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Chapter 1

Introduction — How to Use This
Handbook

Philippe Cognard, Series Editor

I strongly advise the reader to read this introduction where I explain how the
Handbook should and can be used.

Many of the things that are used each day are bonded or assembled with
adhesives, or sealed with sealants: your table and all the furniture, the foam
cushioning of your seat, electronic parts in your computer, the double-insulated
window, pressure-sensitive tapes and labels, your shoes, the food and other
packaging, the carpet and floor coverings, the wallpaper, many parts in your car,
many structures in airplanes, the PVC pipes in the kitchen, perhaps the tubes of
your bicycle, the liner in some garments, shirt collars, the deflection yokes in your
TV set, the metal base of electrical bulbs, children’s toys, baby diapers and
feminine napkins, and many other things — even this book! It would take too
much time to list everything.

Assembly with adhesives is used by every industry and in many manufactured
goods and products.

More recently, adhesives have entered other new fields such as dental care,
textiles and garments, portable phones and even surgery!

Sealants are not as widely used, but today construction alone uses more than
1 million tons per year in Europe alone.

I believe that every engineer, designer, architect, chemist or technician in every
industry will, at some point, need to use adhesives, sealants, or related products
sometimes (for filling gaps, potting, repairs). Therefore, students in materials
science, mechanical engineering, and technical universities, in general, should
need to have a basic understanding of this field. This is the reason I have decided to
compile this handbook.

1.1. Scope, Purpose and Contents of the Handbook
of Adhesives and Sealants

Since the 1950s, many excellent books have been written on adhesives and
sealants, often by American and European authors.
Handbook of Adhesives and Sealants

P. Cognard (Editor)
© 2005 Elsevier Ltd. All rights reserved.



2 P. Cognard

But these books usually focus either on the science and chemistry of adhesion
and adhesives, on specific types of adhesives (such as pressure-sensitive
adhesives, structural adhesives) or on industries that use adhesives and sealants,
such as packaging, construction, metal bonding, etc.

I know of only two or three handbooks which are more or less comprehensive:
one is well known by everybody in our industry for many years and was our
“Bible” for all of us in the past — the Handbook of Adhesives. This was edited
in 1962, 1980, and 1989 and written by the late Irving Skeist. It included some 46
chapters on the different chemical types of adhesives — a total of 800 pages.

Another is the Handbook of Adhesives and Sealants written by Paul Petrie
and published in 2001 by McGraw-Hill, which also provides good general
information.

These handbooks mostly covered chemistry of all types of adhesives and
sealants, but did not concentrate on the industrial aspects and applications.

1.2. A Comprehensive Handbook

Our goal in publishing this handbook was very ambitious: I wanted to produce the
most comprehensive handbook on adhesives and sealants ever published to address:

— every scientific and technical issue such as theories of adhesion, chemistry and
physics of adhesives and sealants, technical characteristics, design and
calculation of bonded or sealed parts, surface preparation before bonding or
sealing, testing and standards (there are hundreds of standards altogether
including those from the USA, Europe, Japan, and, of course, ISO international
standards), methods of use, equipment for application, drying and curing, new
curing techniques (there are now many, including the latest: UV curing, EB
curing, microwaves, Joule effect) — in all, a total of 20 chapters.

— every chemical type of adhesives and sealants, thermoplastics and thermoset-
ting, such as acrylics, different types of hot melts, engineering adhesives,
epoxies, polyurethanes, heat-stable adhesives, formaldehyde adhesives (UF,
PF, MF, and RF), water-, solvent-, rubber-based, vinyl and VAE, natural and
renewable adhesives, as well as all the different types of sealants, and others —
a total of more than 20 chapters. Each chapter needed to include: chemistry and
physics of each type of adhesive or sealant, technical characteristics, various
modes of curing, methods of use, standards, application techniques and
equipment, the main uses in various industries, and lists of suppliers of
adhesives and sealants and the raw materials.

— every industry which uses (or could/should use) adhesives and sealants. Almost
all industries use or could use adhesives and sealants (and related products, for
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surface preparation, potting, filling). With the help of the contributing authors,
I will discuss the main users (in tons per year or turnover) from industries such
as construction and decoration, packaging, woodworking and furniture,
pressure-sensitive goods (tapes, labels, etc.), automotive, aerospace, elec-
tronics, transformation of metals, plastics and composites, footwear, disposable
and sanitary items, abrasives, bonding of glass and ceramics, nonwovens,
graphic arts, agglomerations of wood particles, fibers, chips and some
recent developments which are still in their early stages such as dental
care and repair, surgery and medical uses, textiles, etc. The survey of all
utilizations of adhesives and sealants in all industries will account for a total of
40 chapters.

For each industry, we will explain — in detail — how, why, when, and where
adhesives and sealants are, or may be, used for various assemblies: all the
techniques, types of adhesives and sealants, materials, and applications that are
available or possible in a given industry, together with case studies, examples, cost
calculations, design tips, and suggestions for future applications.

Bonding and sealing are the two keywords to describe the scope of the
handbook, but we will also study other jobs which are close to — and use the same
techniques or products — such as filling, potting, jointing, caulking, assembling,
formed in place gaskets, etc.

So in total I have identified some 80—90 chapters, a huge handbook of some
3,000 pages, which will be split into a series of 7 or 8 volumes — each one
350-500 pages — that will be published over a period of 4 years. This will
make it more feasible and economical from the readers’ standpoint (because
they may buy only the volumes which deal with their business and the issues
they have in mind) as every chapter will be published immediately after being
written because the scientific and technical knowledge may become obsolete
after 10 years or so.

Each chapter also provides lists of standards, testing methods, suppliers, and of
course, an extensive bibliography for those who wish to learn more about specific,
theoretical, scientific issues.

1.3. A Unique Feature of This Handbook Is the Fact that the
Readers May Use it in Four Different Ways

General information, basic and scientific knowledge. Our readers may want to
know some general rules of bonding such as design and calculation of structural
adhesives, theory of adhesion, physics and chemistry of adhesives and sealants or
they may need to select the equipment for applications. They may also wish to
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understand the physics and chemistry of the different types of adhesives and
sealants.

All readers should read the several gemeral chapters such as ‘“Technical
characteristics of adhesives and sealants”, “Application equipment”, “Physics and
chemistry of adhesives and sealants”, as these will provide the basic information
required in order to understand other chapters.

by industries. Understandably, every reader will read the chapter devoted to
their own industry, but they should also dig deeper in order to find similar
techniques that could be transferred from another industry.

A good example is the possibility of the transfer of bonding techniques from
aircraft manufacturing to other metal industries such as automotive, transpor-
tation, sandwich panels, and metalworking.

The aircraft industry was a pioneer in bonding, and started to bond structurally with
wood in 1910-1920, aluminum during World War II, and composites in the 1980s.

Fig. 1 shows composite parts and many other parts that are bonded in the
AIRBUS A380 — the largest aircraft in the world.

Thus, the high-performance adhesives which were developed during and after
World War II, mainly epoxies, were then used later in automotive manufactur-
ing. These were used for metal bonding in the 1950s in the assembly of steel
stiffeners on hoods, at General Motors. Now composite parts are bonded in the
car industry, with polyurethanes and structural acrylics, for instance (the first
application was the bonding of exterior FRP panels on a steel skeleton in the
Renault ESPACE, in 1983, with polyurethanes). More and more parts are bonded
in a car and so each car needs several kilograms of adhesives at least and, of
course, the same amount of sealants.

Another amazing adaptation is the use of cyanoacrylates, initially developed in
the 1960s for very fast bonding of plastics, rubbers, and metals, but now employed
in surgery, for fast suture of wounds. This began during the Vietnam War and is
now used for domestic surgery!

Electronic parts are so tiny that only mini droplets of fast setting adhesives and
sealants need to be used for their assembly and, although each piece of
equipment uses only grams (or less) of adhesives, when multiplied by the huge
number of units produced, it comprises a very big market in terms of Dollars
or Euros.

And there are many other recent developments, such as do-it-yourself adhesives
and sealants, laminating adhesives for flexible packaging, reinforcements in
construction and civil engineering, many agglomerations (composite boards, etc.),
dental repair, repairs on metal parts, etc.

Adhesives are now expected to enter other markets where they are not yet used:
textiles and garments, medical products, replacing some welding operations, or
railroad wagons and heavy industries.



[ cFrP Vertical

Horizontal stabilizer

Ailerans stabilizer
outer boxes

[] GFRP
Leading edge / J-nose

B Hybrid (G+C)

Tail
cone

Flap track
fairings

Pressure
bulkhead

O GLARE®
Outer flap

Upper-deck floor beams
Belly fairing skins

Trailing edge

upper and lower panels
Radome and shroud box
Main and centre P
landing gear doors ‘
Nose landing Main landing \\
gear doors gear leg
fairing door
Ce_:mral Pylon fairings
Torsion Box and nacelles
cowlings
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I aim to give the reader many examples in differing industries, in order to
suggest the smart transfer of technologies.

In order to complement their knowledge, the engineers who work with
structural materials in automotive, aerospace, bonding of metals, plastics, and
composites should also, of course, read the chapters: “Design and calculation of
bonded parts”, “Physics and chemistry of adhesion”, “Surface preparation before
bonding”, “Metal bonding”, “Bonding composites”, and also “Epoxy adhesives”,
“Application equipment”, etc.

by chemical types of adhesives and sealants. This is another way of addressing
bonding techniques.

After reading some chapters on the various industries, the reader will need
specific and detailed technical characteristics concerning the adhesives or sealants
that they may consider for their own applications/end uses. For instance, those
who wish to bond metal parts, those working in aircraft construction, automotive,
and transportation, should read the chapters: “Epoxy adhesives”, “Engineering
adhesives”, and maybe also “Heat stable adhesives”.

Suppliers of adhesives, sealants and related products and product-oriented
people, suppliers of raw materials, chemists, students, etc. should also read or scan
through chapters in the sections dealing with chemical types.

by materials to be bonded. Adhesives are selected according to their required
performances and also for the materials to be bonded. Metals, composites, plastics,
and glass need structural adhesives, while paper, packaging, graphic arts, and
pressure-sensitive goods use non-structural adhesives, based on quite different raw
materials and techniques.

For instance, engineers in the automotive industries should also read the
chapters: “Bonding metals”, “Bonding composites”, “Bonding rubbers”, “Bond-
ing plastics”, etc.

The manufacturer of pressure-sensitive products should read the chapters:
“Acrylic adhesives”, “Styrenic hot melts”, “Application equipment”, “Testing and
laboratory equipment”, etc.

Thus, the readers should be able to navigate easily through the handbook and
will be helped in several ways:

— ineach chapter the authors and I have placed signs, footnotes, or detailed sentences
which suggest which chapter to go to for more information on a given topic;

— a huge alphabetical index can be found in each volume as well as at the end of
Volume 4 (midway) and Volume 8, with a total of some 2,500 significant
keywords for all industries and all techniques or products (each industry has its
own issues and its own keywords), and a detailed list of contents in each volume
will help the reader find what they need. Each keyword will direct the reader to the
many pages where this issue is addressed.
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Therefore, the reader should be able to use the handbook in a variety of different
ways.

Many chapters stand alone in their content, so that the reader can study them
without necessarily having to refer to previous chapters.

1.4. A Comprehensive Book for Everybody

In this handbook, some chapters are scientific developments, which may require
some technical or scientific university graduate background, but other chapters
(generally those classified by industries) are both scientific and technological and
can be read by anybody in a variety of job titles, businesses, or from different
backgrounds. For example:

— industrial users such as engineers, technicians, scientists, designers in factories
and laboratories, sales, purchasing, etc.

— construction, decoration and civil engineering companies, architects,
contractors

— universities, professors, students, and also vocational high schools

— scientific and technical organizations, R&D organizations, trade organizations

— all material manufacturers and distributors, as their customers must assemble or
seal their materials sooner or later, not only with mechanical fasteners but also
increasingly with adhesives

— suppliers of all raw materials utilized for adhesives and sealants manufacturing,
and production and testing equipment

— and, of course, all the adhesives, sealants, waterproofing equipment
manufacturers and distributors.

I have designed the handbook so that it can be used for training students,
engineers, or newcomers in any industry which use assembly, bonding and
sealing, production engineering, etc.

1.5. All Authors Are High-Level Specialist Scientists,
Engineers, or Chemists

The reader will get top quality, reliable information from people who have been
working for many years in their given fields with good or high levels of
responsibility.

We have gathered in excess of 65 authors, each being a well-known specialist in
their given field of expertise.
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1.6. List of Contents for Volumes 1-4

In order to allow the reader to plan acquisitions and reading, I have listed below
the contents of the first volumes. A detailed list will, of course, be indicated on the
Contents page at the beginning of each volume. I do, of course, reserve the right to
add and alter contents of future volumes during the 4-year period in which this
handbook is produced, but — while the reader is advised to check each volume’s
contents before purchase — the following should give a good idea of how the
different books are to be produced.
Volume 1: Basic concept and high tech bonding:
Chapter 1: Introduction — how to use the handbook
Chapter 2: Technical characteristics of adhesives and sealants, by Philippe
Cognard, Editor and Consultant
Chapter 3: Polyurethane adhesives and sealants, by scientists of Loughborough
University, UK
Chapter 4: Surface preparation before structural bonding of metals and
composites, by John Bishopp, Consultant in UK
Chapter 5: Aircraft and aerospace, pioneer for adhesive bonding, by John Bishopp
Chapter 6: Adhesives for electronics, by Guy Rabilloud, former General Manager
Cemota

Fig. 2 shows one large application of adhesives in electronic goods that is now a
very large market for high-performance adhesives and potting compounds. Fig. 3
shows an enlargement of the epoxy adhesive film on a bonded aluminum
honeycomb.

Figure 2: Electronic adhesives is now a huge market — USD400 million in 2004
worldwide. (Colour version of this figure appears on p. xii.)
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e

Figure 3: Close view of bonded aluminum honeycomb in a sandwich panel, showing
(in white) the epoxy adhesive film after peeling of the aluminum sheet facing.

Several volumes will be published during 2005-2007 which contain chapters
linked to the chapters in Volume 1, for instance: “Bonding metals”, “Bonding
composites”, “Epoxy adhesives”, “Bonding in automotive”, “Structural
adhesives”, “UV curing”, “Application equipment”, and others.

Volume 2: General knowledge, application of adhesives, new curing techniques:
Chapter 1: Theory of adhesion, by John Comyn, Professor, De Montfort and
experts from Loughborough University

Chapter 2: Application equipment for adhesives, by Philippe Cognard

Chapter 3: Design and calculation of bonded joints, by Richard Moulds, National
Adhesives, UK

Chapter 4: UV curing, by Christian Decker, Mulhouse University, France
Chapter 5: Heat stable adhesives, by Guy Rabilloud

Chapter 6: Repairs of structural metal and composite parts, Dr Keith Armstrong,
UK

Chapter 7: Flexible bonding, by Dr Burchardt, Sika Switzerland

Volume 3: Adhesives and sealants for construction, woodworking, etc.

Chapter 1: Furniture and woodworking adhesives, by Philippe Cognard

Chapter 2: Acrylic dispersion adhesives, by Dr Urban, Scientist, BASF,
Germany

Chapter 3: Markets for construction and civil engineering adhesives and sealants,
by Philippe Cognard

Chapter 4: Construction sealants, by Philippe Cognard

Chapter 5: Silicone sealants, by Andreas Wolf, Dow Corning Europe

Chapter 6: Thermosetting formaldehyde based adhesives, by Dr A. Pizzi
Volume 4: Adhesives for large volume applications and industries (Packaging,
Graphic Arts, Hot melts, etc.)
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Chapter 1: Markets for large volume applications, by Philippe Cognard

Chapter 2: Physics and chemistry, classification of adhesives and sealants, by
Philippe Cognard

Chapter 3: Hot melt adhesives markets: graphic arts, woodworking, assembly by
D. Grgetic, Nordson corp, USA

Chapter 4: EVA hot melt adhesives, by C. Laurichesse, Atofina

Chapter 5: Hot melt adhesives based on styrenic polymers, by Kraton Polymers
Chapter 6: Pressure-sensitive adhesives, by Luc Heymans

Chapter 7: Adhesives and sealants based on VAE emulsions, by Wacker company,
Germany

Chapter 8: Adhesives for packaging and paper, bookbinding, by P. Cognard
Chapter 9: Polyurethane adhesives for laminating and packaging, by J. F. Lecam,
Bostik-Findley

There will then be four more volumes that study many other types of adhesives
and applications in all the other industries as well as the latest techniques
available.

