensation M CertBond

Temperature compensation for CFRP sample with delaminations

Temperature influenced signal shifting in order to minimize
CCD.

N [R(i)R _ER] [R(i)D _RD]

0r0p

i=1

R(i)R - resistance for referential case

600 mm x 200 mm x 3.5 mm R(i)D - resistance for damage or temperature
influenced case

v" Dimensions:
600 mm x 200 mm x 3.5 mm Rr , Rp - mean values

v" Varying temperature Op,0p - standard deviations

v" Delaminations with different size

© 2019 CertBond - Cost Action CA18120 Laboratory: Institute of Fluid-Flow
Machinery, PAS, Gdansk, Poland
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EMI - Selected Results of Research

/ CertBond

Electromechanical Impedance (detection of delamination)

Frequency band: 8.6-12 4 [kHz]

TC2 TC 3

ITCI-I T

T D1D2D3 D4 D5 T D1D2D3D4 D5 T D1D2D3D4 D5 T D1D2D3 D4 D5

Source: Wandowski T, Malinowski PH, Ostachowicz WM.
Temperature and damage influence on electromechanical
impedance method used for carbon fibre-reinforced polymer
panels. Journal of Intelligent Material Systems and Structures,
2017: 28 (6): 782-798.
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EMI | METHOD — DAMAGE DETECTION

Source: P. Malinowski P., T. Wandowski, Ostachowicz W.,
Study on adhesive bondss influence on EMI signatures, Proc.
of IWSHM 2015

5 teflon

G1 40.25

Tested curves

Frachet Distance

G2 10,15

G3

 teflan G1 G2 G3
Tested curves

Larger differences in the presence of damage than between
measurements G1, G2 and G3
- 3,0 mm thickness, position of layers [0/90/0/90]s
composite with carbon reinforcement 500 mm x 500 mm
damage (delamination) — teflon spacer between 2 and layer 3

/ CertBond
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EMI Method - Tests for Damaged Beams A CertBond

A cantilever aluminium beam with a notch and A cantilever composite beam reinforced by carbon
additional mass fibres with a notch

An aluminium beam clamped in both ends (without
damages)

Laboratory: Institute of Fluid-Flow

Machinery, PAS, Gdansk, Poland &0




Research aims M CertBond

1. Detect the weak bond

2. Assess the bond quality

* The performance of adhesive bonds depends on the physico-chemical properties of the adherend

surfaces.
» The weak bond can be caused by surface contamination of the adherend sufaces.

* The contamination leading to weak bonds may have various origin (moisture, release agent, hydraulic

fluid, poor curing of adhesive, ...).

© 2019 CertBond - Cost Action CA18120
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Investigated weak bonds scenarios A CertBond

Adhesive bonding
Sample 1 ‘ Sample for investigation

1) moisture contamination

2) release agent contamination
1. Moisture

Methods tested: Electromechanical impedance, Active thermography, Laser ultrasonics, Ultrasound
frequency analysis

2. Release agent (resulting in Si contamination of the surface)

Methods tested: Electromechanical impedance, Ultrasonic arrays, Laser ultrasonics, Laser Shock
Adhesion Test, Ultrasound frequency analysis

© 2019 CertBond - Cost Action CA18120 62



Varying contamination influence

1400

Untreated
1200

1000
800
600
400

oo l RE3 RE4
0

W Average GIC (J/m"2)

5

1400 MO1

Untreated W Average GIC{J/m"2)
1200 T

| MO2
1000 : MO3 MO.4
800
600
400
200
0 -
1 2 3 a

5

Source: Markatos, D., Tserpes, KL, Rau, E., Pantelakis, Sp. (2012)

Degradation of mode I fracture behavior of composite bonded

Joints due to moisture and release agent pre-bond contamination.
The Journal of Adhesion, DOI: 10.1080/00218464.2013.770720

Untreated 1072.72
2.1 at% of Si RE1 1062.75
6.5 at% of Si RE2 439.2
8.2 at% of Si RE3 60.8
10.1 at% of Si RE4 40.4
0.45 WT% MO1 1129.95
0.80 WT% MO2 914.44
113 WT% MO3 795.31
1.25 WT% MO4 885.17

/CertBond
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Active thermography with optical heating technique/CertBond

Principle of the optical heating technique

flash lamp Specimen heated at surface by pulsed optical excitation.

Heat is propagating into the material.

The instationary heat diffusion is depending on the effusivity of

te§t the material:
object ,\’\’\ IR camera E=Vipc
where:

/‘/\/\/\—»

defect ?;:j E — effusivity
IR-radiation A~ heat density

p — volumic mass

control -timing and control ¢ — specific heat capacity
unit -acquisition
-image processing
-data analysis
ENCOMB | 7th Framework Programme Extended
Non-Destructive Testing of Composite Bonds = Fraunhofer
IZFF
Source: Ehrhart B., Netzelmann U., Walle G,, et all, Extended NDT Method's for Evaluation of CFRP Adhesive Bonds, International Workshop 64

on Aero Structures, October 9-11, 2013, Milano, Italy, (presented by W. Ostachowicz)



LAser Shock Adhesion Test (LASAT)  Af CertBond

Studied materials

T800/M21 unidirectional composite

&%

qualified by aeronautical companies as an

.78
PN

enhanced version of T300/914, thermoplastic

Le
*
.

-
e o

nodules are added in the M21 matrix in order to

— ongw
VSt

increase the shock resistance of the material.
The pre-impregnated plies are thicker (about

250 um).

T300/914 unidirectional composite material

composed of several pre-impregnated plies of !”P

carbon fibers and epoxy matrix (approximately A%

150 pum thick)

Source: Malinowski P., Ecault R, Boustie M., Touchard F., Berthe L., Ostachowicz W., Damage detection method for composites based on 65

laser vibrometers, 5th International Symposium on NDT in Aerospace, November 13-15, 2013, Singapore (presented by W. Ostachowicz)



LAser Shock Adhesion Test (LASAT)

T800/M21 UD . A dynamic tensile loading due to shock wave propagation

(2 mm)

A CertBond

Time
Back face \ Time-resolved diag. Velocimetry
damage \ Ultrasonic (Post mortem observations)
................ < )
12 --------_.....'."_".':,..,-_-.,.4 Tensile stress controlled by the laser
e parameters and CFRP assembly
SO i
........ wave
-t \ease
Pressure i 5\\0"""‘“
b) ) Pl L Positior]

The laser source used in this study generates laser gaussian pulses whose FWHM is about 25 ns and
whose beam energy can be adjusted in the range: 0J — 25J. This laser source is generally used to test thick p) @
samples (millimeters) and can create sizeable inside damage (millimeters) in case of composite materials.

Source: Malinowski P., Ecault R, Boustie M., Touchard F., Berthe L., Ostachowicz W., Damage detection method for composites based on 66
laser vibrometers, 5th International Symposium on NDT in Aerospace, November 13-15, 2013, Singapore (presented by W. Ostachowicz)



LAser Shock Adhesion Test (LASAT) A certBond

I T300/914 unidirectional samples | | T800/M21 unidirectional samples ]

Results — micrographies

f.-c,s‘,rnmmlr -
axis of

Damage is located close to the back face, around 250 pm deep.

Long transverse cracks due to the flexural component of the loading

The laser irradiation is also responsible for the delamination which

can be observed on almost all the micrographies.

The T800/M21 material seems stronger.

Laser impact area (4mm)

Laser impact area (4mm)

w @
——
Source: Malinowski P., Ecault R, Boustie M., Touchard F., Berthe L., Ostachowicz W., Damage detection method for composites based on 67

laser vibrometers, 5th International Symposium on NDT in Aerospace, November 13-15, 2013, Singapore (presented by W. Ostachowicz)



Energy based index is calculated for each signal Sregistred in A/ mesh points:

1 4.2 29.6 18.62 454
2 4.2 29.6 1.40 0.34
3 4.2 29.6 1.73 042
4 4.2 29.6 2.49 0.61
5 4.2 29.6 2.50 0.61
6 4.2 28.8 3.40 0.85
7 4.2 294 7.36 1.81
8 4.2 29.8 14.00 3.41

Source: P. Malinowski P., Ostachowicz W., Touhard F., Boustie M., Chocinski-Arnault L., Gonzales P., Berthe L., et al. Study of plant
fibre composites with damage induced by laser and mechanical impacts, Composites Part B: Engineering 152, 209-219, 2018.




Cyrs) NDT Results — T300/914

U Wave source — piezoelectric disc was between damage 6 and 7.

U Measurements showed deviation in both directions (leftward and right ward from the piezoelectric

transducer) along the specimen.
QO Local circular increase in wave energy indicates the laser caused defects.
Q Straight line of higher damage index indicates damaged fibres.
QO Defects that are farther away from the piezo disc are not detected so well due to wave attenuation.

O Moreover, the wave in order to reach this region has to travel the region of remaining defects.

Source: P. Malinowski P., Ostachowicz W., Touhard F., Boustie M., Chocinski-Arnault L., Gonzales P., Berthe L., et al. Study of plant
fibre composites with damage induced by laser and mechanical impacts, Composites Part B: Engineering 152, 209-219, 2018.
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Cirs) Results - T800/M21

Shot dias'::(;tter d:::tsiin Energy (J) Intensity
number ) s} (GW/cm?)
2 4 28.20 10.43 2.94
3 4 27.23 5.14 1.50
4 4 28.02 2.38 0.68
5 4 27.95 10.12 2.88
6 4 26.41 2.68 0.81
7 4 29.54 0.94 0.25
8 4 26.03 0.97 0.30
®1228G6W/cm? © 1=1.5GW/cm? @ | £0.8 GW/cm?

O The sample was shocked in 8 different positions.

Q Severe damage occurred only at three locations, numbered 2, 3 and 5.
Q At the remaining locations the damage threshold was not exceeded.
O The sample was painted afterwards to perform a blind NDT test.

Source: P. Malinowski P., Ostachowicz W., Touhard F., Boustie M., Chocinski-Arnault L., Gonzales P., Berthe L., et al. Study of plant fibre
composites with damage induced by laser and mechanical impacts, Composites Part B: Engineering 152, 209-219, 2018.
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Ultrasonic Frequency Analysis

Thus, a weak bond should have an effect to parts of the frequency spectrum.