The reader will see that chapters have been written by many authors from several
major industrial countries and companies, who will explain the various techniques
and requirements of many different markets. It is also hoped that the handbook will
be found useful throughout the world and especially in developing countries where
adhesives, sealants and related techniques are increasingly being employed.

For instance, the chapters on footwear will be quite useful for the Chinese,
Indian or Brazilian shoe manufacturers as today 60% of all shoes sold in the world
are made in those countries. So, when compiling this handbook, consideration of
their needs, the techniques and machines they use, the types of shoes they
manufacture, etc. were taken into account.

The same theory applies to the woodworking industries in Far East Asia,
Indonesia as well as the more developed European Nordic countries, and for the
electronics industry in Japan and East Asia, etc.

1.7. Any Other Ideas or Suggestions?

As the handbook will be published as an 8-volume series, over a period of 4
years, I will have time to adjust its content and scope (as mentioned above).
Therefore, if the reader feels there are other subjects that I — and the contributing
authors — should study, please let me know and we will do our best to address
these issues (for example, with regard to new and important applications, new
chemical types, etc.).

My address is available from the Publisher, Elsevier, in Oxford.

I would also welcome more authors.
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1.8. The Publisher — Elsevier

Elsevier is the leading publisher in the world for scientific and technical
information. The group Reed Elsevier publishes thousands of scientific and
technical journals, magazines and trade journals, in materials engineering,
chemistry, physics, construction, medical sciences, etc. and also organises a
number of very important trade shows such as BATIMAT, the biggest trade show
for construction in the world, composite shows and as well as others.

1.9. Foreword to Chapter 5: “Aerospace, Pioneer
in Structural Bonding”

I am sure this chapter will be of great importance for many of our readers.

Aircraft construction was the first “high tech” industry to use adhesives bonding
as soon as the first airplanes left the ground, some 100 years ago, and now modern
aircraft use large quantities of bonded metal and composite parts. If aircraft, which
are subjected to high stresses and require 100% infallibility can be bonded, then
everything else can also!

For readers who are involved in metal structural bonding, for automotives,
metal working, mechanics, composites, etc. this chapter will provide a great deal
of very valuable information about adhesives for metals and composites. It also
shows how aircraft bonding developed step by step over the last 50 years from a
historical perspective.

The reader should also refer to the chapter “Surface pretreatment for structural
bonding” where the author, John Bishopp, provides detailed explanations on the
various techniques. Good surface treatment before bonding is very important and
makes the difference between a robust bond or a weak one.

John has worked for many years in R&D for CIBA GEIGY and HEXCEL,
leaders in structural epoxy adhesives.

1.10. Foreword to Chapter 2: “Technical Characteristics
of Adhesives”

This is a very important chapter because it provides all the definitions, all the
technical characteristics of adhesives (QC control, use characteristics, physical,
chemical and mechanical properties, durability, safety and cost) and testing
methods, so that it is almost mandatory to read it before reading other chapters.

However, readers may save time by going directly to the definition and test
method of each technical characteristic, when they need it.
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The many illustrations show the testing methods and equipment (Fig. 4).

Hundreds of testing standards exist and users of adhesives should be made
aware of a number of these.

The Series Editor, Philippe Cognard, has a comprehensive knowledge of
adhesives gained after 35 years of experience in different leading roles within the

industry.
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Figure 4: Testing equipment for adhesives (DV-1 + Viscometer of Brookfield).
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1.11. Foreword to Chapter 3: “Polyurethane Adhesives
and Sealants”

Polyurethane is the fastest growing chemical family in the adhesives and sealants
industry, as polyurethanes enjoy a very versatile chemistry: One or two
components, chemical curing, humidity curing or PUR reactive hotmelts, flexible,
elastomeric or rigid adhesives, sealants, and potting compounds. All kinds of
adhesives and sealants may be formulated with numerous different PU, polyols
and isocyanate raw materials.

Polyurethane chemistry and adhesives and sealants is such a large and important
topic that several chapters will be spent covering this subject: A general chapter in
Volume 1 (written by a team of scientists from Loughborough University in the
UK), PU sealants in Volume 3, PU flexible adhesives and sealants by Sika in
Volume 2 and again in Volume 5 probably, and PU adhesives for laminating and
packaging in Volume 4 by Bostik-Findley.

Readers (chemists, engineers, designers) from the various industries, and
suppliers of adhesives, sealants, raw materials should read these chapters.

1.12. Foreword to Chapter 6: “Adhesives for Electronics”

These are very special adhesives that have specific properties (such as electrical
properties).

This is a new, high tech market, where only grams of adhesive are used for each
equipment. The number of pieces manufactured globally is so large (billions and
more per year), and the adhesives of such high performance and high cost, that the
worldwide market reached 800 million USD in 2003.

Thousands of companies/factories are now using electronic adhesives for
computers, portable phones, Hi-fi systems, TV sets, domestic appliances, auto-
mobiles, aircraft, etc.

Guy Rabilloud, worked for years in this industry as General Manager of
CEMOTA, a manufacturer of heat stable and electronic adhesives and also has
written several excellent books and many patents on the subject.

You are now ready to learn more about adhesives and sealants, and I hope you
will find many useful ideas in this Handbook.

Philippe Cognard, Editor

March 2005

In the following pages a list of suppliers corresponding to Volume 1 can be
found.
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1.13. Volume 1, Handbook of Adhesives and Sealants
1.13.1. List and Addresses of Suppliers

For Chapter 2, “Technical characteristics of adhesives and sealants”, I have listed
suppliers of testing laboratory equipment and sources of standards.

For the very large corporations, who have many companies and affiliates in
several countries, I have provided only the corporate or main addresses. I cannot
provide all of the address, phone, fax and internet details, and so the reader should
seek this information from the local companies.

1.13.2. Laboratory and Testing Equipment

AMETEK/LLOYD Instruments AMETEK TCI Division,
8600 Somerset Drive, Largo,
FL 33773, USA.
Tel.: 1 727 536 7831,
fax: 1 727 539 6882, www.lloyd-
instruments.co.uk (in America) and
Lloyd Instruments Ltd, Forum House,
12 Barnes Wallis Rd, Segensworth East,
Fareham, Hampshire PO15 5ST, UK.
Tel.: 44 (0) 1489 486 339,
fax: 44 (0) 1489 885 118 (in UK)

ASCOTT Analytical Equipment Units 6 Gerard, Lichfield Road
Industrial Estate, Tamworth,
Staffordshire
B79 7UW, UK.
Tel.: 44 (0) 1827 318040,
fax: 44 (0) 1827 318049,
www.ascott-analytical.com

BROOKFIELD Engineering 11 Commerce Blvd, Middleboro,
Laboratories MA 02346-1031, USA.
Tel.: 1 508 946 6200,
fax: 1 508 946 6262,
www.brookfieldengineering.com

CAMBRIDGE Applied Systems 196 Boston Avenue, Medford,
MA 02155, USA.


http://www.lloyd-instruments.co.uk
http://www.lloyd-instruments.co.uk
http://www.ascott-analytical.com
http://www.brookfieldengineering.com

ChemlInstruments Inc.

Fatigue Dynamics Inc.

HAAKE GmbH

INSTRON Corp
KRUSS USA

LABOMAT ESSOR

PERKIN ELMER Instruments

Q-PANEL

Testing Machines Inc.

Tinius Olsen Testing Machines Co

VOTSCH Industrietechnik GmbH

ZWICK GmbH
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9349 Hamilton Dive, Mentor, OH 44060,
USA. www.chemsultants.com

969 Decker Road, Walley Lake,
MI 48390-3217, USA.

Tel.: 1 248 669 6100,

fax: 1 248 624 3028

Dieselstrasse 4, D-76227 Karlsruhe,
Germany.

100 Royal St, Canton, MA 02021, USA.

9305 B Monroe Road, Charlotte,
NC 28270, USA. www krussusa.com

ZA Portes de Paris, 37 Bd A. France,
93200 Saint Denis, France.

Tel.: 33 1 48096611,

fax: 33 1 48099685,
www.info@labomat.com

710 Bridgeport Av., Shelton,
CT 06484, USA.

800 Canterbury Road, Cleveland, OH
44145, USA and Express Trading Estate,
Farnworth, Bolton BLL4 9TP, UK.

Expressway Drive South, Islandia, NY
11749, USA and ADAMEL
LHOMARGY, ZA de I’Habitat no 6,
route d’Ozoir, 77680 Roissy en Brie,
France. Tel.: 33 1 64409210,

fax: 33 1 64409211,
www.testingmachines.com

Willow Grove, PA 19090, USA.
www.TiniusOlsen.com

Beethovenstrasse 34, D-72336
Balingen-Frommern, Germany.
http://www.v.it.com

August Nagel Str. 11, D-88079 Ulm,
Germany. http://www.zwick.de


http://www.chemsultants.com
http://www.krussusa.com
http://www.info@labomat.com
http://www.testingmachines.com
http://www.TiniusOlsen.com
http://www.v.it.com
http://www.zwick.de
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1.13.3. Polyurethanes, Raw Materials Suppliers, Adhesives

and Sealants Suppliers

1.13.3.1. Raw Materials

ALBERDINGK BOLEY GmbH

BASF AG

BAYER

DOW Chemical Company

DOW Europe SA

HUNTSMAN Belgium

HUNTSMAN International

MERQUINSA

ROHM and HAAS

Dusseldorferstrasse 53, 47829 Krefeld,
Germany. Tel.: 90 21 51 528 0,

fax: 90 21 51 57 36 43,

alberdingk @alberdingk-boley.de

EDD/K-H201, D-67056 Ludwigshafen,
Germany.

Geshaftsfeld LS-M AM (Adhesives
Materials) Gebaude F1/F46, D-41538
Dormagen, Germany.

PO Box 1206, Midland, MI 48642, USA.
Tel.: 1 989 832 1560, fax: 1 989 832
1465, www.dow.com

International Development Center, 13
rue de Veyrot, PO Box 3, 1217 Meyrin 2,
Switzerland. Tel.: 41 22 719 4111,

fax: 41 22 782 7666

Everslaan 45, 3078 Everberg, Belgium.
Tel.: 322 758 9211, fax: 32 2 759 5501,
www.huntsman.com/pu/ac

2190 Executive Hills, Auburn Hills,
MI 48326, USA. Tel.: 1 248 322 7300,
fax: 1 248 3227303,
www.huntsman.com/pu/ac

Gran Vial 17, 08160 Montmelo,
Barcelona, Spain. Tel.: 34 93 572 1100,
fax: 34 93 572 0934,
info@merquinsa.com

100 Independence Mall West,
Philadelphia, PA 19106, USA.
Tel.: 1 215 592 3000,
fax: 1 215 592 3021,
poweratwork @rohmhaas.com


http://www.dow.com
http://www.huntsman.com/pu/ac
http://www.huntsman.com/pu/ac
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1.13.4. PU Adhesives and Sealants Manufacturers

BOSTIK-FINDLEY

ASHLAND Specialty
Chemicals Co

DOW Automotive

HENKEL

HENKEL-TEROSON GmbH

KOMMERLING Chemische
Fabrik GmbH

ROHM and HAAS
SIKA Schweiz AG

UNIROYAL Adhesives
and Sealants

Place de I'Iris, 92062 Paris la Defense,
France. Tel.: 33 1 47969465,
fax: 33 1 47969690, www.ato-findley.fr

PO Box 2219, Columbus, OH 43216,
USA. Tel.: 1 614 790 3333,
fax: 1 614 790 3206

1250 Harmon Road, Auburn Hills,
MI 48326, USA.

Henkelstrasse 67, 40191 Dusseldorf,
Germany. Tel.: 49 211 7 97 0,
fax: 49 211 798 4008.

Henkel Teroson Str, 57, 69123
Heidelberg, Germany.

Kweibruckerstrasse 200, D-66954,
Pirmasens, Germany. Tel.: 49 6331 56 0,
fax: 49 6331 56 22 26,
www.koe-chemie.de

already cited above

Tuffenwies 16, Postfach, CH 8048
Zurich, Switzerland. Tel.: 41 1 436 4040,
fax: 41 1 436 4564, www.sika.ch

2001 West Washington St, South Bend,
IN 46628, USA.

Many other adhesives and sealants manufacturers also offer polyurethane
adhesives and sealants, but I have limited this list to a few leaders in this field.
A very large list of some 150 major adhesives and sealant manufacturers, located
in all major countries, is provided elsewhere in this handbook.

1.13.5. Suppliers of Adhesives and Equipment for Aerospace

LOCTITE Aerospace, now

called HENKEL Technologies

2850 Willow Pass Road, Bay Point,
CA 94565, USA. Tel.: 1 925 458 8000,
fax: 1 925 458 8030, www.loctite.com


http://www.ato-findley.fr
http://www.koe-chemie.de
http://www.sika.ch
http://www.loctite.com
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HUNTSMAN Advanced
Materials (formerly VANTICO)

HEXCEL USA

HEXCEL UK

STRUCTIL

3M USA

LONZA SpA

1.13.6. Equipment (Autoclaves, etc.)

M. C. Gill Corp

Aeroform Ltd (Autoclaves)

Terruzzi Fercalx Spa (Autoclaves)

Duxford, Cambridge CB2 4QA, UK.
Tel.: 44 (0) 1223 493 000,

fax: 44 (0) 1223 493 002,
www.vantico.com/adhesives

Dublin Blvd., Dublin, CA 94568-2832,
USA. Tel.: 1 925 551 4900,
fax: 1 925 828 9202

Duxford, Cambridge CB2 4QD, UK.
Tel.: 44 1223 833 141,
fax: 44 1223 838808

18 rue Lavoisier, BP 10, 91710 Vert le
Petit, France www.structil.com

3M Center St, Saint Paul, MN 55144,
USA. Tel.: 800-3M-HELPS,
fax: 800 447 2053, www.3M.com

Via Enrico Fermi 51, 1-24020
Scanzorosciate (Bergamo) Italy.
Tel.: 39 035 652111,

fax: 39 035 652799

4056 Easy St, El Monte,
CA 91731, USA.

Tel.: 1 626 443 4022,
fax: 1 626 443 6094,
www.mcgillcorp.com

Dawkins Road Industrial Estate, Poole,
Dorset BH15 4JW, UK.

Tel.: 44 (0) 1202 683 496,

fax: 44 (0) 1202 675 957,
www.aeroform.co.uk

Viale Bianca Maria 31, I-20122 Milano,
Italy. Tel.: 39 03 54879811,

fax: 39 03 54879800,
www.terruzzi.fercalx.com


http://www.vantico.com/adhesives
http://www.structil.com
http://www.3M.com
http://www.mcgillcorp.com
http://www.aeroform.co.uk
http://www.terruzzi.fercalx.com
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1.13.7. Suppliers of Adhesives and Potting Compounds for Electronics

ABLESTIK 20021 Susana Road, Rancho Dominguez,
CA 90221, USA.
Tel.: 1310764 4600, fax: 1 310 764 2545

DELO Industrial Adhesives Ohmstrasse 3, D-86899 Landsberg,
Germany. Tel.: 49 8191 3204 2,
fax: 49 8191 3204-144, www.DELO.de

ELECO Produits/EFD 125 Avenue Louis Roche, ZA des basses
Noels, 92230 Gennevilliers, France.
Tel.: 33 147924180, fax: 331 47922272,
www.eleco-produits.fr

Emerson and Cuming 46 Manning Road, Billerica,
MA 01821, USA.
Epoxy Technology Inc 14 Fortune Drive, Billerica,
MA 01821, USA.
General Electric Silicones Waterford, NY 12188, USA.
LOCTITE Corp 1001 Trout Brook Crossing, Rocky Hill,

CT 06067, USA.
Tel.: 800 562 0560, fax: 203 571 5465

3M already cited above

National Starch and Chemicals 10 Finderne Av. Bridgewater,

Company NJ 08807, USA.

HITACHI Chemical Company PO Box 233, Mitsui Building,
Shinjuku-ku, Tokyo 163, Japan.

TOSHIBA Chemical Corporation Hankyu Express Building, 339,

Shimbashi, Minato-ku,
Tokyo 105, Japan.

1.13.8. Standardization Organizations

ISO, International Standardization I rue de Varembe’ Case Postale 56
Organization CH-1211 Geneva 20, Switzerland.
Tel.: 41 22 749 01 11,
fax: 41 22 733 34 30


http://www.DELO.de
http://www.eleco-produits.fr
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ASTM American Society for
Testing Materials

NASA (National Aeronautics and
Space Administration)

SAE (Society of Automotive
Engineers also publishes
standards adopted by aerospace
industries)

TAPPI, Technical Association of
the Pulp and Paper Industry

ANSI, American National
Standard Institute

Federal Specifications and
Standards

MIL

CEN, Comite Europeen
de Normalisation

BS, British Standards
DIN, Deutsche Industrien Normen

AFNOR, Association francaise
de Normalisation

JAS, Japan Standards

1916 Race Street, Philadelphia,
PA 19103, USA.

USA

400 Commonwealth Drive,
Warrendale, PA 15096, USA.

PO Box 105113 Atlanta,
GA 30348-5113, USA.
Tel: 770 446 1400, fax: 770 446 6947

1430 Broadway, New York,
NY 10018, USA.

USA.

American military specifications, mostly
used for aerospace industries, USA.

Brussels

London, UK.
Berlin, Germany.

11 Av. Francis de Pressense,

93571 Saint Denis La Plaine cedex,
France.

Tel.: 33 1 41 62 80 00,

fax: 33 149 17 90 00

Tokyo, Japan.

I would like to remind the reader that at the end of each volume lists of suppliers
(of raw materials, adhesives, sealants, laboratory and manufacturing equipment,
application and curing equipment, information) are provided and each author has
prepared both a bibliographic list and a list of relevant standards.



Chapter 2

Technical Characteristics and Testing
Methods for Adhesives and Sealants

Philippe Cognard

Philippe Cognard is an Ingénieur of the Ecole Supérieure de Physique et Chimie
de Paris—France’s leading Physics and Chemistry college — and he received his
Diploma in 1964.

He started his professional career in the USA the same year at the Pittsburgh
Plate Glass Company moving to the Bloomfield Adhesives and Sealants Division
in 1966 as a research and development chemist.

Over the years, he has held many top positions in leading adhesive and sealant
companies around the world. These include:

— Rousselot, France’s main developer and supplier of adhesives — later to become
Elf Atochem - in various positions in the R&D, marketing and sales
departments.

— Weber et Broutin — now Saint Gobain — dealing with building adhesives and
mortars

— Ato-Findley — part of the Elf Aquitaine Group that became Bostik-Findley in
the Total Group after the merger between Elf and Total — as Marketing Director
for Adhesives.

— In 1996, he was appointed as a Director of the Afo-Findley Adhesives company
in Guangzhou, China where he oversaw the launch, marketing and sales
development in this country of Afo-Findley adhesives and sealants for
application areas such as; construction, woodworking and furniture, packaging,
laminating, footwear, and many others. This gave him a broad and thorough
knowledge of the huge Chinese market, along with all R&D, manufacturing,
marketing and sales activities employed by the company.

With more than 36 years of experience in the adhesives and sealants industry, he
has also written and edited several related technical books and journal papers.

Keywords: Accelerated weathering tester; Acid value; Add-on (or consumption);
Adhesion, adhesion to various substrates; Allergic effects; Application
of adhesives; Ash content; ASTM; Bacteria resistance; Boeing wedge test;
Brittleness; Brookfield viscometer; BS is British Standards; CEN (Comité
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européen de Normalisation); Chemical resistance; Chromatography; Cleavage,
cleavage resistance; Climbing drum peel test; CNAM; Cold resistance;
Consumption; Contact with food; Corrosion resistance; Cost (of adhesive,
sealants); Coverage; Creep; Cross-linking, density of; Curing; Degassing under
vacuum; Density; Dermatitis; DIN is Deutsche Institut fur Normen; Drying,
drying time; DSC (Differential calorimetry); Durability; Durometer; Dynam-
ometer; EB curing; Elasticity modulus; Electrical characteristics; Environment;
Epoxy equivalent; Expansion coefficient; Explosivity; Fatigue; Fatigue testing;
Fire resistance; Flammability; Flash point; Flexibility; Food, contact with;
Formaldehyde content; Freeze—thaw cycles; Gap filling; Gel time; Glass
transition temperature; Handling and storage; Hardness; Heat resistance; High
Frequency curing/drying; Honeycomb test; Hydroxyl value; Impact, impact
resistance; Infrared analysis; ISO (International Standardization Organization);
Isocyanate value; Lap shear test; Loop test tack measurement; MAK value;
Mechanical properties; Mechanical resistance; MFFT is minimum film forming
temperature; Mixing, mixing ratio; Newtonian; NF (French norms); Noxious-
ness; Occupational exposure; Oil resistance; Open time; Optical properties;
OSHA; Peel, peel strength; Penetrometer; pH; Plasticizer migration, resistance;
Poisson ratio; Pot life; Pressure; Price per kg, per liter; QC is quality control;
Rheology; Rheometer; Ring and ball test, temperature; Rolling ball tack tester;
RT is Room temperature, room temperature curing; Rupture, modes of; Safety
data sheets (SDS); Safety regulations; Sagging, sag resistance; Setting time,
setting speed; Shear rate; Solids content; Specific gravity; Stability of the
adhesive (in tanks, etc.); Standards; Steps in bonding operation; Storage,
storage conditions; Strain; Strain/stress curves; Stresses; Surface tension; Tack;
Technical data sheets (TDS); Tensile shear strength; Tensile tester; T, is Glass
transition temperature; TGA (Thermal gravimetry analysis); Thermogravimetry;
Thixotropy; Threshold limits; Toxicity, toxicological data; Transportation
regulations; UV curing; UV spectrography; Vapor transmission; Viscometer;
Viscosity, viscosity units; VOC (Volatile organic compounds); Waiting time;
Waste disposal; Water resistance; Weathering, Weather-o-meter, QUV
accelerated weathering tester; Wedge test; Wetting, wetting angle; Working
temperature and humidity; Xenon test

2.1. General Comments, How Adhesives and Sealants Work

All A & S follow the same pattern for bonding operations:

— first they are delivered or prepared for bonding as a liquid or paste form, or as
solid granulates, or sometimes as a film or powder,



Technical Characteristics and Testing Methods for Adhesives and Sealants 23

— they are usually based on a polymer and resin blend, which must be spread
evenly on the substrates to be assembled so that they must be a fluid during
application and wet the substrates,

— then the parts are assembled together and the adhesive film must become solid
either by drying or polymerization or curing through the use of a hardener, or by
cooling for hot melts.

(We will study the theory of adhesion in Volume 2 and the various modes of
setting and curing in another chapter of this Handbook.)

Consequently, 3 sets of technical characteristics may be measured on A & S, by
the adhesive manufacturer or by the users:

— Properties of the liquid or paste before application, such as rheology,
composition, solids, aspect, etc.

— Properties related to the method of use: how it is applied, how much should be
used, how it will cure or dry or polymerize, etc.

— Properties of the cured adhesive after complete drying or curing, such as the
mechanical, physical and chemical resistance of the bond or joint.

Of course, the technical characteristics depend on the types of adhesives —
structural, nonstructural — the types of formulations — thermoplastic, drying
type or hot melts, thermosetting, chemically curing and also the end uses: some
end uses are very demanding such as high-performance structural adhesives for
metal bonding, for aircrafts construction, etc., some are less demanding such
as bonding paper or cardboard. But anyway, whatever the A & S, we will find out
that they always require the user or designer to know some 20 technical
characteristics at least for a proper utilization and for adapting it to its end use
(refer to the list in Table 1).

We can identify here more than 70 different characteristics that may be useful to
measure. This is an exhaustive list but, of course, for one single given application
there might be only 15-25 characteristics to consider. However, the selection of
an adhesive or sealant appears to be more complex than what many people believe.
Also, it is important that the A and S manufacturers provide as much technical
information as possible on their technical data sheets (TDS).

2.1.1. Reasons for Testing

There are several reasons for testing A & S:

1. to control the quality of an A & S and a bonding process, to check that the
technical characteristics of the A and S meet the figures indicated in the TDS
and also meet the customer’s requirements,
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2. toselectan A & S adapted to: a given assembly, given materials to be bonded or
sealed, given method of application and setting, and to all the requirements for
bonded parts,

3. to confirm the effectiveness of a bonding process such as: surface preparation
of substrates, application techniques, drying or curing conditions, durability
and strength of the bond,

4. to investigate parameters that may bring differences in performances of the
bond or may lead to failure.

Table 1: List of all the technical characteristics that may be measured on adhesives.

Before use:
Rheology and viscosity, consistency, thixotropy
pH
Solids content, ash content
Specific gravity
QC analysis: UV, IR spectra, chromatography, DSC, thermogravimetry
Acid value, epoxy equivalent, hydroxyl value, isocyanate value

Characteristics of use:
Viscosity and rheology
Wetting of the substrates (interfacial tension, critical surface energy)
Working temperature, minimum film forming temperature
Mixing ratio of two components A and S
Modes of setting, curing, polymerisation, drying
Pot life, gel time
Ring and ball temperature
Gap-filling properties, thickness of joint
Coverage or consumption
Stability of the adhesive in the applicator’s tank
Sag resistance and flow
Waiting time before assembly
Tack
Open time
Pressure required
Possibility of radiation curing (UV, EB)
Setting time and setting speed
Storage conditions and storage life

(Continued)
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Table 1: Continued

Mechanical properties of the cured adhesive:
Adhesion to various substrates
Tensile shear resistance
Tensile resistance
Peel strength
Cleavage resistance, wedge test
Curve strain/stress, elongation at break
Impact resistance and resiliency
Creep under constant load
Hardness
Flexibility

Physical characteristics of cured A and S
Elasticity modulus and flexibility, Poisson ratio
Heat resistance, T, (glass transition temperature), ring and ball temperature
Cold resistance, brittleness
Expansion coefficient
Electrical characteristics (resistivity/conductivity, dielectric constant, loss angle, ionic
purity)
Optical properties (refraction index, light transmission)
Vapour transmission, waterproofing
Degassing under vacuum

Chemical characteristics of cured A and S:
Resistance to water and humidity, corrosion, salt spray
Resistance to oils, grease and plasticizers
Resistance to chemicals (acids, alkalis, solvents, etc.)
Density of cross-linking

Durability in various life conditions, fatigue resistance

Safety characteristics:
Flammability, flash point
Toxicity, noxiousness
VOC, environment position, occupational exposure, threshold limits
Allergic effects, etc.
Formaldehyde content
Contact with food

Cost:
Price per kg, litre, gallon, sq m or sq ft
Specific gravity, coverage or consumption
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2.1.2. Test Methods, Standards

Each characteristic may be measured by one or several methods of testing.
For adhesives we have numbered some 300 standard test methods in the US alone
plus 200 in Europe, which apply to some 50 different technical characteristics.
The leading industrial countries have their own test methods, standards and
specifications:

— InUSA, there are ASTM standards (Committees C 24 and D 14), SAE, US Federal
specifications, MIL specifications (for military applications such as aerospace),
Society of Automotive Engineers (SAE), several professional organizations have
also enacted standards, for instance, Technical Association for Pulp and Paper
Industries (TAPPI), Pressure Sensitive Tape Council (PSTC) and others.

— In Europe, we have the German DIN standards and norms, the French AFNOR,
the British BS, and a few other (Spanish, Swedish, etc.), but a huge effort has
been made since 1985 to systematize all these test methods into European
norms enacted by the Comité européen de Normalisation (CEN), in Brussels
and Paris.

— There is also the international standard organization (ISO) in Geneva, which is
trying to systematize on a worldwide level and has already issued a large
number of international standards test methods.

— Some professional organizations have also developed their own specific
standards such as Association des fabricants europeens de rubans adhésifs
(AFERA) for pressure-sensitive tapes, the European association for pre-adhesed
labeling industry (FINAT), TAPPI, etc.

— Japan and China have also their own standards for A & S.

— Let us finish this long list by indicating that some very important industry
leaders have also established specific test methods and their own specifications,
for instance, BOEING and AIRBUS in aircraft construction or all the major
automotive manufacturers.

2.1.3. Sealants Standards

Many technical characteristics or test methods are similar for adhesives and
sealants, for instance, viscosity, specific gravity, shear strength. But the test
methods usually differ because sealants have different properties and different
functions from adhesives: sealants must usually fill a large gap (several mm),
they must remain flexible and much softer in order to accept movements, while
adhesives must provide a stronger and harder bond.

In the present chapter, we will study all the technical characteristics and test
methods of adhesives, but only 20% of these characteristics and test methods
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are suitable for sealants. Therefore, there will be another chapter devoted to
the characteristics and test methods of sealants; also in the various chapters which
will study sealants there will be sections related to their testing. We suggest our
readers to refer to these chapters in Volumes 3, 5 and 6, such as “Silicone
sealants”, “Construction sealants”, “Industrial sealants”, etc.

2.1.4. General Methods of Testing

There are several general standards such as terminology, lists of technical
characteristics of adhesives, methods of preparing test specimen, sampling
methods, etc. These standards exist in CEN, ASTM and ISO (refer to the annex
“List of standards” at the end of Volume 5), for instance, ASTM D 907
Terminology of Adhesives.

2.2. Technical Characteristics of A & S before and during Use
2.2.1. Quality Control (QC) Tests

When the supplier manufactures the A & S, it mixes or polymerizes a base
polymer with other raw materials: solvents, water, resins, rubbers, tackifier,
plasticizers, fillers, hardeners, catalysts, additives, etc. In order to ensure that this
mixing has occurred properly in the right proportions, and that the finished A & S
meets its specifications (as indicated on its TDS), the manufacturer usually
measures several significant characteristics.

2.2.1.1. Rheology and Viscosity

Rheology is the study of the change in form and the flow of matter, embracing
elasticity, viscosity and plasticity. Viscosity is the internal friction of a fluid,
caused by molecular attraction, which makes it resistant to flow. This friction
becomes apparent when a layer of fluid is made to move in relation to another
layer. The greater the friction, the greater the amount of force required to cause this
movement, which is called shear. Shearing occurs whenever the fluid is moved or
distributed, as in pouring, spreading, mixing, spraying, etc. Highly viscous fluids
require more force to move than fluid ones.

In Fig. 1, parallel planes of fluid of equal area A are separated by a distance dx
and are moving in the same direction at different speeds V; and V,. The force
required to maintain the difference in speed is proportional to the difference in
speed through the liquid or “velocity gradient”

F/A =mdv/dx

where m is a constant for a given material, which is called its viscosity.
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Figure 1: Relative movements of the layers of a fluid.

The velocity gradient dv/dx is a measure of the change in speed at which the
intermediate layers move with respect to each other. It describes the shearing
effect in the fluid and it is called “shear rate”. It will be written as S hereunder.

The term F'/A indicates the force per unit area required to produce the shearing
action. It is referred to as “shear stress” and will be symbolized by “F1”. Its unit of
measurement is in dynes per square centimeter (dynes/cm?).

So now the equation becomes:

) ) shear stress
Viscosity =m=F1/S= —

shear rate
Viscosity is usually expressed in pascal seconds (Pa sec) or millipascal seconds: a
material requiring a shear stress of 1 dyne/cm® to produce a shear rate of one
reciprocal second has a viscosity of 100 Pa sec.

2.2.1.1.1. Different behaviors of fluids
Fluids may have different rheological behaviors:

Newtonian fluids

Newtonian fluids are represented in Fig. 2A and B: viscosity is constant when the

shear rate varies. Thus at a given temperature, the viscosity will remain constant

regardless on which viscometer model, spindle or speed is used to measure it.
But most fluids are non-Newtonian.