1. Conventional Ultrasonic-
measurement

. 1

TRANSDUCER

ULTRASONIC SIGNAL

T e
7

R&

2. Frequency Analysis

conventional ultrasonic signal

\

FFT
Fast Egurier Transfarm

frequency spectrum

\

3. Measurement

CRITERIA

Amplitude

Peak Frequency

Bandwidth

Centre Frequency

Amplitude

Frequency

/CertBond

The challenge is the testing of adhesive bonding on CFRP-structures. In this regard conventional testing methods reach their limits.
The basic idea is to take a closer look at the signal of an ultrasonic inspection, particularly at the frequency spectrum.

» The starting situation is a conventional

ultrasonic signal.

In the next step the frequency spectra is
determined by means of a fast Fourier
transformation.

By comparing a proper bonded reference
area and a testing specimen, it should be
possible to find changes in the strength
behavior that can indicate a so-called weak
bond.

ENCOMB | 7th Framework Programme Extended
Non-Destructive Testing of Composite Bonds

O CASSIDIAN

Source: Heichler G., Ossiander G., Extended NDT Methods for Evaluation of CFRP Adhesive Bonds, International Workshop on Aero
Structures, October 9-11, 2013, Milano, Italy, (presented by W. Ostachowicz)
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Ultrasonic Frequency Analysis Results M CertBond

MO1 MO2 MO3 MO4

®  First tests have shown, that there is a significant change of the
bandwidth of the frequency spectra in parts of the weak bonded
samples.

Up to now the testing method is very sensitive to influences from the
CFRP material (moisture, surface roughness, thickness of the bond line).

Another challenge would be a differentiation between the degrees of
contamination.

UT — untreated
RE - release agent

MO — moisture

. - Indication

ENCOMB | 7th Framework Programme Extended
Non-Destructive Testing of Composite Bonds @ CASSIDIAN

uT RE1 RE2 RE3 RE4

Source: Heichler G., Ossiander G., Extended NDT Methods for Evaluation of CFRP Adhesive Bonds, International Workshop on Aero 72
Structures, October 9-11, 2013, Milano, Italy (presented by W. Ostachowicz).




Surface Acoustic Waves
. "Cert_Bon_d

S
0 13
2 3
© =]
£ 3
E
L)
25 20 15 10 5
distance (mm)
CFRP bond characterisation using surface acoustic waves:
= SAW penetration depth ~ A:
Interaction with bonding layer.
= Single line excitation:
Cylindrical lens — broadband SAW generation. ENCOMB | 7th Framework Programme
Extended Non-Destructive Testing of

. Multiple line excitation:
Spatial light modulator (SLM) or intensity mask — single wavelength generation.

. Further investigations.

Composite Bonds

[ RECENDT

Source: Seyrkammer R., Galos R., Reitinger B., et. al., Extended NDT Methods for Evaluation of CFRP Adhesive Bondss,
International Workshop on Aero Structures, October 9-11, 2013, Milano, Italy (presented by W. Ostachowicz)
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ARRAY TECHNIQUES ’CertBond

Controller

Water

Specimen

Ultrasonic phased arrays can be used to inspect components.

From a single sided measurement backscattered energy determines amplitude.

Through transmission can be used to measure nonlinearity in a system with arrays at 2 frequencies.
Both approaches studied with the configuration below.

ENCOMB | 7th Framework Programme

Extended Non-Destructive Testing of University of
Composite Bond's AL BRISTOL

Source: Croxford A., Sapountzi K., Neild S., Extended NDT Methodss for Evaluation of CFRP Adhesive Bonds, International Workshop
on Aero Structures, October 9-11, 2013, Milano, Italy (presented by W. Ostachowicz)
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A CertBond

Adhesion Tests via Laser Shock
Waves (LASAT)
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o ‘ \
Figure 1: Aloha airlines flight 243 incident, flight suffered an extensive damage but landed safely

Explosive decompression caused by maintenance problems

Maintenance & Routine Inspection during their life time for structural bonding health- LASAT
© 2019 CertBond - Cost Action CA18120



Outline M CertBond

= Background & Specifications

= Laser Shock Phenomena

=  Experimental Results

= Technology Readiness Levels (TRL) Assesments
= Numerical Results

= Conclusion & Perspectives



Background & Specifications
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Structural Bonding

Use of CFRP is increased in aeronautical industry
Airbus A380 composite part of the aircraft is 25%, for A350 it's around 52%

With the usage of adhesive bonding, 12% of the aircraft weight can be reduced

© 2019 CertBond - Cost Action CA18120



Weak bond detection for CFRP

ISS ues Figure 2: Manufacturing and inspection processes
e How to be sure about the properties during the manufacturing & use?
e How to quantify the structure of composite materials?

e Current NDTs are not proof mechanical tests for bonds so we need LASAT!

© 2019 CertBond - Cost Action CA18120




Shock Wave Creation Phenomena in M CertBond
Water Confinement Regime

Process Parameters

Pulse Duration: 8-25 ns
Wavelength: 532-1064 nm
Energy: 0.2-50 Joules

Repetition Rate: 1-20 Hz

Spot Diameter: mm

Figure 3: Shock Wave Creation Phenomena

Power Density: 1-10 GW/cm?

o O 0 0O 0O O O

Pressure: 1-8 GPa

© 2019 CertBond - Cost Action CA18120



Why confined regime? A CertBond

] 1—1 UNCOATED TARGET ADVANTAGES
|2) oo PANTED TARGET
(3] —— WATER DROP DMLY

Wl —— PANT AND WATER * Pressure x4 higher than in direct regime

* Loading x2 longer

« Easy to apply

]
A

-1 1 T

« Cheap

STRESS |(WILOBARS|
=

ISSUES
* Needs a protective layer/ablator layer

in

* Breakdown plasma in confined material
layer (screens a notable amount of the
incident laser pulse)

Figure 4: Stress wave histories in 1. 0 mm aluminum targets for various coatings. . DIffICUIt to use In SpeCIfIC processes (need Of
Retrieved from: Fox (1974), Effect of water and paint coatings on laser-irradiated targets . .
a solid confinement)



Shock Wave Propagation Space-Time

Diagrams

Time

— Shock » Free Surface
== Release 3

~ Space

(a) Mono Impact

Tirese:

Spaca

— Shock ¥ Free Surface
== Release ¥

(b) Double Impact

Space

Figure 5: Space-time diagrams for different scenarios.

Time
4

— Shock »
== Release »

Ta

Free Surface

Time
i
— Shock » Free Surface
== Release %

[ 5]

~ Space

(c) Symmetrical Impact

« The front of the shock wave is solid lines & release wave which sets the material back to its initial state is dotted lines

» Upon crossing the initial release wave, the reflected shock wave generates a tensile stress

» The tensile stress location can be shifted by playing with the laser parameters (need of simulation to optimize many different

parameters such as pulse duration, applied power densities, used focal spots)

© 2019 CertBond - Cost Action CA18120
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How does it work?

P L
i' Calibrate | Reference threshold evaluation
Sollicitate Interface test with laser shock
.I“ ;\
/‘__.-" '--.___‘ . )
p \(
Reveal { Damage reveal weak or kissing Bonds

\_/ |

N
r

Detect { Damage detection by NDT technique

AN
-
—

M CertBond

LASAT enables the generation of high tensile stresses within the
material, which can debond or not depending on its strength.

« Damage Creation for weak bond via LASAT

* No Damage Creation for correct bond (correct bond defined

by the company/project)

10



Sollicitate, Reveal, Detect : Shock laser + US C-scan - PhD R.Ecault /CertBond

I unshocked B Shocked
09 5% 8 Wo0E 1 REEE Amplitude

w20 1380 1628 1890 2180

X direction
0° fibers
direction

Weak Bonds

Structural Bonding Applications (mm scale)

The principle consists of sending ultrasonic waves into the matter through an emitter placed on the
surface. The acoustic waves produced by the probe will propagate through the sample and be
destroyed/changed in case of impedance changes.

Without shock application > no weak bond detection >LASAT
reveals weak bond/delamination!

RE2-Rel

Y direction
1 907 transverse direction 11
Figure 7: C-Scan Result




LASAT on External Aircraft Coatings?- PhD S. Unaldi

+ Lasat technique also applied on External Aircraft Coatings (paint) side of aircrafts. Different type & thicknesses of layers and
applied thermal ageing conditions are investigated (um scale).

LASER

Clear-coat

Base coat

Primer

Figure 9: Role of Each Layer

TOP COAT

Figure 8: Example of EAC with a laser

© 2019 CertBond - Cost Action CA18120

Surface Treatment

Metal ar Composite

Figure 10: Example of a coated sample

Primer: (Chemical Family-Epoxy)

> Protecting the substrate from corrosion

> Present a good level of adhesion between layers
Base Coat: (Chemical Family-Polyurethane)

> Bring optional and functional properties to
painting architecture

> To resist external environmental attacks (dust, sand,
lightning strike)
Clear Coat: (Chemical Family -Mainly Polyurethane)

» Bring an esthetic, protective and functional properties to
base-coat

A CertBond

12



ISSUES

© 2019 CertBond - Cost Action CA1

Damaging

Interface
Adhesion

Material
under
Shock Laser
Interaction
Laser Laser
Adhesion Test technologie
NDT

Modeling

13
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EU Projects to NDT Assesments

Adhesion Level

Correct 2014-2018

Bond Weak Bonds !
95% B

80%

2{}11 2014

E COonN B

20%

6%

CertBond

n CA18120

On Encomb, weak bonds were
described as bond with an
adherence level equivalent to 20%
or less of a reference bond.