S shear rate 1 (viscosity)

F' S
A B
shear stress

Figure 2: Newtonian fluids.
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A B

Figure 3: Pseudoplastic fluids.

Non-Newtonian fluids

Here the relationship F1/S is not a constant — when the shear rate varies, the
shear stress does not vary in the same proportion or even necessarily in the same
direction. The viscosity of such fluids will therefore change as the shear rate
varies. Thus, the experimental parameters of the viscometer model, spindle and
speed all have an effect on the measured viscosity. This measured viscosity is
called the apparent viscosity and is accurate only when explicit experimental
parameters are adhered to and indicated in the recorded measure.

There are several types of non-Newtonian flow behavior, the most common
types being the following:

Pseudoplastic Refer to Fig. 3A and B. The most common pseudoplastic types
are some water-based paints, adhesives, emulsions and dispersions. When you mix
the material, it becomes more fluid in a way similar to yoghurt.

Dilatant Refer to Fig. 4A and B. It is rarer than pseudoplasticity, but it may
be observed in fluids containing high levels of deflocculated solids, such as clay
slurries and sand/water mixtures: we all have observed on the beach that if you press
slowly your foot into the sand/water mix it will penetrate, but if you hit it strongly it
will resist penetration. This may also be the case of sand/cement mortar.

Plastic Refer to Fig. 5SA and B. This type of fluid will behave as a solid under
static conditions; a certain amount of force must be applied to the fluid before

F' S
A B

Figure 4: Dilatant fluids.
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lef' F' S
A B

Figure 5: Plastic rheology: f = yield value.

any flow is started, this force f'is called yield value. Tomato ketchup is an example
of this type: it will not pour from the bottle until the bottle is strongly shaken.
Once the yield value is exceeded and the flow starts, plastic fluids may display
Newtonian, pseudoplastic or dilatant behavior.

Thixotropy and rheopexy Now let us consider what happens when time is
considered. Some fluids will display a change in viscosity with time under
conditions of constant shear rate. Thixotropic fluids show a decrease in viscosity
with time when subjected to constant shearing, as indicated in Fig. 6. Rheopexy is
just the opposite (Fig. 6). Rheopectic fluids are very rare and rheopexy would be
quite detrimental for A and S! Thixotropy is frequently observed in materials such
as greases, building adhesives, paints and it is done purposely by the formulator so
that the adhesive will not sag when applied gently on a vertical surface but by
brushing or rolling it will become more fluid and spread easily. Both thixotropy
and rheopexy may occur in combination with any of the previously discussed flow
behavior, or only at certain shear rates. The time element is variable: under
constant shear, some fluids will reach their final viscosity in a few seconds, while
others may take up to several days.

Hysteresis cycles: When subjected to varying rates of shear, a thixotropic fluid
will react as illustrated in Fig. 7: the up and down curves do not coincide because

-

Thixotropy Rheopexy

Figure 6: Thixotropy and rheopexy.
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F

Figure 7: Hysteresis cycle of a thixotropic adhesive.

the fluid viscosity decreased with increasing time of shearing. Such an effect may
or may not be reversible: some thixotropic fluids, if allowed to stand undisturbed
for a while will regain their initial viscosity (for example, yogurt and thixotropic
emulsion adhesives), while others never will.

The rheological behavior of a fluid can of course have a marked effect on
viscosity measurement.

Laminar and turbulent flow: The concept of viscosity implies a laminar flow
in which the movement of one layer of fluid past another does not cause a transfer
of matter from one to the other, and viscosity is just the friction between these
layers. Laminar flow exists until a certain speed beyond which a transfer of mass
occurs: this is called turbulence. Molecules pass from one layer to the next one and
dissipate energy in the process. Thus a larger energy input is necessary to maintain
this turbulent flow.

Turbulent flow is used for the mixing operation during the manufacture of
the A and S, in order to mix the different raw materials of the formulation. We
will study this later in the chapter “Manufacturing techniques and equipment for
adhesives and sealants”.

A simple way for measuring viscosities of fluid adhesives is by using a special
cup such as a Ford cup or ISO/DIN/NF/BS cup. The time necessary to empty
the cup through its bottom hole is recorded (in seconds). Tables provide corres-
pondence between cup measurements and viscosity in mPa sec.

2.2.1.1.2. Factors that affect the rheological properties

Temperature
Viscosity decreases when temperature rises. This is quite noticeable for the hot
melts adhesives, as shown in Fig. 8.

Shear rate
Because the majority of fluids are non-Newtonian it is important to know the effect
of shear rate. For instance, it would be impossible to pump a dilatant fluid through
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(@

(b)

Figure 8: (a) Viscosity/temperature dependence. (b) A very simple way of applying an
adhesive just by gentle pumping (manufacture of paper bags). Here the best would be to
have a Newtonian adhesive. (Colour version of this figure appears on p. xii.)

a high-rate system where it may become almost solid inside the pump! When a
material is to be subjected to a variety of shear rates during use, it is very important
to know its viscosity at the various shear rates. It is always useful to measure
viscosities at different shear rates in order to detect rheological behavior that may

Viscosity (Pa.s)

VISCOSITY
Temperature dependence

Logn=a+=

b
T

160

Temperature (°C)

have an effect on processing or use.
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Table 2 provides examples of shear rates found in A and S application with
various equipments and manufacturing. (Source: Brookfield, USA).

Measuring conditions
The condition of a material during measurement of its viscosity can have a large
effect on the result.

— the viscosity measurement techniques should be adhered to. Variables such as
viscometer model, spindle/speed combination, sample size and temperature all
affect the viscosity of the material.

— The sample material may be sensitive to the ambient atmosphere (oxidation,
drying...).

— The sample must be homogeneous.

Time

As we have discussed, time elapsed under conditions of shear affects thixotropic
materials. Many materials will undergo changes in viscosity during the chemical
reaction, and also during storage of reactive A and S.

Viscometers: The main supplier is BROOKFIELD and we show several types
of viscometers in Figs. 9 and 10. Other suppliers are HAAKE Germany.

Rheometers: Allow to measure the yield value. For instance, Brookfield SST
2000 may be used to measure viscoelastic behavior of pseudoplastic and
thixotropic products.

Methods of measurement for viscosity: There are several standards:

— EN 12092 (2000) is a European standard

— ASTM D 2556: test method for apparent viscosity of adhesives having shear rate
dependent flow

— ASTM D 1084: test method for viscosity of adhesives, ISO...

2.2.1.1.3. Resistance to penetration, consistency

For very thick products such as sealants, bituminous products, caulks, mortars,
instead of viscosity it is more meaningful to measure the penetration of a needle
into the product under a given weight and during a certain period of time,
according to ASTM D 1321, D 1916, D 4950, DIN 51804, etc. (penetrometer).

22.1.2. pH

pH is just an indication; it can only be measured on water dispersions or solutions;
it depends on the type of raw material; for instance, acrylic emulsions have
alkaline pH while vinyl emulsions have acidic pH. It is used only as a quality
control tool: the general idea when you manufacture an adhesive which is



Table 2: Examples of shear rates found in A and S application and manufacture.

Situation Sedimentation Leveling Extrusion Dip Mixing, Pipe flow Spraying Milling High
of powders coating stirring brushing fillers speed
in a liquid in a fluid coating
Range of shear rate  107°-10"* 1072-107" 10°-10>  10'-107 10'-10° 10°-10>  10°-10*  10°-10° 10°-10°
Application Paints, Paints Sealants,  Fluid Manufacturing Pumping Adhesives Manufacturing Roll
mortars heavy adhesives application

pastes
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PROGRAMMABLE
DV-11+ V:SCOMETER

Displayed info:
Viscosity (cP or mPaes)
Temperature (Cor °F)
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\ _( Auto Range Showing
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of Speed & Spindle /
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VISCOSITY
RANGE*
cP(mPaes) SPEEDS

Figure 9: Brookfield Viscometer DV-II +. (By courtesy of Brookfield, USA.)

a mixture of several raw materials is to control a set of 3 or 4 technical
characteristics, for instance, viscosity, pH, specific gravity and another one
appropriately selected; if all these characteristics are acceptable and if the worker
has weighed correctly every raw material, there is a very high probability that the
formulation has been followed completely.

pH may be measured according to European standard EN 1245 (1998), with a
pH meter.
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Figure 10: Brookfield Thermosel Viscometer for elevated temperature measurement of
viscosity. (By courtesy of Brookfield, USA.)

2.2.1.3. Solids Content
Many adhesives and some sealants are dispersions or solutions of polymer, resin
and other raw materials in a carrier liquid that may be water or solvents.

The dry solids measure the ratio of the active part of the adhesive to the total
weight:
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DS%

__weightbase polymer + weight of resin + weight of additives, fillers, plasticizers

total weight of formulation

or: 100 — DS = % of liquid carrier. The liquid carrier will evaporate during use,
and therefore it has no economical value for the user.
Examples of dry solids:

— solvent-based adhesives (rubber based, etc.): 17-50%
— vinyl white glues: 45-70%

— UF, PF, RF (formaldehyde glues): 60—-70%

— Solvent-based sealants (butyl, etc.): 80—85%

— Hot melts: 100%

— Epoxy adhesives: 100%

— Silicone sealants: 95—100%

Dry solids are measured for quality control. DS are also useful to determine
how much water or solvent should be evaporated during drying and setting of
the adhesive or sealant. In some cases, low solids content is a way for some
manufacturers to reduce the cost of a water-based or solvent-based adhesive. If
solids are too low, there might be not enough active adhesive in the glue line,
which may become starved with voids or absence of adhesive between the
two parts.

For some sealants, such as butyl or acrylic based, the solids content ranges
from 75 to 85%, so that there is a shrinkage during drying, which may cause
stresses and eventually problems in the joint. The solids content should be as high
as possible. High quality and high elasticity sealants such as silicones, PUR, have
always 100% DS.

Measurement of dry solids: The nonvolatile solids content is measured by
weighing 2 g of A/S in a special aluminum cup to an accuracy of 0.01 g, then
heating and drying the A/S until a constant weight is obtained (for instance,
30 min at 100-150°C according to adhesive type and evaporation rate of the
liquid carrier). The solids content is the ratio of the sample weight after and
before drying.

Many test methods are available for the determination of solids content:

— ASTM D 1489: nonvolatile content of aqueous adhesives,

— ASTM D 1582: nonvolatile content of phenol, resorcinol and melamine adhesives,
— CEN 827 (1995): determination of dry solids of adhesives,

— ISO,

— EN 542 (1995): determination of dry solids.
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2.2.1.4. Specific Gravity or Density
Specific gravity of raw materials varies:

— from 0.8 to 1 for the solvents,

— from 1.1 to 1.5 for resins and polymers,
— from 1.2 to 2.0 for the mineral fillers,

— from 1.0 to 1.3 for rubbers,

so that specific gravity of A and S may vary from 0.8 to 1.5. Specific gravity may
be measured according to EN 542 for paste adhesives and EN 543 for powders and
granulate adhesives.

Measurement of specific gravity is useful for QC and also to evaluate the A/S
consumption:

The weight W of A/S needed to fill a jointis: W = V X d, where V is the volume
of the void between the 2 parts and d the density of the A/S. It is customary in most
countries to indicate consumption or add-on in g/m?, but in fact in would be better
to measure it in volume, and this is what is done in USA where the coverage is
measured often in sq ft/gallon (area that may be covered with one US gallon of
adhesive), but also in lbs per sq ft.

If an adhesive contains a large amount of fillers (such as calcium carbonate,
calcium sulfate, sand that are dense) its specific gravity will be high, probably
higher than 1.2 or 1.3, and consequently the consumption will be higher.
Manufacturers’ TDS should always indicate the density of A and S.

2.2.1.5. Ash Content, Mineral Content

This is a way to measure the content of mineral fillers and other raw material
that do not burn. Ash content is measured by weighing accurately a few grams
of adhesive in a refractory crucible and then burning it completely at high
temperature: 500—900°C according to the needs. At these temperatures all the
resins, polymers and organic compounds are burnt, their carbon atoms are also
burnt and become CO, gas which evaporates. Only the mineral fillers will be
left after complete combustion for 1 h. Calcium carbonate will also decompose
at 900°C: CO;Ca = CO, + CaO, and only CaO will be left so that combustion
at 900°C is useful to measure the calcium carbonate content by difference
between residue at 500°C and residue at 900°C. Mineral fillers being much
cheaper than the other components of the A and S, a high ratio of mineral fillers
may be a way to lessen the cost of the adhesive, and such a high ratio may
lower the performances of the A and S. However, fillers may also increase
cohesion, gap filling power, and also allow one to control the viscosity because
they absorb a part of the polymer at the surface of their particles thereby
thickening the A or S.
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EN 1246 (1998) and ASTM D 5040 standards are used to measure the ash
content.

2.2.1.6. Aspect, Color, Delivery Form
A and S may have different forms when delivered:

— liquids or pastes of different colors: white glues (vinyls, acrylics, VAE), beige
or yellow glues (polychloroprene, UF), brown resorcinol—formaldehyde glue,

— solid granulates or pellets or rods for hot melts, white or beige colors,

— powders (cement mortars, hot melt powders),

— films with or without a carrier (thickness from 0.1 to 0.5 mm), such as some
epoxies or heat sealable films,

— pressure-sensitive films and tapes,

— sealants tapes or other preformed shapes.

The color is given by the darkest resins contained in the adhesive (and, very rarely,
by a specific pigment or carbon black contained in some rubber-based formula-
tions). Color will almost always darken when the A & S is exposed to high heat
and oxidation, and this is a way to evaluate the heat resistance of hot melts. It will
yellow after exposure to sunlight, UV and oxidation. Color may be measured with
the Gardner scale.

2.2.1.7. Spectrographic IR, UV, Chromatographic Analysis

These analyses are of course the best QC tests, because they provide a “finger
print” of the formulation: a reference spectrum printed with the right formulation
is used and all the spectra of all batches should match this reference perfectly.
Each raw material will give its own absorption peaks, and the formulator should
get all the spectra of the various raw materials in order to be able to find it in a
formulation. Refer, for instance, to Fig. 11, which provides the spectrum of an
epoxy resin, showing all the specific peaks of absorption.

Big repertories of spectra of many chemicals and raw materials are published
by suppliers of equipment (Perkin Elmer, Cambridge Instruments, etc.). The
experienced chemist can read the spectra and tell the types of polymers or rubbers
or resins contained in the formulation and the reactive sites. Thus, this is also a
way to analyze an unknown or competitive product, although one needs first to
separate the various raw materials by classic laboratory techniques.

2.2.1.8. Differential Calorimetry (DSC)

This analysis technique measures the difference of energy absorbed by a product
and by a blank reference when subjected to a controlled increase in temperature:
during this increase in temperature, the product sample undergoes some physical
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transformation, chemical reaction that may absorb or generate energy. For
instance, polymerization or oxidation decomposition give exotherms while
melting, evaporation, etc., are endothermic.

DSC may be used:

— on nonpolymerized adhesive for QC control: for instance, Fig. 12 shows
the glass transition temperature T, and an exothermic peak of polymerization
at 147°C,

— on polymerized adhesive in order to measure the percentage of polymerization,
the 7, of the cured adhesive. When the cure reaction has been completed there
is no more variation of the enthalpy.

2.2.1.9. Thermal Gravimetric Analysis (TGA)
In this technique, the weight of a sample is measured during a controlled increase
in temperature.

For more information about these analyses, please refer to the chapter “Testing
methods for adhesives and sealants” later in this Handbook (refer to the list of
contents).

2.2.1.10. Acid or Hydroxyl Value, Epoxy Equivalent Isocyanate Content
According to the chemical type of A and S, the supplier will measure these values
in order to determine the reactivity and the mixing ratio between part A or resin
and part B or hardener.

A
o
x
L
Intégration
Delta H 4193 mJ
447.7 Jig
Peak  147.4°C
2 36.5 mW
o
N
T4=45.6Deg.
\/\ i T
50 100 150 200 (°C)

Figure 12: DSC analysis on an epoxy adhesive before polymerization (AV119 from
ciba geigy/Vantico) the exothermic peak of polymerization at 147°C allows to compute
enthalpy of the reaction and the range of curing temperature.
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Several standard methods exist:

— to measure hydroxyl value: EN 1240 (1998),

— for isocyanate content: EN 1242 (1998),

— for epoxy equivalent: refer to the chapter “Epoxy adhesives”,

— for acid value: ASTM D 1994, determination of acid number of hot melt
adhesives.

2.2.2. Properties Related to the Method of Use

In this section, we will study only the bonding properties of adhesives. For
sealants, the methods of use are different because they are not supposed to give
a strong assembly but instead to fill a gap and seal against humidity, water, etc.,
so that their technical characteristics are different. We will study their specific
properties in the various chapters devoted to sealants in this Handbook, in
Volumes 3, 5 and 6 (refer to list of contents).

Every bonding process involves 8 or 9 different steps (Fig. 13):

1. surface preparation: cleaning of substrates, surface preparation by mechanical,
physical or chemical techniques,

2. preparation of the adhesive: mixing the 2 components, diluting, melting the hot
melts,

3. application with various systems: hand tools, rollers, spray gun, extrusion, etc.

4. pre-drying if necessary (with water- or solvent-based adhesives),

5. assembly,

6. pressing together the parts with various equipments: hot or cold plates presses,
rollers, clamps, etc.

7. drying, curing or polymerization of the adhesive in hot air oven, hot presses,
autoclaves or with UV or HF curing,

8. exit of bonded parts, stacking, storage before shipment.

To each step are associated some technical characteristics of the adhesives, and
adhesives must be adapted to the bonding process and bonding equipment as we
will see hereunder.

Table 3 lists the bonding process steps, the corresponding requirements for
the adhesives and the relevant characteristics. We will now study each of these
“characteristics of use”.

2.2.2.1. Viscosity and Rheology

Viscosity and rheology must be adapted to the application system: some need
very fluid adhesives, for instance, spray guns need viscosities from 100 to
1000 mPa sec, needle applicators for electronics need also very fluid adhesives in
order to flow through the fine diameter of the needle.
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Table 3: Bonding steps, requirements and corresponding characteristics of adhesives.

Bonding steps Requirements Characteristics of adhesives
Surface preparation Should be compatible with — Adhesion to the substrates
substrates and with the — Selection of adequate primer
adhesive
Preparation of Mix properly the two — Mixing ratio
the adhesive components — Pot life of the mix

Respect mixing ratio

Application of Application must be performed:
the adhesive — at the speed of the equipment;
— as an even coat, with the
required coverage

Transfer of After application, adhesive
parts from must remain sticky until
application assembly

to assembly

Assembly Some adhesives can maintain
parts together; others cannot
and require a mechanical
fixture (clamps, press,
frames, etc.)

Pressing and Adhesives must dry or
hardening (time, cure during this time
pressure,
temperature)

Exit of bonded The bond should not
parts fall apart; adhesive must

have already some strength

— Viscosity

— Wetting of materials

— Coverage, consumption

— Stability of the adhesive
in the tanks

— Melting temperature of the
hot melts

— Waiting time
— Open time

— Tack
— Wetting of second substrate

— Mode of setting

— Speed of setting, drying,
curing

— Time, pressure, temperature
for curing

— Tack and hot cohesion
— Speed of setting

Finishing, storage Assemblies should resist
finishing operations

Transportation May create mechanical or
thermal stresses

— Complete setting time
— Mechanical resistance of
bond after setting

— Resistance of adhesive to
environment, handling,
heat, moisture
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Figure 14: A piston valve EFD applies here automatically a bead of white glue of medium
viscosity — beads of glue do not sag. (Source EFD USA/Dosage 2000 France).

Other applicators require higher viscosities and nonsagging A and S, for instance:

— extrusion guns used to apply epoxy or PU mastics for automotive bodies in white
bonding need a high viscosity paste — from 50,000 to 500,000 mPa sec — so
that the adhesive will fill the gap between parts up to 1 or 2 mm thickness
without sagging,

— Fig. 14 shows a piston valve application of a medium viscosity glue
(20,000 mPa sec) at high speed,

— construction and industrial sealants have also high viscosities, or consistency,

— mortars used in construction for thick joints — up to 10 or 15 mm thick — are
also high viscosity products, from 100,000 to 500,000 mPa sec, or in better
words high consistency, in order to resist sagging and flowing out of the joint.

Thixotropy may also be useful, for instance, in order to apply an adhesive
onto a wall with a hand roller, without dripping. Refer also to Section 2.2.2.11: Sag
resistance.

2.2.2.1.1. Viscosity versus temperature, hot melts
For all A and S, viscosity decreases when temperature rises, but this factor is
more important for hot melts as indicated in Figs. 8 and 15. At 20°C hot melt
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Viscosity or consistency or hardness

Hot melt is solid only
hardness or penetration
can be measured in this
part of the curve

Consistency, cohesion
and tack may be
measured here

Hot melt is thick or fluid
viscosity can be measured

I | | |
0 50 100 150 200

T Temperature (°C)

Zone AB The hot melt adhesive is liquid, its viscosity increases when
temperature lowers - it can be applied only between Aand A'.

Zone BC The adhesive "congelates” at high speed. T, (ring and ball
temperature) gives an indication of "congelation” (or solidification) point.

Zone CD Development of cohesion and tack. The hot melt sets
and starts to hold the parts together.

Zone DE Development of hardness and cohesion. The hot melt has reached
now its full mechanical performances.

Figure 15: Hot melts: viscosity, consistency and hardness versus temperature.

adhesives are solid. Then they will gradually soften when temperature increases to
50-70°C, and they become “liquid” or fluid when temperature reaches 100—150°C
according to types and formulations. Hot melts being high polymers do not have a
sharp melting point as some other chemicals: instead they go through a progressive
softening until they become more or less liquid, as shown in the figure. In order to get
an indication of the change of state from solid to a paste, formulators use a test called
“ring and ball” (Fig. 16). The equipment is gradually heated, for instance, 2°C per
minute, until the steel ball falls through the ring immersed into the hot melt. The
recorded temperature is called ring and ball temperature.

On the curve of Fig. 15, the recommended application temperature is located
between A and A’, which corresponds for many hot melts to temperatures ranging
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Figure 16: Ring and ball test apparatus for hot melt adhesives.

from 140 to 200°C. At these temperatures the hot melts are fluid (from 1000 to
5000 mPa sec) and can be applied on substrates by several means: hot melt guns,
hot rolls, etc., and it will spread on/wet the substrates.

After application, the HM adhesive will follow the curve in the reverse way:
from 200 to 100°C it will thicken quickly, become “solid” again below the ring and
ball temperature and it will eventually become strong enough to hold together the
parts when its temperature falls below 60 or 50°C.

2.2.2.2. Wetting of Substrates
Proper wetting of substrates is mandatory for a good adhesion (refer to the chapter
“Theory of adhesion” in Volume 2).

Wetting of the substrates depends on several factors:

1. The angle of wetting depends on the type of adhesive (or sealant) and the
nature of the substrate. Wetting follows the Young equation (refer to Fig. 17):

Y,,C0s 6 =y

SV o 'YSL
where vy is the interfacial tension of the solid material in equilibrium with the

fluid vapor, vy,  is the surface tension of the fluid material in equilibrium with its
vapor, vy is the interfacial tension between the solid and liquid materials.

Solid g,

Figure 17: Wetting of a solid by a liquid.
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Complete wetting occurs when 6 = 0 or cos 6 = 1, i.e. when
’ysv = ’YSL + YLv'

Therefore, wetting is good when the substrate surface tension <y  is high and
its critical surface energy is high, and when the surface tension of the wetting
liquid is low. Thus low-energy polymers and adhesives will wet easily high-
energy substrates like metals, but most adhesives do not wet low-energy surfaces
like polyethylene (y. = 31 mJ/m?) or Teflon (y, = 18 mJ/m?).

European standard EN 828 (1998) indicates how to measure wetting properties
by measuring the contact angle and the critical surface tension of a solid surface.

2. Wetting depends also on the viscosity. Viscosity should be low enough so
that the adhesive will spread on the surface easily. We can understand that a good
wetting may be difficult to obtain with a sealant because sealants usually have high
viscosity. In order to improve their wetting properties, sealant formulations should
include a wetting agent. However, silicone sealants have very low surface tension
of 21-22 mN/m and can wet many different substrates.

3. The pressure applied on the adhesive will force it to spread and penetrate into
porous, fibrous materials and into the roughness of the surfaces. This is why parts
to be bonded should always be pressed together with as much pressure as possible.

Fig. 18 shows the difference between a good wetting and a bad one. Probably
20% of bond failures result from poor wetting.

2.2.2.3. Working Temperature and Humidity
Ambient temperature and humidity have an impact on drying and setting speed.
Most A and S are designed for utilization around 20°C and relative humidity (RH)

(a) (b}
Wetting of
substrate
adhesive
joint W

'
Q Substrate I:l adhesive

Figure 18: (a) Bad wetting. (b) Excellent wetting of all the surfaces.
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between 40 and 80%, in most countries. If temperature is much higher, the A/S
may start to dry on its surface (also called skinning), thus reducing the open time
(see later, Section 2.2.2.14) and the wetting of the other substrate. This is
especially true for solvent-based A/S.

Dew point: If ambient humidity is high there will be a problem with solvent-
based adhesives formulated with fast drying solvents (such as acetone, hexane,
ethyl acetate, etc.): the solvent will evaporate quickly, this will cool down the
surface of the adhesive and the ambient humidity will condense on this surface, as
a dew. It will be visible as a blush and a matt surface. Mini droplets of water
condensed on the surface will prevent, for instance, contact polychloroprene
adhesives to transfer to the other coated surface and the bond will be very poor.
Thus solvent blend should be adapted to the weather conditions in the country
where the adhesives are used.

2.2.2.3.1. Minimum film forming temperature

Low ambient temperature is quite detrimental to water-based emulsion adhesives.
When the temperature is too low, the dispersed polymer particles will not coalesce
or fuse together, and it will prevent the formation of a strong continuous film of
adhesive. Instead, a powdery, cracked film will occur if the temperature is lower
than a required minimum. There is a minimum film-forming temperature (MFFT)
below which there will be no film formation and consequently no bonding.
This temperature may be measured with several test methods: ASTM D 2354 and
ISO 2115, by using specific equipments such as the Sheen Instrument minimum
film temperature bar (Fig. 19): a microprocessor controlled stainless steel plate
is cooled at one end and heated at the other. The sample to be tested is laid down
at 75 pm film thickness and 25 mm width. After 45—90 min, a clearly defined
coalescence zone will be visually obvious, and the temperature at this point will be
recorded as MFFT.

For instance, emulsion vinyl glues display MFFT from +2 to 4+ 10°C. MFFT
can be adjusted by proper formulation: for instance, plasticizers and solvents
may help to lower the MFFT a certain extent (refer to the chapters related to
Water-based emulsion adhesives in the subsequent volumes).

Freezing during application or during setting: If freezing conditions occur
at these times, the ice crystals will totally prevent bonding. The A/S should be
scraped and the bonding job done again after the temperature rises to a minimum
of 10°C to be safe.

For all these reasons, bonding and sealing should be done always at temperatures
ranging from +10 to +35°C. In very hot or very humid countries special
formulations and extra care are mandatory.

Sealants reacting with ambient humidity: Some sealants and adhesives (one
component PU, MS polymers) cure by a chemical reaction with ambient humidity.
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Figure 19: Minimum film forming temperature bar from Sheen Instruments Ltd England;
on the left of the plate, cooled zone; on the right, heated zone.

This is the only case where humidity is an advantage. They may also react with the
humidity contained in the substrates.

2.2.2.4. Mode and Conditions of Setting
After application of the liquid or paste A/S, it must harden; this is called setting
or curing. Table 4 shows all the different modes of setting, by drying, curing,
chemical reactions, etc. Modern physics and chemistry offer many different
modes of setting, including the latest ones discovered such as UV curing, HF (high
frequency) or MW (micro waves), electron beam (EB) polymerization. In the
chapter “Physics and chemistry of A/S” we will study in detail all the available
modes of setting and curing. Many characteristics of A/S depend on the mode of
setting. It is thus very important for the users to understand how setting/drying or
curing will occur during the bonding process, and the TDS should always indicate
it precisely, but unfortunately this is almost never done!

We will now study each of these parameters and related technical characteristics.

2.2.2.5. Mixing and Proportioning 2 Components Adhesives

The 2 components should be preferably mixed immediately prior to application

so that the chemical reaction is not yet started and it leaves time to apply the A/S.
Proportions of the mix are quite variable according to types of A and S:

— some formulations require only the addition of a minor amount of hardener or
catalyst (1-10%), for instance, UF and MF resins, use of isocyanate hardeners
with polychloroprene or PU adhesives, Thiokol/polysulphide sealants, etc.
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Table 4: Different modes of setting for A and S and setting parameters.

Types of A/S

Modes of setting

Setting parameters

Examples

Water based A/S

Solvent-based
adhesives

Contact adhesives
applied on both
substrates

2 components
thermosetting
A and S

1 component
thermosetting
adhesives

Hot melt adhesives

Reactive hot melts
one component

Adhesives which
react with
humidity in the
ambient air

UV and EB curing

— Water evaporation
before assembly

— Absorption of water
by substrate(s)

Evaporation and
absorption of
solvents

Complete drying
followed by
immediate
bond by contact
under pressure

Chemical reaction
between 2
components at
room or elevated
temperature or
with a catalyst

Chemical reaction
triggered by heat

Cooling of adhesive
after application

Combine both:
cooling + curing

Chemical reaction
between water
and polymer

Chemical reaction
triggered
by radiations

— Film thickness

— Absorption of
substrates

— Temperature,
humidity

— Link between
water and polymer

— Evaporation rate
of solvents

— Absorption of
substrates

— Temperature

— Same as solvent
based +

— Minimum
pressure 5 bar

Mixing ratio

— Reactivity
between
components

— Time and
temperature

Chemical reactivity
— Temperature,
pressure, time

— Cooling speed
— Viscosity =
F (temperature)

— Cooling speed
— Chemical reactivity

— % humidity in the
air and in the
substrates

— Temperature

— Wavelength,
power

— Vinyl, acrylic
emulsions

— Other water based
(PU emulsions)

— Solvent-based PU,
PVC adhesives

— Polychloroprene
adhesives

— Epoxies, PU,
struct.
acrylics

— UF, MF,

PF, RF

— Epoxies, PU,
UF, MF, PF

— EVA, PA,
PU hot melts

— PU reactive
hot melt

- PU A/S, MS
polymers

— PU reactive
hot melts

— UV and EB
curing PU,
acrylics
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— other adhesives and sealants are formulated in order to have a ratio, which is
easier to measure and control. For instance, some epoxies, acrylics or PU
adhesives may be mixed at a 1:1 ratio or at least the quantities of part A and
part B should be of the same order, for instance, 60:40 or 70:30.

According to the type of chemical reaction between the 2 components, A and S
may be more or less tolerant to a variation of the ratio; in most cases the mixing
ratio should be respected within a 5% tolerance.

Fig. 20 shows an example of a mixing and metering machine for 2 components
A and S.

2.2.2.6. Pot Life, Gel Time
These characteristics are related only to 2 components A and S. Pot life is the time
during which the adhesive may be used after the 2 components have been mixed.
After mixing, the chemical reaction between the 2 components starts and the mix
start to thicken so that after some time the adhesive becomes too thick to be spread
and to wet and stick to the substrates.

Pot life varies with:

— chemical reactivity of the 2 components.

— temperature: when temperature increases pot life is reduced. A general and
approximate rule is that pot life will be halved when temperature increases
by 10°C.

— quantity mixed: when the quantity of adhesive mixed increases, pot life will be
reduced because most chemical reactions are exothermic and the heat generated,
larger with a larger quantity, will in turn speed up the reaction.

Example: For a given epoxy adhesive let us suppose that the pot life is 1 h at
20°C for a 1 kg mix. At 35°C it will be only 25 min and if the mixed quantity is
5 kg it may be only 10—15 min. For many chemical reactions, the speed of the
reaction doubles when temperature increases by 10°C.