For ComBoNDT, bonds with an
adherence level of 80% of a
reference ones are considered as
weak bonds (the weak bond
threshold has been increased)

>

© 2019 CertBond - Cost Action CA18120
Figure 11: ENCOMB and ComBoNDT Projects.
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EU Projects to NDT Assesments CertBond

Two Symetrical pulses
Adhesion Level e

Correct

Bond Weak Bonds

+ ENCOMB- mono impact, very weak
- _:;:. <o production scenarios

o

95%
80%

.l I.I.l

.;.l.

e

Monopul

+ Combondt- symmetrical impact,
weak and extended production
scenarios to increase TRL

« Two scenarios are common
between ComBoNDT and

o . - : ENCOMB: the release agent and

20% moisture contamination

69{0 .f- lll.l.l.llllll

© 2019 CertBond - Cost Action CA18120 16
Figure 12: ENCOMB and ComCoNDT with pulse scenarios



Contamination Scenarios-PhD M. Sagnard /Cert_g_g_p_gl

Project defined two sets of contaminants, the one mainly found on production lines and the one typical from repair lines for the ENCOMB project.

Contamination Lam

Finger print: finger print residues can be left on the part during its manipulation.

De-icing fluid: To prevent the wings from freezing, a de-icing fluid is applied on their surfaces. This fluid can penetrate
through voids and leave residues deep inside of the structure.

-_—
End-user  contaminations =4 Fraunhofer
@ AIRBUS A
FENCE & SPACE ‘q . - - .
Faulty curing: epoxy curing may not always be homogeneous which might lead to
Production | Repair various adherence levels on a same surface.

| |

| | | |

Reference Moisture Reference Thermal
i : ; degradation
Release agent : Finger print* De-icing False curing

Low Medium High

Figure 13: Contamination Scenarios.

© 2019 CertBond - Cost Action CA18120

Retrieved from: Maxime Sagnard. Detection of Weak Bonds in Bond CFRP Assemblies using Symmetrical LAser Shock Adhesion Test (S-LASAT). PhD thesis, 2019. Thése de doctorat dirigée par Berthe, Laurent Mécanique-matériaux (AM) Paris,
ENSAM 2019

Moisture: high humidity levels may be reached in the production line leading to water take-up. This
water is later released during the curing process, weakening the bond strength.

17



Release Agent Detection Sensibility- PhD M. Sagnard

COST Action CA18120
Release agent: to ease up the de-moulding process of composite panel, a solution, release agent, is sprayed onto the mould before the part is cured. After the whole process,
and the part removed from the mould, some traces of this solution can be found on the surface of the sample if not cleaned properly. time

A

GIC (J/m?) W eonied P pebonded Iaser[GW/cr;? — Shock 3  FreeSurface
1400 Z Z ? T 3- Release 3
1200 % é é t+30f =
g /I R e
52 1 U U £s
§ :g_"’ 1000 é é Z 4 25 -é s
5§ £3 -
_:é g 800 Z é Z rof 268 B
£3 / / 7 58
“ § 400 é ‘4‘ Z + 1.0 ? -
% z 4 . + Damage threshold value decreases with release agent level
200 Z A | os L
contamination
0 il 1o

Reference  REL(22ati65)) REZ(6.7:%Si) REI(8.4t%Si) REQ(10.5 st &i)

&

* No threshold for Correct Bond (too high to detect)

Increasing level of contamination
Figure 14: Levels of contamination.
Retrieved from: Maxime Sagnard. Detection of Weak Bonds in Bond CFRP Assemblies using Symmetrical LAser Shock Adhesion Test (S-LASAT). PhD thesis, 2019. These de doctorat dirigée par Berthe, Laurent
Mécanique-matériaux (AM) Paris, ENSAM 2019
© 2019 CertBond - Cost Action CA18120 18



Release Agent Detection Sensibility- PhD M. Sagnard

Intensity per Beam {GW,/cm?
=
‘a
=]

P-RE

Single Shot Threshald

byrmmetrical Shot T

P-RA-1
m Single shot

CertBond

QST Action CA18120

P-RA-2

® Symmetrical dt=0

Figure 15: Release Agent Detection Sensibility.

Retrieved from: Maxime Sagnard. Detection of Weak Bonds in Bond CFRP Assemblies using Symmetrical LAser Shock
Adhesion Test (S-LASAT). PhD thesis, 2019. These de doctorat dirigée par Berthe, Laurent Mécanique-matériaux (AM)

Paris, ENSAM 2019
© 2019 CertBond - Cost Action CA18120

Time
E
— Shock
== Release %

Free Surface

~ Space

P-RA-3
All bars from this figure represent the bond threshold

Impossible to to generate a debonding without damaging the CFRP

— mono impact

Detection of all levels of contamination -symmetrical 19



LASAT- External Aircraft Coatings / Different Primer Thicknesses /CertB,o_nd

[

Aluminium

GW/cm? GW/cm?2

EPOXY

© 2019 CertBond - Cost Action CA18120

Figure 16: Adhesion levels as function of different epoxy thicknesses under optical microscope

GW/cm?

GW/cm? GW/cm?

56 pm

20



LASAT- External Aircraft Coatings / Numerical Work

CertBond

COST Action CA18120

The predicted initiation and propagation of failure of the cohesive zone for the cases of 1= 1.75 GW/cm2 and 1=8.23
GW/cmz is depicted.

For the lower intensity/pressure, “damage ring” is formed while for the higher intensity the entire circular area fails

v ‘ ‘ ‘ ‘

@) 113, ) 1.23 (c) 163 W20
©) 048 0 N092 s (g5 h) 20,

Figure 17: Predicted initiation and propagation of failure of the cohesive zone for the cases of (a) I= 1.75 GW/cm?2 and (b) 1=8.23 GW/cm?2
This finding is a first verification of the model’'s capability to simulate laser shock-induced stripping.

In collaboration with Patras University (for more, see Kosmas Papadopoulos’s poster)

Retrieved from: s. unaldi, K. Papadopoulos, A. Rondepierre, Y. Rouchausse, A. Karanika, F. Deliane, K. Tser-pes, G. Floros, E. Richaud, and L. Berthe. Towards selective laser paint stripping using shockwaves produced by
laser-plasma interaction for aeronautical applications on aa 2024 based substrates. 2021

© 2019 CertBond - Cost Action CA18120 21



LASAT- External Aircraft Coatings / Thermal Ageing of Primer CertBond

T Action CA1E

Because of their activity in the air, the external parts of the aircraft are exposed to a high degree of sunlight. In order to simulate the natural exposure
conditions of the external parts of the aircraft, thermal ageing conditions applied. To do this, samples of AA2024+epoxy are inserted into ventilated
ovens heated between 60 and 120°C.

i

AA 2024+Epoxy

AA 2024+Epoxy

AA 2024+Epoxy

AA 2024+Epoxy

Thermal Ageing (180°C)

Thermal Ageing (150°C)

Thermal Ageing (120°C)

Thermal Ageing (60°C)

1h
1h30
4h

24h
48h
72h
100h

7 days
21 days

7 davs

Table 1: Thermal ageing conditions with their respective durations.

© 2019 CertBond - Cost Action CA18120

When epoxy resin networks undergo a temperature increase, the major
changes observed are the formation of carbonyl and amide products. It

loses some of its mechanical properties - shear strength decreases.

120°C/ 1week

120°C/ 3weeks

Unaged

Figure 18: Ageing evaluation

22



LASAT- External Aircraft Coatings / General View CertBond

COST Action CA18120

1) Thickness and Type Variation 2) Thermal Ageing Variation
4000 T T i Max. Stripped Diameter|—]
3404 3632 um 1
um 2 &
- 2.32 GW/cm? 3283 um 2.2 GWiem 5 os
2 i
5 3000 0.91 GW/cm %
— — 0,6
B z
O 2000 . “
E g 0,2
[
& & 9
% Unaged 180°C1h 180°C 180°C4h 150°C 150°C  120°C21
m 1000 4 sample 1h30 48h 100h d
= Ageing conditions
o B No Remove B Debonding ™ Stripping ® No Data
37035A 2Tum CATO49 25 um CAT049 56 um

Material & Thickness
Figure 19: Effect of epoxy thickness & type variation.

© 2019 CertBond - Cost Action CA18120

Figure 20: Effect of thermal ageing variation.
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INDUSTRIAL CONSTRAINS

CertBond

COST Action CA18120

Laser Parameters

* Top Hat Shaped Laser (extra diagnostic)

+ Laser Stability

*  Min 6 Joules of Energy with defined spot sizes (mm)

Material Related

» Several meters long parts to treat

* Thickness variation

Enviromental Constrains

* Repair 1 day to 2 weeks : Parked plane costs a lot
*  Temperature (15 -27°C) — humidity (20 — 70%)

* No water as a confinement 25



SOLID CONFINEMENT

Commercial polymers

PROS OF POLYMER CONFINEMENT

Coroplasi
Acrylate Pressure Sensitive Adhesive

+ Controled formulation
+ Different controlled thicknesses

Polymer synthesis

Gl

g e B

Silicone radical polymerization

* Controled tack and cross-linking
« Controled thickness to some extent

© 2019 CertBond - Cost Action CA18120

* Adaptation to complex surfaces

*  Flexible properties

WHICH PROPERTIES?

+ Transparentin IR/VIS

High temperature resistance

Easy bonding/debonding

* Generated pressure up to 4 GPa

M CertBond

26



PRESSURE COMPARISON- PhD C. Le Bras /CertBond

Laser intensity {GW/ecm®)

P Q'I: [ ¢ i+ o %‘
iff X T
2 4 i ; ir I P
E .
= |2} iENOUCﬂH FOR LASAT!= water
" Acrylate
= PDMS
D i 1 i 1 i L M 1 " L M L L
0 2 4 i 8 10 12 14

Same pressure as water — acrylate

——>

Glass as a confinement Transparent Acrylate Tape

Figure 21: Effect of confinment on obtained pressure. Retrieved from: Le Bras(2019), Metals, 9(7), 793

© 2019 CertBond - Cost Action CA18120
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SPOT SIZE = WITH & WITHOUT DOE CertBond

Current Laser spatial profile
250

Gray level

0 2500 5000 7500 10000
Width (um)

Spatial profile Laser with Diffractive Optical Element

200
e 150 o ——— W ——— + 5%
- ==
2 AN
A0 800 pm
© 50
0

0 2500 5000 7500 10000

Width (um)
© 2019 CertBond - Cost Action CA18120 Figure 22: Laser Spot Spatial with/without DOE 28




DEMONSTRATION/VALIDATION- PhD M.Sagnard CertBond

Repair Panel

Diamater {mm)|Orientation

/ 195 men
172 mm
y",é 148 mm

124 mm
£e 100mm
76 mm
52 mm
28 mm

Complementary
CFRP patch
Bond area between

the stiffener and the
plate

Fi 22: R irP |
1gure 22 Repairane SYMMETRICAL SHOT SETUP

S-LASAT LASAT
threshoid | Totatnumber - umber. of threshold | of s

Panel (intensit ' of shots opened
Y P ot 80% of |y bonds :
beam) ntensity)

(total

Retrieved from: Maxime Sagnard. Detection of Weak Bonds in Bond CFRP |

Assemblies using Symmetrical LAser Shock Adhesion Test (S-LASAT). PhD Production Contaminated

thesis, 2019. Thése de doctorat dirigée par Berthe, Laurent Mécanique-

matériaux (AM) Paris, ENSAM 2019 Repair Healt
Contaminated |

Success rate: 100% Success rate; 20%

© 2019 CertBond - Cost Action CA18120



Numerical Results
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Numerical modeling using LS-DYNA

LASER

TOP COAT

I8 Ls-DYNA

Selective Laser Paint
Stripping

Laser Paint Stripping
from Specimen Side

OPENED UP,

A NEW PERSPECTIVE

Laser Paint Adhesion

Tests

+ Different Thickness
+ Surface Treatment
+ Thermal Ageing

© 2019 CertBond - Cost Action CA18120

NUMERICAL OPTIMIZATION IS ONGOING

TOP COAT

EPOXY 1

A CertBond

LASER

Laser Paint Stripping
from Paint Side

THERMAL COAT

TOP COAT

EPOXY 1

31



Numerical modeling using LS-DYNA

Shock wave

Figure 23: Shock Wave Creation Phenomena

Héphaistos Laser Facility

. VISAR :
pure-AL Material model
|

6y(GPa)

2nd Shock

Edge Effect

st Sho
-

-

Elastic Precursor

400 600

Time (ns)

200

0 02 04 06 08 1

Location in thickness (mm)

Figure 24: Stress level (vertical axis) during the wave propagation through the
_ target thickness(horizontal axis) and during the laser shock with the associated BFV

Boundary conditions

Boundary conditions

© 2019 CertBond - Cost Action CA18120

T gf

New material

‘ Material model

t t
o [~

°
& 2 @
V(m/s)

t t
(=3 o
"]

profile under 3.3GW/cm? laser intensity and 3 mmfocal spot.

800
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Numerical modeling using LS-DYNA

_A SP1-Experimental B SP2-Filtred Smooth Curve C SP3-Filtre

w

-

Pressure (GPa)
[\ ]

o

Normalized Intensity

d Sharp Curve

1

0.8

0.6

04

0.2

.....................

_____________________

_____________________

400

Time (ns)

600
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0.25
0.2
0.15 ; : :
LI O A e s :
0.05 e
1}
200 400 600 800 1000
I

E_BFV-1
80 |
60 |
40 |
20 ¢

M CertBond

E_BFV-2  S_BFV(SP2) __S_BFV(SP3)

| 0.8 GW/cm?

400 600 800
Time (ns)

200
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Numerical modeling using LS-DYNA
Y axis
&7 2D Model

| Axisymmeric ||

revolution

=~
/L/ 5 mm

Back Face Velocity Measurement Position

0.8mm

0 4mm focal spot, 2GW/cmz, 970um-AA2024 & 20um Epoxy

150 ! B LsoWA
|
7' AR
E 5 W, ha |
> T IR AL
0 WV’A’!‘ A'A”"L'.‘ m IWW i \W‘ W \WJ °‘VM
-50
0 200 400 600 800
Time ins)

© 2019 CertBond - Cost Action CA18120

Epoxy primer CA7049
MAT _ELASTIC PLASTIC HYDRO

Parameters Values

p(kg/m?)
G (MPa)
C(m/s)
S
Yo
0y, (MPa)

EH (MPa)

1700
1600
2000
1.493
1.13
5

10
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Tiree

Numerical modeling using LS-DYNA CertBond
PT1=0,24GW/cm? + PT2=0,52 GW/cm2 - 48 pm d’epoxy+970 pym AA-202
4mm focal spot+28um Al tape 4mm focal spot+Oum Al tape
S‘zmsz through thickness - 0, (GPa),max(o,y) = 1190.542(MPa) S'lre:s through l:h‘«cknen~o,,loPu|,:7vsx(o,.,)—-lﬁ‘)i a)
’ \ 3mm focal spot+28um AL 3mm focal spot+0um
- — —
L . : 1 \ — tape AL tape
[ = ;_=; 680MPa (54%) 732MPa (55%)
- q_ | 3z 160 ns 373 ns
614MPax(52%5 P
140 g o

The negligable thickness of Al tape (< 3um) is providing

bigger tensile stress at the interface, it can be done using

=

o
o

thin film deposition techniques (ion sputtering) which is

not feasible for industrial applications

-‘
T —
_—
%0)
-_—

0.0
0.2

c o o
Location in thickness (mm)

o k=3 o
Location in thickness {mm)

© 2019 CertBond - Cost Action CA18120 35



Numerical modeling using LS-DYNA /CertB_o_nd

PT1=0,24GW/cm2+PT2=0,52 GW/cm2-4mm focal spot-48um epoxy-28 um AL tape

1 1
--------------- e
g 0 S\ AN 05 o 614/MPa
o 0 : - ~.493MPa 457 MPa——
< IS N AT a
2 0.5 — o 351 MPa
® A1 : =
D [
S 15 8 P2 05 N
S € PTI.PT2no-delay) | =
- 2 D PT'1,F'T2:|DH‘a:.f} 4
25 ; T ‘ """" T 500 550 600 650 700 750 800
0 200 400 600 800 Time (ns)

. By increasing the thickness of the aluminum tape the value of the stress at the interface decreases

. For some configurations we do not need the delay between the two beams

© 2019 CertBond - Cost Action CA18120 36



COST Action CA18120

“_ Shock > Free Surface
. -~ Release 3
Symmetrical laser shock e CertBond
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wl e ! A A """" M
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R —_———_——————,, [ N
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Contraintes (GPa)

Symmetrical laser shock /CertBond

6mm-AL (1500 kg/m3) — 50 um AL tape (2700 kg/ms3) - 4mm focal spot

Stress through thickness - oy,(GPa),max(oyy) = 1046.752(MPa) plrassthirough thickiess g (GPa),max{ayy)=1046.228(MPa,

Stress through thickness - 0y, (GPa),max(oyy) = 1048.914(MPa)

100 Lol / \ 100 / \
/ZGW/cm"z\_ ~ 3GW/cmr2 = sewW/emr2
0.75 g 0.75 0.75
0.50 0.50 4 T2%—= 0.50
753,12 MPa
0.25 = 0.25 ) . 025
: &

0.00 g 0.00 é 0.00

80%=837.4 MPa § 5
-0.25 . 8—0.25. 8
-0.50 -0.50
-0.75 -0.75
-1.00 -1.00

n © o -

=] -

~N m <
Location in thickness (mm)

~N m < o~ m <
Location in thickness (mm) Location in thickness (mm)

Important created tensile zones proved to be sensible to laser intensities, tape thickness, laser focal spot and for
sure the delay between beams
© 2019 CertBond - Cost Action CA18120 38
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CONCLUSION M CertBond

« Monopulse for very weak bonds
« Symetrical (and double pulses) impacts detect all weak bonds
« Adhesion level sensitivity (thickness,ageing,type) of External Aircraft Coatings has been proved.

» For each configuration of selective stripping for external aircraft coatings, laser parameters will be
optimized numerically for experimental work.

PERSPECTIVES

2022 : Rescoll - demonstration at representative scale

The effect of pulse duration to locate the tensile stresses on the stack of Aluminium+Epoxy, will be
studied in detail both numerically and experimentally.

Scientific issues : Predictive models for laser interaction and damage in collaboration with University

Patras. n
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Outline / CertBond

-  What is glass construction?

-  Why adhesive bonding in glass construction?

-  Three common uses of bonding in glass construction
- Adhesive types, bond surfaces, and adhesive joining

-  Examples

-  Announcements
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Glass Construction CertBond
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Material Behaviour CertBond

force

Glass exhibits brittle failure
e Glass breaks suddenly without warning

Glass

e Strong in compression

e Relatively weak in tension

e High scatter in (tensile) strength

brittle failure
no warning

v

displacement
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Why adhesive
bonding in glass
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Mechanical Connections

%

© 2019 CertBond - Cost Action CA18120 SADEV



1 1 Slide based on EduPack COST Action TU0905
M eC h an I C al CO n n eCt I O n S Structural Glass - Novel design methods and next generation products

CertBond

COST Action CA1812C
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Single skin facade with RODAN Spider System from DORMA



Mechanical vs. Adhesive Connections

Bolted connection

© 2019 CertBond - Cost Action CA18120

Adhesive connection



Three common uses
of bondings In glass
construction



Laminated Glass CertBond
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interlayers
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Insulating Glass Units CertBond
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Definition

An insulating glass unit (IGU) is a mechanically
stable assembly of at least two glass panes
separated by an edge spacer which provides a
structural bond between the individual panes
and hermetically seals the cavity.

Cavity
air-filled or gas-filled (argon, krypton, xenon)

Purpose of IGU

Significantly reduces the thermal transmittance
(U-value) of glazed elements due to the
enclosed gas volume.