The pot life of 2 components adhesives may be measured according to ISO
10364 (1993) or ASTM.

Gel time: This is a way to measure the pot life and the chemical reactivity.
There are different methods of testing. One method is by measuring the viscosity
from time to time after mixing. When viscosity becomes too high the mix is no
longer usable.

Automatic gel timers record the increase of viscosity versus time, according to
BS 2782, for instance.

Several standards exist to measure pot life and gel time, for instance, ISO 10364
or ASTM.
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2.2.2.7. Application of the A and S, Tools and Equipment
This will be explained in detail in the chapter “Application equipment for
adhesives” in Volume 2. In this section, we will only explain the characteristics of
A and S that are related to the application equipment.

The selection of application equipment depends on several characteristics:

— viscosity: some applicators need very fluid adhesives such as spray guns in
order to break the stream of adhesive into fine particles; others need higher
viscosities, for instance, guns for sealants and caulks. Each type of applicator
requires a given range of viscosity,

— thickness of the joint, quantity of A and S needed: when the gap between
parts to be assembled is large (1 mm or more), for instance, for sealants, the
application equipment must deliver a large quantity per minute, without
sagging,

— one or two components, pot life: 2 components A and S should be mixed and
used much before the end of pot life. It is even better to mix the 2 components
immediately after they leave the applicator; some equipment allow it by
external mixing, or by separate applications of resin and hardener (resin being
applied on one substrate and hardener on the other one as is done for resorcinol —
formaldehyde adhesives in wood industries).

2.2.2.8. Gap-filling Properties

Usually adhesives should be used in low thickness, from 0.05 to 0.25 mm in order
to lower stresses (refer to the chapter “Theory of adhesion” in Volume 2). But
some adhesives allow one to fill larger gaps from 0.25 to 2 or 3 mm.

In order to fill large gaps the adhesive should meet the following requirements:

— solids content should be 100% or very close to that level so that when the
adhesive will cure it will not release volatile compounds and it will not shrink
or develop internal stresses. Thus, gap filling adhesives are usually cured by a
chemical reaction (1 component thermosetting or 2 components),

— in most cases, a flexible adhesive will be better than a rigid one, unless a very
rigid assembly is necessary, for instance, for concrete to concrete bonding,

— curing should not give evaporation of volatile compounds (resulting from
chemical reaction) because this would cause pressure in the joint, stresses and
shrinking.

Gap-filling properties are measured as the largest gap that may be filled by
the adhesive without reducing mechanical characteristics and without cracking.
ASTM D 3931 is used to determine the strength of gap-filling adhesive bonds in
shear by compression loading.
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A and S used for gap filling:

— epoxies may fill gaps up to 2 or 3 mm, for instance, to bond concrete to concrete
in civil engineering (segmented bridges),

— PU, polyesters and structural acrylics are also used for thick joints up to several
mm thickness, for instance, for boat building,

— formulations similar to sealants formulation, based on PU, thiokols or MS
polymers, may also be used as flexible adhesives, and they may fill large gaps,
up to 5 mm,

— mortars may fill gaps up to 2 cm, for instance, in construction (Fig. 21).

Formation of a meniscus: When bonding honeycomb to a flat surface, the
contact area between the honeycomb cells and the flat surface is small. Thus, it is
necessary to increase it as much as possible in order to increase the mechanical
resistance. The way to do it is to use an adhesive that will be very fluid during
application and/or curing, with an adequate surface tension so that it will climb on
the walls of the cells as indicated in Fig. 22. The pictures of Fig. 23 show what
happens when the bond is broken: in some places the wall cells break 1 or 2 mm
above the adhesive film, which is good, in other places the walls of the cells break
immediately near the adhesive surface.

> o.N———— Gap-filling adhesive or mortar
T 7 Ceramic tiles
=
NESEN
[=4 3 q
Wall not S These surfaces must
perfectly flat = <, be perfectly flat
D o .
S for aesthetics
e
O
Qo
>
:g Tiles (embedded
= in mortar)
Concrete o
wall

PR = o o oS
S e 2o & 0. 2 o7 & e =
S LoD s PN S, P

Floor not flat

Figure 21: Gap-filling effect of a ceramic tile adhesive or mortar: although wall and floors
are not perfectly flat the surface of tiles must be perfectly flat. The adhesive on mortar must
fill the gaps between wall/floor and the back of tiles.
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Facings

A VNV NV NV S N/ G 7 Honeycomb cells

A A A A A /\/

Meniscus

Figure 22: Formation of the meniscus on honeycomb.

Figure 23: Breaking down of honeycomb sandwich panel bonded with epoxy film.
Honeycomb cells break down in different heights. (Colour version of this figure appears
on p. xiii.)
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2.2.2.9. Coverage or Consumption or “Add-on”

This is the optimum amount of adhesive that should be applied on substrates in
order to get good bond and strength. European companies measure it in g/m?,
American in sq ft per gallon or pounds per sq ft. ASTM D 898 and 899 are used
to measure applied weight per unit of dried or liquid adhesives. Coverage
depends on the volume that should be filled by the adhesive. If there is not
enough adhesive to fill the gap, the bond strength will be too low. If there is
too much, the drying may be too slow, there will be a waste of adhesive, and
moreover the bond strength may be lower because stresses may develop in the
glue line under tension or shear.

Measurement of coverage: Take a paper or plastic film of a given area, weigh
it accurately, apply the adhesive and weigh again immediately (or after complete
drying if the goal is to measure dry consumption); record the weigh difference
for a 1 m? area. Simple notched gauges (Fig. 24) with notches ranging from 10
to 1000 wm depth are quite convenient to measure the thickness of the wet film
of adhesive.

2.2.2.10. Stability of the Adhesive in the Applicator’s Tank

— Hot melt adhesives must stay in the melting tank for a whole working day at the
application temperature. At these elevated temperatures, hot melts may start to
degrade by oxidation or burning (charring). They will become darker, burned
particles may clog the guns and properties will be damaged.

The heat stability is usually measured by following the darkening of
color after increasing periods of time (from 1 h to several days) at different

different
graduations on

/ all four sides (not shown)

Wet film

thickness

in microns > S KEBL8YILS the depth of notches
~ — = — NN NNM

n O v
N 0~ «+— varies. When it comes
I_|_|_|_|_|_|_|_|_|_|_|_|_|—|—|—|_|—|—|—'_|—|_'-| into contact with the
wet film of adhesive
it leaves a mark

substrate

Figure 24: Metal notched gauges to measure the thickness of a wet film of adhesive
(or paint).
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temperatures. The color chart may be supplied by the adhesive manufacturer
and the color evaluated with a Gardner scale of colors. EN ISO 10363 (1995)
is used to measure the heat stability of hot melt adhesives.

— Drying types of adhesives (water based and solvent based) may start to dry
by water or solvent evaporation in the tanks or on the rolls by the effect
of agitation, and some latex-based adhesives may become unstable and
coagulate after a long agitation. Mechanical stability refers to the ability of an
emulsion to withstand agitation, shearing during pumping, working on rollers
or other systems involving high shear. This is important on high speed roller
machines in packaging, laminating, graphic arts, paper bonding.

A practical test is the best way to assess this mechanical stability:

Five hundred grams of the adhesive are poured in the tank of a laboratory roll
applicator; the roll distance is adjusted to the expected gap, for instance, 0.1 mm
and the rolls are started at high speed: 100 rpm for the pick up roll and 400 rpm
for the applicator roll. After 2 h, note the viscosity change, possible coagulation,
foaming, etc. A similar test may be run with a laboratory mixer and a 500 g beaker,
by running the lab mixer at 2000 rpm for 2 h. (After these tests, one may also
test the adhesive by running an actual bond test and checking for any loss of
performance.)

2.2.2.11. Sag Resistance

Sag is related to the rheology of the A and S. EN ISO 14678 is used to measure the
sag resistance of adhesives. ASTM D 6005 measures slump resistance of carpet
adhesives, for instance, (there are also other standards to measure sag of sealants:
refer to the chapters related to sealants).

2.2.2.12. Waiting Time before Assembly, Pre-drying

This applies only to water- or solvent-based adhesives that set by drying. After
application on the substrates, water or solvents start to evaporate at the ambient air,
and also to be absorbed by substrates if these are porous. The adhesive thickens,
becomes tacky or sticky and eventually develops enough cohesion so that it
becomes possible to assemble the parts without risk of parts moving or sliding.
The waiting time is the time that the operator must wait before assembly in order
to let some water or solvent evaporate and to develop enough tack (refer to
definition in Section 2.2.2.13).

Waiting time depends:

— on the type of adhesive: solvent-based adhesives containing fast evaporating
solvents (acetone, MEK, alcohol, ethyl acetate, etc.) need only seconds if
the adhesive is applied on one side only or a few minutes if adhesive is applied
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on both parts to be bonded. Other adhesives containing slow evaporating
solvents or water may need from 3 to 20 min. Contact polychloroprene
adhesives which are always applied on both parts (double application or 2 ways
technique) and are used frequently on impervious materials need 10 min
waiting time; after this time they develop a very strong “grab” or tack by simple
contact between the 2 films under 5 bars pressure.

— on the stiffness of the materials to be bonded: for instance, to bond a stiff film or
plate a high tack is required so that this material will not move or separate from
the other part, if the parts are not pressed or clamped together during drying of
the adhesive.

2.2.2.13. Tack

This is the ability of the adhesive coat to “grab” the other part and prevent it from
moving immediately after assembly. For pressure-sensitive adhesives, it is the
ability to stick immediately after application of the tape or label. Tack develops
during waiting time and also it may be provided by a thick and sticky adhesive so
that there will be a suction effect, for instance, in mastics. Tack may be measured
with many different test methods according to the industries. We will just mention
a few of these methods.

Tack of pressure-sensitive adhesives: We will study pressure-sensitive
adhesives in a special chapter later in Volume 4.

Pressure sensitive adhesives (PSAs) are thermoplastic adhesives, which after
application and drying or setting, remain sticky for very long periods of time
(several years). They are used to manufacture PS tapes and labels.

Tack of PSA is measured by several tests:

— Rolling ball tack tester: refer to Fig. 25 and to ASTM standard D 3121.
— Loop test: refer to Fig. 26; a loop of PSA tape with PS adhesive outside is
placed to contact a stainless steel clean plate, so that the contact area is of

stainless
steel ball
flat surface coated with
the required PS adhesive
inclined
plane l A the steel ball stops here

A
Y

distance to stop
the steel ball

Figure 25: Measurement of PSA tack by rolling ball tack tester.
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T measurement of the force required to pull out the loop

[

loop of pressure sensitive material
coated with PSA outside

stainless steel plate

Figure 26: Measurement of tack by the loop test.

a few cm?; after a few seconds the loop is pulled upward to separate it from the
steel plate and the force required is recorded, in grams per cm width of the tape.

— D 2979: test method for pressure-sensitive tack of adhesive using an inverted
probe machine.

2.2.2.14. Open Time

With almost all adhesives, after the adhesive has been applied on one substrate, it
starts to thicken, either by starting the chemical reaction for reactive adhesives, or
by evaporation for water- and solvent-based adhesives, or by cooling down for hot
melts. After some time, the adhesive becomes too viscous or too dry and it is no
longer able to transfer to/and wet the other substrate. This maximum waiting time
is called open time.

Examples:

— For two components adhesives, the open time is related to the gel time; to be
safe it is advisable to assemble the parts within an open time equal to half the
gel time.

— Hot melts cool down very quickly after application and for the EVA or
polyamide hot melts the open time is only a few seconds.

— Vinyl emulsions for wood and paper bonding have open times from 30 sec to
several minutes.

Fig. 27 shows the two time limits, waiting time and open time; the working time
WT is equal to OT — WT. It should be adapted to the speed of the bonding
operations and the production line.

Measurement: After coating the adhesive on one substrate, pieces of the
second substrate are laid on the surface of the adhesive from time to time, at 1 sec,
or 1 or 5 min intervals. Later after some drying or curing, these pieces are pulled
away and the open time is the maximum time one can wait and still get a good
transfer of the adhesive and a good bond. (To be safe acceptable transfer should be
at least 90%.)
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bond performances
(after full setting)
adhesive too dry

adhesive and too thick = no transfer,
too "liquid" too late for bonding
= ==
7 working /
/ time g
time after
adhesive application
t=0 WT oT
waiting open
time time

Figure 27: Open time and waiting time limits.

2.2.2.15. Pressure Required
During drying or curing, the parts must be pressed together firmly for several
reasons:

— the adhesive film and the parts should not move during drying or curing,

— in case some volatile compounds should evaporate during drying or curing
(gases from condensation, water, solvents), pressure will prevent parts to be
separated and counter effect the gas pressure,

— pressure will force the adhesive to penetrate into the roughness of the
substrates.

According to the chemical types of adhesives and their mode of curing, the
required pressure may vary from mere contact under low pressure to 1 bar up to
12 bars. For drying or curing conditions, temperature, time and pressure are
indicated by the adhesive supplier.

2.2.2.16. Setting Time and Setting Speed
Adhesives acquire their final mechanical and physical properties only after they

harden and become cohesive, according to the different modes of setting indicated
in Table 2.

— afirst level of setting or curing will provide some strength, enough for parts to
be handled and further machined (by drilling, cutting, painting, etc.),
— later a complete 100% setting/curing will develop.
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The curves in Fig. 28 show some different types of setting and/or curing. Setting
speeds are very different according to the types of adhesives, mode of setting,
temperature, chemical reactivity.

Examples:

— hot melts set in seconds after assembly, through fast cooling,

— cyanoacrylates set in 30 sec,

— UF, MF, RF, vinyl wood glues, one component heat curing epoxies, all provide
50-80% of final mechanical strength immediately after hot pressing and cooling,

— two components RT curing epoxies or PU take several hours for partial set,

— a special case is provided by the reactive PU hot melts that work in 2 steps:
applied at 120°C, they set in seconds after cooling, this gives some strength
already, but later the chemical reaction of the PU provides within hours a much
higher mechanical strength.

mechanical
strength

one component
heat cured epoxy

» time
20 to 30 mm 6 to 10 hours (e time required
at 150 °C atRT to get 50%

of final strength)

Figure 28: Time for drying/setting/curing for various types of adhesives (for other specific
curves please refer to the chapters dealing with other chemical types of adhesives).
e = 50% of final strength.
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2.2.2.17. Storage and Storage Life
According to their mode of setting and curing, adhesives have different storage
lives:

— water- and solvent-based adhesives that set by drying may be stored in closed,
original containers for a fairly long time, 1 year at least,

— hot melts may be stored several years because nothing will happen in the
granulates at room temperature,

— two components adhesives may usually be stored for 1 year or more in
separate and closed packaging at room temperature, but some hardeners or
catalysts such as isocyanates have a shorter storage life (6—9 months), and
should be stored in very tight containers because they react with ambient
humidity,

— one component thermosetting adhesives such as epoxies, PU, etc., may have a
storage life limited to 6—9 months at room temperature: they react quickly at
elevated temperature but they also react slowly at room temperature (most
chemical reactions have a speed that doubles when temperature increases by
10°C so that 9 months at 20°C is equivalent to 1 month only at 50-60°C),

— when they contain fillers, liquid adhesives may settle during storage, and
should be remixed thoroughly just before use.

Temperature during storage: Some very reactive adhesives such as epoxy
one component film adhesives or some cyanoacrylates should be stored in
refrigerators at — 10 or — 20°C before utilization in order to increase storage life.
At these temperatures they may be stored several months, while at 20°C they
could only be stored a few weeks. Suppliers always indicate the shelf life of their
A and S.

2.2.2.18. Stability to Freeze—Thaw Cycles
It is important to know what happens if the A/S has been subjected to conditions
near freezing. EN 1239 is used to measure stability to freeze—thaw cycles.