© 2019 CertBond - Cost Action CA18120 | https://jhglassade-in_-c_mé.Comybrodﬁét/QBéxJUIboYRE/
China-3mm-6A-3mm-Ford-Blue-Float-Insulated-Glass.html




Structural Sealant Glazing CertBond
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a a
= -
b o b—f —
c General types of joint detall
¢ design according to ETAG 002
L] [
Typ Typ Il
Type I Self-weight carried on mechanical support a Adhesive
Type lll & IV: Self-weight of glazing carried by adhesive b Setting block
Type | & llI: Additional retaining device to reduce danger in case of bond failure ¢ Mechanical self-weight support
Type ll & IV: No retaining device d Retaining device

© 2019 CertBond - Cost Action CA18120 EOTA ETAG 002



Adhesive types,
laboratory testing,
bond surfaces and
adhesive joining
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Definition of adhesives CertBond
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Adhesive:

ASTM D907-06 = an adhesive is "a substance
capable of holding materials together by
surface attachment"

substrate
boundary layer

DIN EN 923 - an adhesive is defined as a “non- near-boundary zone
metallic binder that acts via adhesion and
cohesion”

. polymer (bulk)
Adhesion:

bonding of one material to another, namely an
adhesive to a substrate, due to a variety of
possible interactions near-boundary zone

Cohesion:

mnnllnulljyulllll

internal strength of an adhesive as a result of a ,m._; \YMT, substrate
variety of interactions within the adhesive

© 2019 CertBond - Cost Action CA18120



Properties of adhesive connections CertBond
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Advantages: Disadvantages:

« joining of different materials « additional surface preparation (cleaning/treatment)

« low thermal impact on the substrate materials » scheduling of curing time in production and storage
(joining temperature-sensitive materials ) « limited resistances, temperature dependences,

« no mechanical weakening of the substrates degradation (aging), compatibility problems
(e.g. no boreholes) » careful process monitoring

« homogeneous load-transfer » complex control measures

« sealing of the joint (reduced corrosion) * testing methods mostly destructive

. joining of thin components (lamination) « complex strength calculations / proofs

. lightweight constructions * restricted repair options

. transparent constructions » disassembly not non-destructive

- additional functions (conductivity, insulation) * special measures for occupational safety,

environmental protection, disposal management

© 2019 CertBond - Cost Action CA18120



Failure pattern according to EN ISO 10365 CertBond
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[
\ )
Y
Adhesive Adhesive failure Cohesive Substrate-near Adhesive-cohesive Substrate
failure on both substrates failure cohesive failure failure with peeling failure
(AF) (AF) (CF) (SCF) (ACFP) (SF)
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Adhesive Classifications

Components Chemical base Strength class Hardening

1-component organic structural bonding chemical
2-component inorganic elastic bonding physical
3-component

PO . =
- l ?o 1 ? 2 y 9 ¢ - \~:;-'l~.t-.'"'.'_"-:-.,...' -r?} e

l] ) = R““o"":“ R G—Fi—o-‘Si'O“?i‘—D . -'---'—’,—';':_'_ ‘. D %o
= 3 Q g .. e ! ol Q. S
. = S R jSi-D-;__ _-S;i»w "' .. : ru‘b Hydrogun bonding v
Er 4= 9] % 9] % e g z
E lo} g =
= (@] o
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Chemical base CertBond
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organic (carbon) inorganic (silicon)

natural synthetic siloxane silicates and oxides
proteins epoxy resins silicones water glass
(glutine, casein)
polyurethane cement
carbohydrates
(starch) acrylates
plant resins polyester
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Strength class CertBond
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Adhesives used in glass construction

50
40
2C-epoxy resins

@ 30
=, acrylates
v 2C-polyurethanes
v 20
n

10

M 1C- & 2C-silicones
0 ——— R ———
0 100 200 300 400 500
strain [%]
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Curing mechanism CertBond
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physical
monomers dissolved or meltable polymers
ﬂchemical reaction ﬂphysical setting
uncrosslinked or crosslinked polymers solidified polymers
polyaddition evaporation
polycondensation solidification
polymerization gelling

pressure sensitive adhesives

© 2019 CertBond - Cost Action CA18120



Chemical curing adhesives - reaction types

polymerization reactions

CertBond
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step growth

polyaddition

polycondensation
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“|wikipedia.de

chain growth

polymerization

(radical, anionic, cationic, coordinative)

Bernd Tieke
Makromolekulare Chemie
Eine EinfUhrung




Physical setting polymers - mechanisms CertBond
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Evaporation Solidification

Solvent-based Hot-melt adhesives Plastisols Adhesive tape

Polymer dispersion Butyl rubber

Contact adhesives

Polymers dissolved Polymers in Polymers dispersed Permanently sticky
in solvents solid state in plasticizer products
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Laboratory analysis CertBond
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Dynamic-mechanical analysis CertBond
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Differential scanning analysis CertBond
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exo .

— " — ———

T =22°C, 1st heating
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Fourier-transform infrared spectroscopy CertBond
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Thermogravimetric analysis CertBond
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Microscopic analysis




Ultraviolet-visible spectroscopy /Cert;onq
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Mechanical testing CertBond
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o4

(1)
(2)

cross-linked cross-linked

thermoplastic

elastomer thermoset
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Adhesion and cohesion mechanisms M CertBond

physical interactions:

 hydrogen bond
e van der Waals forces

chemical bonds:
 covalent

* ionic
 koordinative
« (metallic)

mechanical adhesion:
« interlocking

© 2019 CertBond - Cost Action CA18120

—

electrostatically

weaker than chemical bonds
(1/10 to 1/100)

long range (0.2 ... 0.5 nm)

strong bond
short range (0.1 ... 0.2 nm)

covalent bonds in the adhesion zone between adhesive and substrate;

silicone  «— glass
epoxy resin — aluminum

polyurethane -— wood




Substrate surfaces

metal
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| adsorbates:
hy inorganic and organic
| contaminations

|
. aqueous film
|

diffusion layer
leach layer

glass in basic structure




Wettability

* necessary condition for formation of adhesion forces

CertBond
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a < 30°

RN
| N

a ~ 180°

o o a ~ 0°
liquid drop
% |
~ = = o
: ° solid S
Og — Og very good
CoSa = T wettability

VAYAVA%AV

true surface
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wetted, effective surface

insufficient no
wettability — wettability

good
wettability



Analysis of wettability

« recommended surface energy > 60 mN/m (Kothe, C., PhD-Thesis, TU Dresden, 2013)
« analysis with contact angle measurement or test inks

© 2019 CertBond - Cost Action CA18120
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Surface pretreatments CertBond
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Pretreatment Follow-up treatment

Shape Mechanical Maintenance
, - Brushing L
Preparing the parts to be joined sandblasting Conditioning

Adjust the surfaces Primer application

Grinding, polishing

Area Physical Increase
Flaming
Removing oxides Corona discharge Aoplving of adhesion bromoters
Cleaning and degreasing Low pressure plasma PPIYINg P
Atmospheric pressure plasma
_ Chemical o
selection reaction times
of the cleaning agent / process Pickling and
according to contamination Anodizing ambient conditions
Flame silicatization (temperature, humidity)

Sandblast-Coating

© 2019 CertBond - Cost Action CA18120
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Flame silicatization

precursor

<—— gas flame

SiO,-particles

SiO,-agglomerates

silicate layer

Tetramethylsilane Silicon dioxide

© 2019 CertBond - Cost Action CA18120 Kothe, C., PhD-Thesis, TU Dresden, 2013



Surface reactivity / CertBond

untreated
silicatized
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Analysis of surface reactivity CertBond
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Atmospheric pressure plasma CertBond
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% energy %8 energy

High voltage discharge
* lons

* Electrons

* Excited molecules
 Radicales

© 2019 CertBond - Cost Action CA18120 Kothe, C., PhD-Thesis, TU Dresden, 2013



Cleaning effect CertBond
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after 1 plasma cycle
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Stability of plasma pretreatment CertBond
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Plasmapolymerisation CertBond
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Primer

TH2 NH,
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| substrate

Silane primer
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Glass bonding - selection criteria for the adhesive

« service temperature -20 °C to +80 °C

« adequate shear and tensile strength

» high stiffness for point fixings

« intermediate stiffness/flexibility for load-bearing joints
» high flexibility for linear or large planar joints

« compensation of CTE mismatches

« reduced tendency to creep

» durability (UV, corrosive media, moisture, cleaning agents)

 color/transparency

e processing properties (viscosity, open time, curing conditions, ...)
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Development of a glass metal point fixing




Dynamic mechanical analysis CertBond

« storage modulus E’

« temperature-dependent material behaviour
 initial temperature of the glass transition in the range of -5 °C to +47 °C

® ©
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Tensile Tests

« deformation and fracture behaviour
e temperature-dependent
» low temperatures - high modulus and high strength

» within glass transition area - properties change significantly
» high temperature ->low modulus of elasticity, low strength and higher elongation at break

80 I 80 - 80 I I
SW DP 110 Araldite 2011 / Loctite M-31CL
= 60 = 60 — 60 17
o o : o J
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Small specimens CertBond
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Accelerated Weathering

Ageing Description

FEU Continuous exposure to condensed water for 500 h

GEM Storage in demineralized water with addition of 0.1 % detergent
at 45 °C for 500 h

KLI Variable climate test for 500 h

KOR Corrosion test with sodium chloride for 500 h

REI Storage in facade cleaning solution at 45 °C for 500 h

SO2 Exposure to humid atmospheres containing sulfur dioxide for
480 h

SUN Combined exposure to temperature, demineralized water and
artificial light for 500 h

TEM Exposure to increased temperature of 80 °C for 500 h

uv Exposure to artificial light for 2000 h

WAS Storage in demineralized water at 45 °C for 500 h

© 2019 CertBond - Cost Action CA18120




Testing of small specimens

« determination of adhesive strength between glass and stainless steel

« metal cylinder bonded to glass plate
e specimen subjected to accelerated weathering

» cylinder tensile test with constant strain rate 0.1 mm/min




Tensile test

« reference strength - 5 % fractile in the range of 5 MPa and 15 MPa

« water or harmful media - strength reductions

« irradiation or exposure to high temperatures - little effects on the strength
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Mechanical testing M CertBond
Test pyramid

major test

components

/’

sub-component =~ j e

structural details

elements

material / coupons
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Simulation (Virtual Testing)
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Coupon-level:

e Strength-based approach (evolution of ultimate failure stresses and strains)
e Fracture mechanics, toughness approach (evaluation of crack growth)
Structural part level:

e Applications from the Aerospace, Wind Energy, Civil Engineering, Automotive

© 2019 CertBond - Cost Action CA18120



Strength analysis CertBond

® Assessment of bonded structures in terms of 3 _ A e e
strength characterization is customarily done by g G ot e L= i]u."l._ o
performing lap-shear and peel tests. NN : i \ I -

— ] A" e (O

e Single lap type joints are commonly used in the R -
aerospace and automotive industries due to Lap joints specimens f;)der axial loading N. (@) The Single Lap Joint (sS; geometry. (b)
the fact that the adherend thickness is The Thick-Adherend Shear Test (TAST) geometry.

comparatively thin.

i

® Peel tests are carried out to assess the bond
guality between a rigid and a flexible joining
part. The test is mainly used for the
comparative evaluation of adhesives and /Q/
surface treatment methods.

Rigid CFRP adherend

Flexible
adherend P,A

Adhesive

Flexible CFRP adherend

: (a) (b)
© 2019 CertBond - Cost Action CA18120 Peel testing configurations. (a) The T-peel test geometry. (b) The Composite Peel Test

(CPT) set-up.



Fracture analysis CertBond

COST Action CA18120

The fracture-mechanical approach assumes the presence of cracks (defects) in the material, which in
combination with external mechanical loading lead to fracture initiation, growth of a main crack and finally to
critical failure.

Introduction of fracture mechanics to bonded materials has revolutionized the field leading to more reliable
structures by introducing new design criteria and predictive tools.

Wide acceptance and use of fracture-mechanics-based approaches originate from the fact that bonded joints
are regarded as intrinsically and extrinsically heterogeneous. The heterogeneities originate from both the
geometrical features like corners, layer drops, edges as well as dissimilarities between material properties, e.g.
different properties of laminas, or between the laminate and the adhesive. Also, adhesive joints are very
sensitive to manufacturing defects, which are hard to avoid due to multistep technological processes.

Since the early days, a number of test protocols and data reduction schemes have been proposed with only a
relatively small amount of such being followed by a standard.

© 2019 CertBond - Cost Action CA18120



Fracture analysis M CertBond

Fracture modes: .
* the mode | — opening or cleavage

mode and followed by notation K,
GI! ‘]I

+ the mode Ill-in-plane shear and
followed by notation K;;, G, J,
N

* the mode Ill — anti-plane shear and

Mode |1

Crack front

Mode Il

Mode Il
il

Mode Il

lfv‘lodff |

NN

(d) (b) fO”OWEd by nOtatlon K|||, G|||, J|||

O The existing crack growth criteria are congruent and indicate mode | as the most critical loading case.
Hence, the joints are designed to carry the loads corresponding to mode Il and mode Il loading
directions and such conditions are frequently encountered in real structures.

U Under an arbitrary external loading, for a prismatic, rectangular cross-section adherend (usually beam),
using the effective crack tip forces approach, modes I, Il and Ill can be combined through:

where E, u, h, and b are the adherend Young’s and shear
modulus, adherend thickness and width, respectively. M, N
and T are the bending (cleavage) moment,
axial/membrane/in-plane force and transverse/out-of-the-
plane shear force per unit width, respectively, and Q is the
transverse/anti-plane shear force.

G = sps (12M° + B2N) + s (T% + Q%)




Fracture analysis A CertBond

Mode I: where M is the edge applied bending moment or
: _ _ . ) e the effective bending moment defined as M=Pa/b
In this case, N = Q—0 and F.,;= M, leading to: G = G = ﬁﬁ with P being the projected on z-axis component of

F. @nd a is the current crack length.

Both, M and P could be applied to the tip of the adherends and both such loading conditions are now
frequently in use with the latter case being subject of standardized method with the data reduction

following bending of a cantilever beam.

The family of methods is known under the name of Double Cantilever Beam tests (DCB), which forms
the most widely used testing framework. Here, three types of loading boundary conditions are usually

considered:

I. loading with the bending moment M _. b
. : : I’ h
ii. loading with the transverse force T i
iii. constant displacement rate, i.e. A=const.), \
Iv. loading by imposed constant displacement A M L Ll ! |
where T can be regarded as reaction. () ()

Schematic representation of the DCB (a) and the TDCB (b)
specimens with initial crack of length a,, under transverse force, P, or
displacement, A loading



Fracture analysis A CertBond

Mode II:

Introduction of pure mode Il requires the crack tip force coming solely from the horizontal
projection, along the x-axis. Direct application of such boundary condition rarely takes place and
is a domain of ‘stress’ testing, incl. shear lap joints.

The fracture mechanics implementation is based on the beam bending configurations applied to bonded
joints. For instance, the three-point bending test on bonded joints with an edge crack corresponds to the
End Notched Flexure (ENF) experiment, the cantilever beam test applied to the edge crack specimen
corresponds to the End Loaded Split (ELS) experiment or inverted version of such (iELS).

e e e e e

(b)
(a) ENF mode Il testing configuration and (b) Split Cantilever Beam for mode Il testing



Fracture analysis A CertBond

Mode IlI:

« Compared to the other fracture modes, a relatively small amount of works considered mode Ill. The
importance, specifically from the applied perspective, is indisputable.

« Several test methods were examined as ways to measure interlaminar mode Il fracture toughness.
Tests on short-fiber composites using a single notched plate arrangement have been conducted. Such
configuration, under the name Edge Crack Torsion has been applied to the bonded joints to study rate
effects in mode Ill. Main drawback these tests is the distortion due to the relatively low torsional rigidity
of plates geometries. To address this issue, a modified DCB arrangement under with the loads applied
in the crack plane but in transverse direction (thus anti-plane shear mode) was used.

© 2019 CertBond - Cost Action CA18120



Fracture analysis A CertBond

Mixed Mode:

« Strive for more reliable design tools, more robust failure criteria, and experimental campaigns
simulating as close as possible actual loading conditions, led academia and industry towards
mixed-mode fracture testing. The need for such an approach comes from the fact that, usually,
structures experience complex loading scenarios during operations and life-time. In addition, even
predominantly pure fracture loading lead to mixed-mode conditions at the crack tip.

« Combination of the DCB and the ENF produces a mixed-mode bending (MMB) test. The test gains
significant importance and is one of the standards in the aerospace industry. Advantages here are
easiness of producing different modes G, /G, ratios, which together with the DCB and the ENF can form
the so-called fracture envelope.

© 2019 CertBond - Cost Action CA18120




Effect of adhesive’s thickness M CertBond

» The thickness of the bondline is one of the crucial geometrical parameters of an adhesively bonded joint.

» Application of adhesive joints in marine, civil engineering, or wind energy industries requires use of thick
adhesive layers, up to several centimeters for which excluding adhesive thickness seems inappropriate.

» Historically, bondline thickness was often assumed as negligible when compared to other important
length scale parameters; thus, for analysis the effect of the bondline thickness could be omitted — such
case is present on the left side of the figure. Application of adhesive joints in marine, civil engineering, or
wind energy industries requires use of thick adhesive layers, up to several centimeters for which
excluding adhesive thickness seems inappropriate — such case can be seen on the right side of the
figure.

-ty = 0.4mm P,AA S [a = Smm —

Ozz Ozz

Adhesive thickness t, affects the local, crack front, stress/strain field. The color map
© 2019 CertBond - Cost Action CA18120 corresponds to the strain tensor shear component (¢,,) captured using the digital image
correlation. Predicted distribution of the crack opening stresses o,, is also presented



Dissimilar adherends M certBond

« Bonding and evaluation of structures and materials made of dissimilar adherends is gaining nowadays
significant attention. It is well recognized that once a bimaterial is loaded, a stress gradient exists
at the interface between the two materials. Under such circumstances, the structure, or material,
is likely to fail under apparent loading being lower than the failure load calculated for any of the
two materials separately.

« The adhesive thickness may play here a significant role, as the adhesive itself can form the ‘dissimilar’
interface, providing it is thick enough or it can be treated as a line which accommodates the stress
gradient between the two joined materials. The latter problem received attention from the theoretical
standpoint and led to the nascent of the interface fracture mechanics. The data here were often
supported by the experimental investigations using so-called Brazilian disc test.

« Composite patching of aluminium fuselages or concrete bridges or attaching composite superstructures
to steel decks are examples of bonding between two dissimilar adherends.
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Aerospace Engineering M CertBond

Trends in Testing:
Thus, the real challenge is always to develop element/sub-component test set-ups which mimic the
geometrical constraints and the load transfer in full-scale structures. These sub-component elements

generally consist of a section taken through a single or multiple stiffeners and can be tested in fairly large
numbers.

— i‘..-

[,S- 59 48 P o
( A

Adnesive Skin

Typical stiffener profiles used to reinforce panels of aerospace structures

tifener 4 ;14
' i

Fuselage under Leading edge under Wingbox under
inner pressure negative pressure Liftloading
Full scale
structure
Sttoned | 1 L1 I |1
panels under
loading

! H i "";
f o
Sub-
component test Compression tests

Skin-to-stifiener pull-off tests

©2

Sub-component tests representing the loads and boundary
condition of the full-scale aerospace structures under service

(a) ] 7 (b)
Pull-off test setup with CFRP skin bonded to an aluminium L-type stiffener



Aerospace Engineering M CertBond

Trends in Testing:

* As far as the compression testing is concerned, these tests are used to evaluate the effectiveness of the
adhesively-bonded joints, in maintaining the structural integrity, in the case of buckling and post-buckling.
This serves one of the main objectives of attaching stringers/stiffeners to the skin of fuselage or wing
structures, aiming to provide the required strength against buckling loads in service.

(a) (b)

Specimens for compression tests with single (a) and multiple stiffeners (b)
v' Effect of design and manufacturing parameters
v’ Effects of defects

© 2019 CertBond - Cost Action CA18120



Wind Energy A CertBond

Potentials and Challenges:

+ Blade issues contribute substantially to the failure rate.

« The thickness of adhesive bondline in large wind turbine rotor blades can reach or exceed 20—-30 mm.
Thus, the resulted bondline contain a significant number of fabrication defects (voids).