2.3. Properties of Cured/Dry Adhesives
2.3.1. Mechanical Characteristics

2.3.1.1. Adhesion to Various Substrates
Adhesion of an adhesive A to a material M depends on the couple A—M, for
instance:

— epoxy and PU adhesives will bond/adhere to many materials: all metals,
many types of plastics, wood, glass, composites, ceramics, foams (and also to
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cardboard, paper, textiles, etc., but these latter materials are not strong and do
not need such high performance, structural and high cost adhesives, and thus
the epoxies are used only for structural bonding). The good adhesion of epoxies
and PU to many materials is due to the structure of their molecules, which
contain polar groups (refer to the chapters: “Theory of adhesion”, “Epoxy
adhesives” and “Polyurethane adhesives”).

— on the other hand, vinyl emulsion adhesives bond/adhere to fibrous materials
such as wood, cardboard, paper, textiles, but they do not bond to metals, plastics
or glass and other impervious materials.

We will not explain here why a given adhesive should stick to a given material,
because this is explained in the chapter “Theory of adhesion” in Volume 2 in the
light of wetting, surface energy, adsorption, work of adhesion, electrostatic,
diffusion, covalent bonds and van der Waals forces, and it is also discussed in all
the chapters dealing with the various chemical families of adhesives.

We will only indicate how to measure adhesion through mechanical testing of
the bonds.

We will not describe the laboratory equipment and the detailed test methods
that may be used for all the tests hereunder, because this will be done later
in the chapter titled “Methods of testing adhesives, sealants and their joints” in
Volume 7.

In the chapter “ Selection of an adhesive”, we provide charts indicating
which types of adhesives should be used to bond a material M1 to a material
M2. The only way to measure adhesion to a given substrate is to prepare
samples of actual bonded parts and test it by various mechanical breakdown
tests. Basically, bonded joints may be stressed and eventually broken in 4
different modes: tensile shear, tensile force, peel and cleavage. These modes are
shown in Fig. 29.

These test methods have 3 purposes:

— When the bond breaks, if the failure is adhesive to one of the substrates, the breaking
load provides an evaluation of the adhesion to this substrate.

— If the failure is cohesive, the breaking load gives the internal strength of the cured
adhesive.

— In both cases, the breaking load provides an evaluation of the mechanical resistance of
the bond, and this value may be later utilized for the design and calculation of the joint,
as we will see in the chapter dealing with these issues (in Volume 2).

There are many standards/test methods that are used for these mechanical tests,
because the size and shapes of bonded samples, the forces involved, the speed of
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pulling and loading, the stiffness of the materials, the specific conditions of testing
vary with the materials to be bonded, the industries and applications, etc.

We will describe here the main testing methods. Other specific methods will
be described in the chapters dealing with the various industries, for instance, in
“Pressure sensitive adhesives”, “Electronic adhesives” because these industries
have their own tests methods. Suppliers of testing equipment are listed in the
appendix.

(a) Pure tensile strength
Configuration of bond

and stresses distribution of stresses
t
Stresses are concentrated
on a small surface. These
7 adhesive bonds should always be
//é layer 7777, avoided.
L

(b) Tensile shear

TITIBX

tensile machine] [ Taverage

N width of test
specimen

This is the best way of
using adhesive bonding:

stresses are distributed
:| || |: over a large section and
_-— a large width
* width
(c) Peeling (Flexible to rigid substrate) Stresses are concentrated
on this narrow edge surface

b e

Figure 29: Different modes of mechanical stresses on adhesives (or sealants) joints.
Modes of rupture of adhesives and sealants bonds.
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(d) Cleavage the 2 substrates are stiff and pull strength is
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Figure 29: Continued.

Tensile shear resistance

This is one of the most important tests because adhesive bonds show a good
resistance to tensile shear stresses and it is always recommended to load the
bonded parts in tensile shear mode in order to get the highest resistance (refer to
the chapters: “Design and calculation of bonded joints” in Volume 2 and
“Bonding metals” in Volume 5).

The thickness and the mechanical resistance of the test specimen should be
close to that of the actual parts to be bonded, so that it will not interfere with the
tests results and it will duplicate the real parts. Test specimens are prepared
according to the standard test method (refer, for instance, to Fig. 31) including
the proper surface preparation, then the samples are bonded and cured or dried
according to the adhesive or customer specifications.

A certain period at 20 or 23°C must elapse before testing, in order to standardize
the test specimen. Then the test specimen is clamped in a tensile machine, such as
the one shown in the colour section, and pulled with a constant rate of increase of
the pull force, until it breaks, and the forces are recorded. The mode of rupture,
adhesive or cohesive or mixed, is also carefully noted (Fig. 29b).
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Modes of ruptures

Désignations
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Cohesive rupture near the surface of the substrate
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Adhesive rupture (into the adhesive film)
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F

Cohesive rupture by peeling
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Figure 29: Continued. The coating may be a paint or varnish or a primer or a surface

preparation.
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Thickness of adherends and adhesive film
causes some bending of the adherends. Thus
the stresses concentrate at the 2 edges of
test samples as indicated by the curves
(bending has been exagerated here to
emphasize its effect)

jp
Figure 30: Deformation of a lap shear specimen showing stresses distribution when the
load varies.

There are several test methods available:

— ASTM: D 1002 for metals, D 3163 and 3164 for plastics and D 5868 for
composites,

— D 3163: test method for determining the strength of adhesively bonded rigid
plastic lap shear joints in shear by tension loading,

— DIN 53283, 55284,

— EN 1465 (1995) and ISO 4587 (1995): determination of tensile shear resistance
of rigid—rigid assemblies, single lap samples,

— ISO 6237 for wood to wood adhesives.
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Test specimens should be sufficiently thick and rigid, or else they would bend as
indicated in Fig. 30, some peeling effect would occur and the pull values would be
lower or even much lower if the adhesive was very rigid.

For this reason there are also test methods for double lap shear such as ASTM D
3528 (for generic substrates), and for off set notched lap shear such as ASTM D
5656 (for metals) and D 3163, D 3164 and D 3165 (for generic substrates). Refer
to Fig. 32.

When adhesives are heat cured, if bonded materials are different and have
different coefficients of expansion this difference will cause during cooling
some stresses and the pull values will be lower, mostly if the adhesive is very
rigid.

Examples:

— Structural adhesives such as epoxies may be tested on metal or composites or
plastic specimens. The usual size of specimen is indicated in Fig. 31. On
metal substrates, epoxies give values between 15 and 40 MPa according to
the metal, the surface preparation and the specific epoxy adhesive. Because the
metal resistance is higher than these values, the metal specimens will not break
(unless they were too thin and then the test should be performed again with
thicker samples).

— Wood to wood bonds made with vinyl white glue are also tested with double lap
shear test specimen (Fig. 32), in order to avoid cleavage effects at the ends of
the joint. In this case the tensile shear resistance will be from 4 to 10 MPa and
some wood fiber tear will occur.

Load (N)
3125

Lap shear strength (N/mm?) =

12.5
> +02°%
t H
25.0 -
+0.25 |
1
I
~187
Jaws of the
v tensile machine
T L '\ \
1.6 :
+0.05 / Adhesive

oh : filet

Figure 31: Tensile shear test of tensile shear specimen (DIN 55285).
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Figure 32: Double Lap Shear (reduce peel stress): ASTM D3528 (generic substrate), Off-
set or Notched Lap Shear (reduce peel stress), ASTM D5656 (metals), ASTM D3165
(generic substrate).

— Cardboard, textiles, thin plastic films are not tested in this way because they
would break before the adhesive and the test would not be significant. These
fragile and flexible materials and bonds are usually tested by a peel test or a
creep test, as we will see hereunder.

Tensile test (tension perpendicular to joint)

Pure tensile stresses are not good for adhesives because the bonded surface is
too small to get good values. However, in some very special cases the user may
need to know this value, for instance, for the bond between a stiffener and a plate.
The ISO standard 6933, ISO 6922 (1987) or CEN 26922 (1993) may be used to
measure the tensile strength of bonded assemblies perpendicularly to the bond
line, for metal to metal assemblies.

The test will be performed as for the tensile shear resistance but with the
required configuration of the joints. The bonded parts should be aligned very
carefully as is explained in the above standards, because if they are not there will
be some cleavage effect and as the adhesives do not resist to cleavage the pull
value will be low, and this is the reason why the bonded joints should never be
loaded in pure tensile mode. For the same bonded area, the tensile value will be
lower than the tensile shear value.

This tensile test may be used for measuring the modulus and the Poisson
coefficient (read below paragraph Section 2.3.1.2 for the definitions).

Also metal to honeycomb bonds need to be tested in tensile load. The aircraft
industry uses EN 2243-4 or the American MIL A 25463 and MIL 401B for this test
(Fig. 33).
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Figure 33: Pure tensile test on honeycomb sandwich panel — clamps axis must be

perfectly aligned in order to avoid any cleavage effect.
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Peel strength

This test may be performed only when at least one of the materials is pliable/
flexible (such as paper, plastic films, textile, thin metals, etc.) and when both
materials can withstand the pull force without tearing or breaking.

One of or both material is (are) peeled off in a tensile machine, under a constant
speed of separation, which is usually much higher (300—500 mm/min) than for the
tensile shear test.

Here again there are many different test methods according to the materials to
be tested, the requirements of the industries where bonding is used, the types of
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Figure 34: 90° peel test also called floating roller peel: (a) panel prior to bonding (cut into
25 mm strips after bonding); (b) peel test apparatus (all dimensions in mm).
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(c) Peel Strength = mean load (Newtons)
estimated mean line
Load | - - - - - LA - o e\,
N L~ N— TN
25mm 125mm

of peel of the test specimen

Figure 34: Continued. (c) Typical trace of a 90° metal/metal peel.

bonded parts to be tested, etc. We will review the most frequently used test
methods hereunder.

— 90° peel: ISO 8510-1 December 1990 or EN 28510-1 are used to measure the
peel strength of a flexible material bonded to a rigid one (Fig. 34),

— 180° peel: ISO 8510-2 or EN 28510-2, for flexible to rigid assemblies
(Fig. 35a),

— another 180° peel is called T peel for flexible to flexible assemblies, it is
performed according to ISO 11339 (1993),

— 180° peel may also be measured according to ASTM D 903 (refer to
Fig. 35b),

— EN 1464: Determination of peel resistance for structural adhesives with
floating rollers equipment.

In aircraft construction, sandwich panels made of metal facings bonded onto
honeycomb are usually peeled with the climbing drum peel test, according to EN
2243-3 (Fig. 36) or ASTM D 1781 or MIL A 83376.

For all these tests, the peel strength is measured in N (Newton)/cm width.

The peel strength varies according to the types of adhesives. They are very low
(200-800 g/cm) for PSAs, up to 100 N/cm for PU adhesives used for shoe soles
attachment (peel strength of shoe soles attachment may be measured according to
ASTM D 2558).

Peel strength measurement is always performed on pressure sensitive adhesives
(PSAs) where it is the most important test.
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Figure 35: (a) Test panel and specimen for T-peel (from ASTM D 1876) (both substrates
are flexible); (b) 180° peel test specimens: (i) specimen design, (ii) testing equipment for
flexible to rigid substrate bond. (From ASTM D 903.)
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Figure 36: Climbing drum peel test for honeycomb sandwich panels: (a) specimen
configuration; (b) climbing drum apparatus; (c) typical trace of climbing drum peel test.

Examples:

— PSAs for tapes and labels display low peel strengths from 200—-800 g/cm width,
because they need to be peeled off easily from substrates, without leaving
traces. Thus, their peel strength must be lower than the paper or plastic film on
which they are coated,
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— epoxy adhesives, even though they are structural adhesives, have fair peel
strength from 20 to 60 N/cm width, because they are quite rigid and therefore
do not have a very high resistance to peeling.

— some flexible and tough adhesives (for instance, some PU adhesives) may have
high peel strength combined with fairly good tensile shear resistance, which
may be a very good combination for some applications. This will be studied in
the chapter: “Flexible structural bonding” in Volume 2,

— PU or polychloroprene adhesives used for bonding shoe soles may reach
100 N/cm in peel.

These values and the phenomenon of peeling of adhesives and sealants are
explained in the chapter “Theory of adhesion” and also in other chapters of the
Handbook.

Cleavage, wedge test, Boeing test

This kind of stress is bad for adhesives, generally speaking, because adhesive
bonds do not have good resistance to cleavage. Cleavage can only occur with rigid
substrates.

The resistance to cleavage is measured by a wedge test, as shown in Fig. 37
according to ISO 10354 standard: durability of parts bonded with structural
adhesives, wedge test, may be used, similar to the Boeing wedge test. In this test,
a wedge is pushed inside the joint and the crack propagation is measured.

This test is very important in metal bonding and aerospace industries, where
it is used not only to measure the adhesion and mechanical resistance of the joints
and adhesives, but also to test the efficiency of the preparation of surfaces before
bonding.

In the BOEING wedge test, the test specimens are immersed in water at 50°C
for progressive periods of time, and the length of the crack is measured after each
period with a microscope. If the surface preparation was not good enough, then the
crack will progress quickly and far, and the aircraft constructors have their own
specifications for this test that they perform with various surface preparations such
as PAA (phosphoric acid anodization), CAA (chromic acid anodization), etc.

2.3.1.2. Curve Stress/Strain, Shear and Tensile Modulus

On a sample of cured adhesive, it is very useful to plot the curve stress/strain
which usually looks like the curve in Fig. 38. The tensile stress S = F /A in which
F is the force applied by the pulling machine and A is the cross-sectional area of
the sample. If L, is the original length of the sample and L the length after a certain
amount of tension is applied, the engineering tensile strain or elongation is:

L—L,
e:
L

()
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Figure 37: Cleavage test also called crack propagation (ISO 10354) or BOEING wedge

test: (a) test specimen (all dimensions in mm); (b) wedge; (c) Test specimen after the test:

wedge has been pushed inside the test specimen (at a speed of 1 mm/min, for instance);

original opening was a,, which increased by Aa so that crack propagation was Aa
(Aa is measured very accurately with a microscope).
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The slope of the initial part of this curve from O to A is very important to consider
in order to classify various materials, and we define the tensile modulus or Young
modulus as being E = S/ e if this part of the curve is linear. It is expressed in MPa.
Materials that have a high Young modulus are stiff or rigid and materials with low
Young modulus are flexible and “elastic”.

In the zone from O to A, the curve is linear and the material is elastic; A marks
the yield point. After this point, the material becomes nonelastic and it is
plastically deformed. Plastic deformation means that now the material absorbs
energy during further deformation. The plateau from B to C is a deformation
without further increase of stresses: such a plateau exists for some materials,
which display neck in or draw down deformation or plastic flow. After point C, the
material cannot withstand stresses and eventually will break in D. The stress at
breaking point is also called ultimate tensile strength. The tensile modulus gives an
evaluation of the elasticity of the adhesive.

Poisson ratio: 'When materials are subjected to a tensile strength, they stretch
and become thinner in cross section. The Poisson ratio is defined as:

Ar Al
N

where r is the radius of a cylindrically shaped tensile specimen at a given stress,
1, is the original radius and Al/l, is the tensile strain (Fig. 39). It measures the ratio
of lateral strain to the tensile strain, in the elastic region. For isotropic materials
(those which have the same properties in any direction) Poisson has predicted that
this ratio should be close to 0.25 as it is indicated for some materials in Table 5.

All these values and characteristics may be measured on halter specimens with
a tensile machine that records both the stresses and the deformations. They are
very important to know when we want to calculate joints as we will see in chapter
“Design and calculation of bonded joints” in Volume 2.

2.3.1.3. Impact Resistance and Resiliency
When bonding structural and rigid materials such as metals and composites,
it is important in some industries and applications (automotives, ships at sea which

Ar=r,—r Al=1,-1,

ly

Figure 39: Poisson ratio.
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Table 5: Tensile modulus and Poisson ratio for some materials and adhesives.

Material Young’s modulus (Pa) Poisson ratio
Aluminum 7% 10" 0.33
Mild steel 22x 10" 0.28
Silicon 6.9 % 10"

Glass 6% 10" 0.23
Polymethyl methacrylate 2.4 x10° 0.33
Polycarbonate 1.4 x10°

Low-density polyethylene 24 % 10® 0.38
Natural rubber 2% 10° 0.49

must withstand the shocks of the waves, machine tools) to know how the bonds
will resist various impacts.