* Full scale physical blade testing is the ultimate tool for the certification/validation of the blade design and
manufacture. Nevertheless, current experiments performed on full scale Mega Watts wind turbine blades
are very time consuming and expensive.

+ Bulk adhesive behavior becomes more important with thickness and in such cases fatigue data on bulk
adhesives might be more reliable than those from joints.

%) ) & )

Adhesive

Voids in the bonding lines of composite wind turbine blades Voids in the bonding lines of composite wind
© 2019 CertBond - Cost Action CA18120 turbine blades



Wind Energy CertBond

Sub-component (beam) during a cyclic loading.

flanges (tri-axia

uni-directional)

Experimental set-up used for fatigue
loading experiment.

Sub-component (beam) during a cyclic loading.

(a) (b)
Transverse cracks in the beam adhesive bond line (left) and in a WTRB spar to shear
web bondline (right) — not in scale.

© 2019 CertBond - Cost Action CA18120



Civil Engineering M CertBond

Potentials and Challenges:

* In case of strengthening of existing structures with FRPs, mainly two strengthening techniques are
used: (i) the externally bonded reinforcement (EBR) technique and (ii) near surface mounted (NSM)
reinforcement technique. The EBR involves bonding the FRP material (in form of laminate or textile) onto
the surface of a structural element to be strengthened, while the NSM the FRP reinforcement is placed
into pre-cut groves in the element. Typically, both techniques use high-strength adhesives (or resins) to
bond the FRP reinforcement to the substrate, e.g. epoxy adhesives.

- T Crack < *
P X2W)L
— Crack propagation |
(a) (b)
jc..,\jﬂ//—?f‘\\
Wk i ) ) 1/ L ‘)‘ L
o o |/
|/ f

(b)

Examples of FRP strengthening of structural concrete elements in civil engineering: (a) «©
shear strengthening, (b) flexural strengthening, (c) confinement Different types of FRP deboning: (a) Interfacial debonding due to
combined effects of shear and normal stress at the extremities of the
FRP. (b) Debonding by concrete cover separation induced by a critical
© 2019 CertBond - Cost Action CA18120 diagonal crack close to the FRP extremity. (c) Debonding at an
intermediate flexural crack.



Civil Engineering M CertBond

Trends in Testing:
« Common experimental setups for adhesively bonded composite joints reported in literature (that applies
for both EBR and NSM) can be divided into two main groups: (i) direct pullout test and (ii) flexural beam

test. 11
IP e & ‘ _
i |2 3
- 1 A
<, | i
adjustatie A |
'_I___I | 11 | ] angie Y| Bt
kon Eon el e s — —
) (b) | (a) (b)
E [ O "
e = I Ly T (5 gy
(e) () 1 % [
: . L » | Sy
Schematic representation test setups for () () (© (d) i | il 'i
characterizing the bond of FRP concrete systems: __i_‘ .
(a-b) EBR and (c-d) NSM Examples of double-shear test of bond of FRP: (a) 1 Im j L
EBR concrete, (b) EBR glass, (c) NSM concrete, (d) 8 | —— -
NSM concrete. 1“ i ''''''' N g, R
I | Gy | &
Vo
. . (c) (d)
© 2019 CertBond - Cost Action CA18120 Examples of single-shear test of bond of FRP: (a) EBR

concrete (b) EBR brick, (c) and (d) NSM timber.



Automotive Engineering

Potentials and Challenges:

» Fatigue strength of lightweight materials and joints in automotive structures as well as occupant’

A CertBond

protection during crash are key requirements, which drive automotive manufacturers to improve their
final products in order to satisfy the highly demanding market.
« Simultaneously, the introduction of novel materials and manufacturing and joining techniques is strongly
correlated with quality and certification issues, which should be analysed and quantified by means of
experimental investigations in terms of strength and endurance, in order to ensure the sustainability of
such design solutions in automotive production.

Joining method Multi-material design Body stiffness Crash Operation Corrosion Acoustics
resistance resistance resistance
Adhesive bonding +++ +++ +++ +++ ++ +
Spot welding - 0 0 0 - -
Clinching - — - + 0 -
Riveting 0 0 - + - -
Joining with screws 0 0 0 0 - -
Laser welding - ++ ++ ++ 0 0




Automotive Engineering CertBond

Trends in Testing:

* A major application in automotive structures in which structural adhesive bonding is involved is the joining of the glass
windshield on the automotive bodywork by means of two-component polyurethane adhesive. This solution has motivated

automotive manufactures to enhance further dissimilar attachments on automotive body such as composite reinforced
plastic roof and hood.

coatings, painting
and curing adhesive types

lightweight materials

Roof Skin Rocker Panel Roof Skin Body Side Rocker Panel
: surface pre-treatment o o f o o o
and composites

© Doorskin © Guerter Panel/Truck Box/Van Side © Front Upper/Lower Rl €) BPillar/Uniside ) Roar Unibody/Whae! Opanit

& L) h

: =
crash/impact loads a 2
- ARl
/ © AUDI AG

® 3M Company

fhoy Dbection of
< Loadng

hygrothermal ageing
and UV radiation

operation loads joint types for new design
concepts and requirements

Overview of influencing parameters related to adhesive
bonding applications in automotive structures reproduced
based on Quattro Daily. Automotive related applications of T-shaped specimens

. for experimental testing with purely adhesive bonded
© 2019 CertBond - Cost Action CA18120 flanges under crash loads.




Conclusions M CertBond

Regardless of the various tests standardized by several international organizations, such as International
Standard Organization (ISO), European Standard (EN), British Standards Institution (BSI) and American
Society for Testing and Materials (ASTM), there is still controversy in terms of applied loads and
respective adhesive properties obtained.

In terms of strength characterization, for example, lap-shear and peeling tests are suggested and duly
supported by international standards. Most of them were developed for the aerospace industry and are
essentially optimized for thin adhesive joints involving, mainly, metallic adherends.

So far, few standard test procedures for either fatigue or fracture behavior of adhesively bonded joints
made from FRP composites have been established.

Although several testing methods are available to characterize stiffened panels under tension,
compression, bending, buckling and post-buckling loading conditions, only two typical tests are
suggested for sub-components involving adhesive joints: skin-to-stiffener pull off-tests and compression
tests of stiffened panels.



Conclusions M CertBond

« To ensure continuous growth of the adhesive bonding field the new international standards, focusing on
actual adhesive joints’ performance rather than on specific application of adhesive joints are necessary.
Principal damage onset locations for skin-to-stiffener joints — stiffener core or noddle and stiffener tip.
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Classical Analytical Methods

/Ce

Most of the analytical models for adhesively bonded joints are 2D -

SLS: Volkesen’s model and Golland & Reissner’'s model

\\\\\\

rtBond

| —

L
IO

After the so-called classical works, some authors tried to obtain more
general closed-form solutions by including, for example, adherends with
dissimilar thickness and material properties or composite adherends

Most analytical methods indicate that the strength of adhesive joints is
enhanced by thicker bondline. However, in practice, the adhesive lap joint
strength decreases as the bondline gets thicker.

In order to realistically predict failure loads, analytical models should include
the variation of stress through the adhesive thickness, including the interface

stresses.

\\\\\
\\\\\

—

xy

I I O

L+AL

Ty



Process Zone Methods M CertBond

In the modelling of adhesive joints, the consideration of only the peak (i.e.
maximum) value of stress (or strain), has shown to produce over-
conservative predictions.

LM

Based on the concept that failure takes place within a process zone, Oeff ¢

process zone models (i.e. averaging methods), have been developed to
address the effect of stress concentration on the mechanical
behaviour of the joints.

notch

Process zone methods rely on a length parameter (i.e. critical distance) POINT METHOD LINE METHOD

which defines the size of the zone. This process length can be defined using
calibration techniques.

Then, the defined failure criterion (stress or strain) can be considered as an average value in a point, in a line, in an
area or in a volume. For instance, by averaging an equivalent stress g, within a critical distance L, an effective
stress 0.4 is obtained which can be used for prediction purposes.

The TCD comprises several methods that consider the averaged stress in a point, in a line, in an area or in a volume.
Lim

_ 1
Point method: o4¢fpy = Oeq(Lpy) Line method: Ocff 1y = L_j Oeq (x).dx
LM



Linear Elastic Fracture Mechanics M CertBond

This method is used to predict the critical load that leads to the propagation of an * *_* * f ? f T T T T
existing crack under a static load or the crack growth rate under cyclic loadings. It a1 =g
can be applied when the material behaves in a linear-elastic manner and the fracture *—J N H =
process zone is included in the singularity region. :. = % | :
- | [ —b
The LEFM was extended to interface cracks, so that is could be adopted for predicting, for - et e / —>
instance, the propagation of cracks in bonded connections. :__ lﬂ 2a | ::
- | | — -
Under fatigue loading, the G is calculated by the Paris-law. - '|| ||H —-
=N oo | —
Despite the complexities and difficulties, the LEFM was successfully applied to predict the l l l l J’ i 1||r & { * &
crack propagation in bonded connections (see, for instance, some of the applications
listed in the next section, as the VCCT technique is often adopted for the calculation of the
ERR). EG;,

Special care must be taken when using the LEFM approach in bonded joints. Indeed,
the fracture process zone can overcome the singularity region, leading to a significant g _is the mode I critical Energy
dependence of the critical ERR on the adhesive thickness, under mode | and, mainly, Release Rate (ERR) and E is
mode Il loadings. As a final remark, it can be said that LEFM can be adopted to predict the  the Young’s modulus

static or fatigue crack propagation in bonded joints, provided that the fracture process zone is

small, which is typically the case when the adhesive is sufficiently brittle



Virtual Crack Closure Technique (VCCT) A CertBond

*  Virtual Crack Closure Technique (VCCT) is a linear elastic fracture mechanics-
based method used to compute the strain energy release rate based on 2D and
solid 3D FEA which provide the mode separation required when using the mixed-
mode fracture criterion.

* The key input parameters of the method are the critical mode-I strain energy
release rate G,; and critical mode-Il strain energy release rate GIIC, which have to
be determined experimentally. The VCCT method is usually applied through the FE
method.

* Inthe last decade, VCCT method has been implemented into commercial FE
codes such as ANSYS and Abaqus. Initially, the method has been widely used to
simulate delamination growth in CFRP composites and in the last decade it has
found many applications to adhesive joints together with the Cohesive Zone
Modelling method.
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Stress Singularity Approach

The use of failure initiation criteria based on nominal
stresses is not a viable strategy to predict failure, )
whereas the use of singularity parameters to characterize — |
the stress state is a feasible alternative, which is
consistent with the principles of Linear Elastic Fracture
Mechanics.

In the early 20th century, analytical solutions of 2-
dimensional elasticity problems with stress singularities
were first derived.

One of the first proposals to predict the failure initiation in adhesive joints defines a generalized stress
intensity factor and compared it with a critical allowable value (the so-called generalized toughness) for
the failure to initiate.

The growing adoption of composite materials, mainly in aeronautic lightweight structures, and the use of adhesive
bonding with other materials complicate the analytical modelling of these singularity stress fields.



Finite Fracture Mechanics

Finite Fracture Mechanics is a mathematical framework
designed to predict crack initiation in presence of stress &
concentrations. FFM is based on the idea that failure
does not initiate at a single point through the generation
of a crack of infinitesimal length, but rather with the

formation of a finite-size crack appears, characterized by —_—

alength a. and a critical load, P, , which are both
unknowns of the problem.

In the context of bonded joints, the principles of FFM can be
illustrated by considering a bi-material corner with a remote
applied load P.

These two unknowns can be calculated by: f(o,1,0z,7Tz) = 1 _A—Ap = G.(W,)

All the examples reported so far considered 2D problems, which can be considered
acceptable for simple geometries such as single or double lap joints. Extensions of the
FFM to 3D problems were formulated. The stress fields and the ERR were calculated
by FE analyses and the shape of the interface crack was chosen based on the iso-
stress contour lines obtained from the analysis of the joint in the pristine condition. The
3D formulation was shown to slightly improve the failure predictions for scarf joints.

Stress criterion

Energy criterion

Ly



The Cohesive Zone Method (1/3) ol £~ esDm

Cohesive Zone Modelling (CZM) is a damage mechanics-based numerical approach
suitable for modelling crack initiation and propagation.

Initially, the idea of a cohesion zone in front of the top of a crack was proposed. Later, it
was numerically implemented and a numerical model which defines a function between
traction and crack separation was proposed.

During the last decades CZM has evolved and it has eventually achieved the status of toco /
method of choice for simulating delamination of composite materials and onset and o 7/ \
debonding growth of adhesive joints. The method can be implemented either through % wol /
spring elements or by using cohesive elements between the adherends in 2-D or 3-D 2 AN ROUTONER,
problems. 200 stwaey

2 /) ) —s8 (expv}

CZM approach has been successfully used by numerous authors for the simulation of JEL T L
delamination of CFRP materials as well as the debonding initiation and growth of joints
with metal and/or composite adherents.

EA 9695-01

For the most widely used bilinear traction-separation law, the main required inputs for
the CZM approach are the initial stiffness of the joint, the maximum peak tractions and
the critical energy release rate for normal and tangential directions.

Displacement [mm]



The Cohesive Zone Method (2/3) A CertBond

Gmax

Apart from simulating delamination and debonding under pseudo-static
loading, CZM has also been used to simulate fatigue crack growth, which e T
has been the subject of intense research in the last decade. | st

The general idea which underpins the simulation of fatigue debonding deamax
growth is the modification of the bilinear traction-separation law by e
degrading the strength, as well as the stiffness and fracture energy of the : (1 = Diot)Omax

cohesive elements as a function of the applied load cycles. - ~— >
B) 8 5

Numerical simulation of adhesive joints under fatigue loading takes place
by means of simulating the debonding growth or creating a Paris-like law.
In most cases the numerical models are validated by comparing the
numerical to the experimental results. Researchers have simulated Mode |
fatigue loading, high cycle fatigue growth and, Mode Il fatigue loading,
fatigue debonding under Mixed-Mode I+l loading using Compact Tension-
Shear (CTS) specimen, the Short Beam Shear (SBS) specimen, a Mixed-
Mode I+l bending apparatus and the Cracked Lap Shear (CLS).
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The Cohesive Zone Method (3/3)

Application of the CZM method to glued-in rods in
cross laminated timber

The basic modelling approach follows earlier
applications of the CZM strategy to timber joints, and it
is further adapted to include the bonding effect of the
interposed glue.

The CZM interaction takes place at the interface of the
solid steel rod and the adjacent wooden elements, that
are all described in the form of brick elements from the
ABAQUS library.

The numerical results prove that the use of CZM for
the structural assessment of building structural
elements can be efficient and accurate.

© 2019 CertBond - Cost Action CA18120
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Progressive Damage Modeling

Progressive damage modeling (PDM) is a widely used
technique for predicting the fatigue/breakage behavior
and strength of bonded joints based on their damage
state's evolution. Several approaches for the simulation
of damage progression in bonded joints have been
introduced over the last decades. These approaches
mainly focus on the prediction of the static strength of
bonded joints based on different concepts, such as
stress/strain-based failure criteria, continuum
mechanics, cohesive zone models, and fracture
mechanics.

One of the main challenges of PDM is its dependency
on the experimental input. The second main challenge
is its need for proper calibration of the method.

The algorithmic implementation of PDM is straightforward, and it usually gives
accurate results. Once the method is verified and validated, it can be calibrated for
different joint configurations with minimum effort to predict such joints' behavior.
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Probabilistic Methods

Although deterministic analysis might suggest that
performance requirements are fulfilled, the inclusion of
uncertainty in input variables and modelling
assumptions might reveal that the probability of failure
is yet significant. The limitations of experimental and
deterministic numerical methods motivate the introduction
of probabilistic methods for the assessment of the
structural performance of adhesively bonded joints.

The problem of quantifying the effects of uncertainty in the

analysis of the mechanical behaviour of adhesive joints has

been addressed in various forms. We identified three

categories of approaches to facilitate the navigation

throughout the existing literature:

1. statistical modelling (primarily, data-driven)

2. structural reliability

3. stochastic structural mechanics (primarily, physics-
based).
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Modelling Material input data Resultsfapplication || Advantages || Limitations
approach
CI-CP- 5-F-
FF* Dtk
Classical - Elastic or elastic/plastic proparties CI S4F - Simple and fast calculations - No through-the-thickness stress distribution
Analytical - Critical peel and shear stress values - Estimation of the effect of the - Neglects the effects of local corner geometry
Methods macro-scale geometry
- Account for material non-linearity
{only some maodels)
Process Zone - Materials’ constitutive laws. CI or CP 5<F - Simple application through FE - Non-trivial definition of the critical length
Methods - Adhesive/interface strength analysis - No damage evolution prediction when conceived
- Adhesive/interface 5-N curve (fatigue) - No mesh convergence issues for CI
- Critical length - Walid also for non-LE behaviocur
LEFM - Elastic properties CP+FF S+F+D - Simple and fast calculations - Applicable for LE behavicur only, with small
- Critical ERR/SIF - Simple evaluation of the structural process Zones
- Paris-like law (fatigue) load bearing capability in the presence || - Reguires the calibration of the fracture
of detected damage parameters for a specific adhesive thickness
- Once coupled with a crack initiation
criterion, allows the development of a
comprehensive predictive framework
VCCT - Elastic properties CP+FF S+F+D |[| - It does not require too fine meshas - Same as LEFM
- Critical ERR/SIF - Same advantages as LEFM
- Paris-like law (fatigue)

* Cl = Crack Initiation, CP = Crack Propagation, FF = Final Failure

** § = Static, F = Fatigue, D = Dynamic loading
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Stress - Elastic properties CI S+F - Accounts for corner stress singularity - Different critical G5IFs for different corner
Singularity - Critical GSIF or GSIF-life curves and, thus, the effect of local corner gecmetry
Approach geometry and adhesive thickness - Complex stress fields calculation
- Limited to linear elastic behaviour
Finite Fracture - Elastic properties CI S - It predicts the influence of the global || - LE behaviour only
Mechanics - Interface strength and fracture toughness and corner local geometry, adhesive - The input interface strength is of non-trivial
thickness and elastic properties characterisation
- Useful in a preliminary design phase - Labour intensive, mainly for complex
and for comparing different solutions. components/gecmetries
- It requires LE analyses only, though
with significant local mesh refinements
CZM - Materials’ constitutive laws CI+CP4FF || 54F+D - Applicable in case of non-LE - Challenging identification of the cohesive lavs
- Mode I and II cohesive laws behaviour and in case of large process || - Dependence on the cohesive law type
- Mode I and II Paris-like laws zone - Mesh dependence issues
- Available in most commercial FE - Computationally expensive
codes, at least for static loadings
Statistical Parameters of probability distribution, e.g. for Weibull model: a, y and »_0 FF S+F+D Flexible to fit different types and Limited insights about the physics of failure
modelling moderately large of failure datasets
Safety factors for design variables can
be derived frem the reliability function
of the joint
Structural Limit state function g(5,L"/. o), where S is the capacity of an adhesively bonded FF S+F+D No assumptions about the statistical Trade-off between accuracy and computational
reliability joint to resist the external load Lfinternal stress o. The g function depends on properties of key variables for failure resources to evaluate the failure probability
material and geometric properties which might be deterministic or random with Safety factors for design variables can integral (2.g. via Monte Carlo simulations)
assigned probability distributions be derived from the relizbility function
of the joint
Stochastic Varying with specific models. All or part of material and geometric properties CP, FF S+F+D Detailed insights into failure Substantial modelling expertise, computational
structural {bulk and interface) are modelled as random wvariables with assigned probability mechanisms resources, model calibration and validation to

mechanics

distributions

Potentially high predictive power

secure reliability of the predictions

& LULIT wTIDUIIU ~

* Cl = Crack Initiation, CP = Crack Propagation, FF = Final Failure

*% S = Static, F = Fatigue, D = Dynamic loading
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