Fig. 40 shows the impact test also called IZOD impact test according to GM
9571P standard or similar ASTM D 950 standard test method. There is also a
Charpy impact test. Impact resistance will be measured in Joules, a measure of the
energy required to break the bond. Impact resistance may be measured also
according to EN/ISO 9653.

Rigid adhesives tend to have a low resistance to impact and much work has been
done in the last few years to promote some flexible structural adhesives such as

Motion of
Heavy impactor
impactor
test specimen

L
/l%in.

Bond-Line

A

\

Metal Support Frame
(Must be very stiff)

Figure 40: Schematic of Izod shear impact sample in frame showing direction of impact
load (ASTM D950).
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acrylics and polyurethanes in order to improve impact resistance of structural
adhesives as we will see in other chapters such as “Flexible structural bonding”,
“Automotive adhesives” and “Transportation adhesives” in subsequent volumes.

2.3.1.4. Creep under Constant Load

In many applications and industries, it is important to know the behavior of bonds
under a constant stress, inferior to the breaking load, but measured sometimes at
elevated temperature.

In many cases, the adhesive bond must withstand continuous loads, and all
adhesives tend to creep more or less under continuous loads.

For instance, cardboard boxes bonded with hot melt adhesives must withstand
the weight of the packaged goods and also elevated temperatures during trans-
portation. It could be from 50 to 70°C: at these temperatures the hot melt starts to
soften, very slightly, but this is enough to observe a slow creep of one part towards
the other, until the bond may eventually fail. The same may happen on a segmented
bridge made of concrete hollow segments bonded with epoxies: the epoxy adhesive
should have a total creep resistance, at the service temperature, and we know that
some epoxies, although they give high shear resistance will start to creep at
temperatures as low as 40—50°C, under the heavy weight of the concrete blocks.

The creep test is performed as follows (Fig. 41): bonded parts are submitted
to a dead load W, at the required temperature (in a chamber at this temperature)
and the creep (or deformation of the joint) is measured, with a microscope,
every hour or day or month, until failure when the bottom part falls (a system
records that moment, for instance, by breaking or opening an electric circuit,
starting an alarm). An operator will record the dead load used, the creep in mm
per day, and the time to failure, and also the temperature of testing.

before test after test
I Il
test specimen may be placed
j l < into a heated chamber to
measure creep at elevated
temperature
T
™~ creep (measured in mm
for a given period of time
P given p )
adhesive
l slided
w

Figure 41: Measurement of creep.
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Depending on the adhesive, the loads and testing conditions, the time required
for a measurable deformation might be very long, as is the case for the concrete
segmental bridge.

Instead of dead loads, one can use calibrated springs. Special fixtures are used
for that.

There are several test methods to measure creep:

— ASTM D 2294 utilizes a spring loaded apparatus to maintain a constant
stress. Once loaded the elongation of the lap shear specimen is measured by
observing at regular periods of time the separation of fine marks with a
microscope.

— ISO 15109 (1998) Determination of time to rupture of bonded joints subjected
to a static load.

Fig. 42 shows a typical curve of creep versus time for an elastic adhesive or for
a viscoelastic sealant. When the load is removed there will be a relaxation of stress
and a gradual recovery of strain with time, and also some irreversible strain.

2.3.1.5. Hardness

Hardness of an adhesive is not important in itself, but for the sealant it may
be important because it may be damaged if it is too soft, for instance, when the
sealant joint is on the floor and should withstand traffic. Hardness is measured
in a classic way as rubber hardness with a Shore durometer. There are of course
relationships between hardness, flexibility, stiffness, etc. Hardness may also be
used sometimes as an indication of the degree of cure.

2.3.1.6. Flexibility
In the past, for structural and semi-structural bonding, adhesives technologists
favored the strong adhesives which had very high tensile shear resistance, for
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Figure 42: Permanent strain after creep test of a viscoelastic sealant.
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Figure 43: Comparison between rigid and flexible adhesives: the work required to break
the bond is proportional to the surfaces under the curves (s).

instance 30 MPa or more such as epoxies. But recently, some suppliers remarked
that a very stiff, hard adhesive, having a 30 MPa tensile shear but which would
accept only a few percent elongation at break, could break quickly when submitted
to movements, while an elastic adhesive allowing 30% or more elongation at break
and a few MPa in shear could need more work to break the bond, as indicated
in Fig. 43.

This is due to the fact that the work of adhesion (refer to chapter: “Theory of
adhesion”) is proportioned to the surface below the stress—strain curves.

This explains that adhesives suppliers first developed in the seventies the
so-called toughened epoxies, flexibilized by addition of a small amount of cross-
linkable rubber, and then recently the company SIKA pioneered the so-called
“flexible structural bonding” in which they use PU adhesives derived from their
experience in PU sealants, to get semi-structural bonds, for instance, for transpor-
tation and automotive or naval uses.

Fig. 43 shows that a flexible, semi-structural PU adhesive giving only 6 MPa
tensile strength may require greater work to break the bond than a high-tensile
strength structural epoxy. The reader should refer to the chapters: “Flexible struc-
tural bonding” by SIKA, and “Epoxy adhesives” by 3M, in following volumes of
this Handbook.

2.3.2. Physical Characteristics

2.3.2.1. Elasticity Modulus and Flexibility

We already defined it. Here we will consider it in relationship with the expansion
coefficient of the materials to be bonded. If we have 2 materials with different
coefficients of expansion, the adhesive film or sealant joint will be stressed when
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the temperature will change, and this is especially important during the heat curing
and cooling of the adhesive: some permanent stresses may result from heating,
hardening and then cooling of the adhesive. Therefore, it may be desirable to use a
slightly flexible adhesive, which will be able to follow these movements without
developing too much internal stresses. Some products need a very flexible
adhesive, for instance, shoe soles that should withstand some 100,000 flexions
during their whole life without bond failure (and in this case, it is aggravated by
the fact that the shoe should also withstand walking into water).

2.3.2.2. Heat Resistance

Adhesives are based on various polymers which have very different behaviors
when submitted to heat. All adhesives will soften when the temperature reaches
their softening point, but some adhesives will start to soften at 60°C such as the
thermoplastic adhesives (vinyls, EVA hot melts), others at 70—80°C (neoprene
and rubber based); the thermosetting adhesives will not soften until 90—150°C.

Adhesives, based on polymers, do not melt sharply at a given temperature like
some chemicals, but instead they soften gradually when the temperature rises, as is
shown in Fig. 15." Before the temperature reaches the softening zone, the adhesive
becomes softer and may creep under moderate loads.

The heat resistance of the various adhesives will be indicated in the chapters
dealing with these adhesives in this Handbook. Heat resistance may be evaluated
by measuring mechanical properties at various temperatures. For example, the
standard ASTM D 2295 allows one to measure the strength properties of adhesives
in shear by tension loading at elevated temperatures. Heat resistance may be also
measured by DSC analysis as indicated in Fig. 44

Heat exposure of bonded parts varies greatly according to the applications
and industries, for example:

— outside exposure in Construction will subject adhesives and sealants to
temperature cycles from — 20 in winter up to 70—85°C according to climates
(or even more than 80°C on black absorbing surfaces in very hot countries).

— aircraft adhesives are classified in several grades: those which should withstand
up to 80°C, those that withstand temperatures from 80 to 150°C for most uses,
and some high temperature adhesives used for supersonic military aircrafts
and near the engines which must resist to 260°C. Epoxy adhesive can withstand
temperature from 80 to 150°C, epoxy-novolac may go as high as 200°C and
some very special adhesives such as BMA (bismaleimide) and cyanate esters
may resist up to 260°C service temperature.

! Editor’s note: In Volume 2 of this Handbook, our readers will find a very important and comprehensive chapter
titled ‘Heat Stable Adhesives’ by Guy Rabilloud, which provides much new information of such adhesives that
may resist up to 300 or 400°C, for instance for aerospace, mechanics, machines or appliances.
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Figure 44: DSC Analysis on polymerized epoxy adhesive. It shows: T, = 101°C;
beginning of thermal degradation at 213°C.

— packaging adhesives should withstand the temperature during transportation
which could reach 60°C in normal climates inside the containers, or even more
in hot countries.

— in the automotive industry, there are also several classes of adhesives regarding
their heat resistance. Under the hood applications require service resistances
up to 150°C or even more which requires heat stable adhesives such as the very
best modified epoxies. Under the windshield and back window, the temperature
may reach 80°C or more in hot countries.

2.3.2.3. Cold Resistance
Cold temperatures will harden the A and S, so that they will become more brittle,
less flexible, and thus more sensitive to peel and cleavage effects. Therefore, the
adequate test will be to submit the A and S joints to the expected low tempera-
tures, and measure peel strength, shear strength resistance to cleavage and impact
resistance at ambient temperature and at low temperatures, and decide what
percentage loss would be acceptable.

Some adhesives that are already hard and brittle at room temperature (for
instance, some hard and densely cross-linked epoxies, UF, cyanoacrylates, etc.)
will not tolerate low temperatures below 0°C or much below.

2.3.2.4. Thermal Expansion Coefficient

It is preferable that the coefficient of expansion of the adhesive be of the same
order as those of the substrates, so that stresses will not develop if the service
temperature ranges for over a large span. But this can be compensated for by using
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a more flexible adhesive that will tolerate some minor differences of movements
resulting from variations of temperatures.

2.3.2.5. Other Specific Properties
There are also other specific characteristics which are required only for special
applications such as:

— electrical characteristics (dielectric constant, resistivity, loss angle, etc.), for
instance, ASTM D 2739 is used to measure the volume resistivity of conductive
adhesives,

— thermal characteristics (T, or glass transition temperature, expansion coeffi-
cient, thermoelasticity),

— optical properties (refraction index, transmission of light, etc.), water transmis-
sion and waterproofing,

— ionic purity for electronic applications.

These very specific properties will be defined and studied in the relevant
40 chapters of this Handbook, which are devoted to the specific industries. For
instance, in this Volume 1, chapter 6 “Adhesives for electronics” indicates all the
specific characteristics of these adhesives (electrical properties, etc.).

2.3.3. Chemical Characteristics

Here we will study the effects and resistance of adhesives and sealants to various
chemicals, which may modify or degrade the products.

2.3.3.1. Resistance to Water and Humidity
Water will often degrade the adhesives in different ways:

— It may penetrate into the adhesive by a slow absorption following the Fick law,
and then soften it slowly, this happens with many adhesives,

— it may also penetrate between the adhesive and the substrates and destroy the
adhesion, this is also frequent,

— water and humidity may also penetrate into porous substrates, swell it and cause
movements that are detrimental.

Therefore, water resistance tests must always be performed if the bonds may be
subjected to water or humidity during the product life. There are many different
tests for water resistance, for instance:

— bonds between porous materials (wood, paper) may be immersed and soaked
with water, either at ambient temperature or at elevated temperature, for a given
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period of time, and their mechanical resistance may be measured before and
after this immersion to see its effect.

For instance, the water resistance of adhesives used for the assembly of wood
windows is tested according to the EN standard EN 204 with the following test and
cycles.

Beechwood test samples are bonded and fully dried. Adhesives are then
classified in 4 classes as follows:

— EI adhesives require only a dry resistance of 10 N/mm?.

— E2 should withstand a 3 h immersion in water at 20°C followed by drying
at room temperature and the test requires a minimum initial resistance of
10 N/mm” and after drying 8 N/mm”. These requirements correspond to
occasional exposure in kitchens and bathrooms.

— E3 adhesives must withstand the following cycles:

7 days at RT,

followed by 7 days at RT + 4 days immersion in water at 20°C,

followed by 7 days at RT + 4 days immersion in water at 20°C,

followed by 7 days drying at RT

and the resistance requirements are: initial resistance 10 N/mm?, wet resistance
2 N/mm? and resistance after drying 8 N/mm?. These requirements correspond to
outside windows and doors, kitchen and bathroom equipments.

— E4 adhesives should withstand the following cycles:

7 days at RT,

7 days at RT + 4 days immersion in water at 20°C,

7 days at RT 4+ 6 h in boiling water and 2 h in water at 20°C,
7 days at RT + 6 h in boiling water and 2 h in water at 20°C,
7 days drying at RT.

And the resistance requirements are: initial 10 N/mm?, wet 4 N/mm? and after
drying 8 N/mm?. This corresponds to outside exposure to rain, humidity, etc.

— Metal to metal bonds may be also subjected to immersion in hot water at
50°C, for example in order to speed up the phenomena, and the effect of water
may be measured with the wedge test (such as the Boeing wedge test that we
described above): the propagation of the initial crack with time of immersion
will show the degradation effect of water, and also at the same time it will
show evidence of the importance of a good preparation of the metal surface
before bonding; if the surface preparation was not good, then the water will
affect the bond faster and the crack will grow faster and further.

— In order to know whether humidity has penetrated into the adhesive film, a
DSC test may be performed.
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— It is also possible to test the resistance to humidity by submitting bonded
samples to an accelerated weathering tester such as the QUV spray tester,
which combines water spray and condensation plus UV light to simulate sun
rays. We will study this in the “Weathering” section hereunder.

— In the automotive industry, some car manufacturers are using the “wet patch” or
wet cataplasma: they place samples of bonded parts in contact with cotton
impregnated of water, put it into a plastic impervious bag and then store it at
a given temperature for a given period of time. They measure mechanical
resistance (such as tensile shear strength) before and after this test, and they
have their own rules of experience in order to decide the percentage loss
of properties, which is acceptable for a given application.

— Other industries have their own specific tests: for instance, textile and garments
industries have their own tests to simulate washing resistance of bonded
parts in washing machines, other industries may have their specific tests for
“tropicality” (of packaging for instance) in very humid and hot climates.

— Fig. 45 shows a very special test for the evaluation of cathodic delamination
in seawater, which combines the effects of load and environment.
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Figure 45: Spring-loaded double cantilever beam specimen undergoing cathodic delami-
nation in seawater. The spring lowers the rate of decay of G with debond distance.



88 P. Cognard

— Construction sealants have also their own water resistance tests and durability
tests. Refer to the four chapters dealing with sealants.

— Double insulated windows need a specific test to measure waterproofing
properties of A/S.

2.3.3.2. Resistance to Oils, Greases and Plasticizers

All these products may penetrate into the adhesive film and soften it by penetrating
between the molecules of adhesive. Fig. 46 shows what happens when a plasticizer
or oil migrates into a film of thermoplastic adhesive: the film swells, it is softened,
this degrades the adhesion and eventually the bond will break.

The best test is to simulate what happens in the real product life by
immersing bonded parts into these products at a slightly elevated temperature,
for instance 60°C, in order to speed up the degradation. It is always assumed
that an increase in temperature by 10°C will double the speed of many chemical
and physical reactions, and therefore it is quite common to perform accelerated
tests at elevated temperatures. But of course the laboratory chemist should
also use their experience in order to correlate an accelerated test and a real
long-term exposure.

Resistance to oils and greases is important not only for applications in
mechanics, but also for automotives, aircraft (resistance to some fluids), packaging
of fat materials, bonding of fat leather in footwear, etc.

Resistance to plasticizers is a problem when bonding plasticized PVC or rubber.
The plasticizer may migrate slowly:

— to the interface and create a soft layer which will after some time separate the
adhesive from the substrate (Fig. 46),
— and/or into the adhesive film and soften it.

Figure 46: Migration of oil or plasticizer into new adhesive film. (Source BASF.)
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In industries that are bonding plasticized materials, there are some specific tests
to measure for instance peel strength before and after accelerated aging test. The A
and S suppliers, who know the raw materials included in their formulations, can
tell quickly whether a given adhesive should be sensitive or not to oils, greases and
plasticizers. Some adhesives are sensitive to oils (vinyl emulsion glues), some are
not (epoxies, anaerobics, etc.).

2.3.3.3. Resistance to Chemicals (Acids, Alkalis, Solvents)

Many applications require some resistance to chemicals: for instance bonding of
chemical equipment, automotive (resistance to some fluids, bonding batteries),
packaging (resistance to some aggressive liquid foods such as tomato juice, oils
and fats, etc.), or even furniture (resistance to the solvents of varnishes), clothes
(during dry cleaning), electronics (resistance to etchants, etc.), or decoration
(resistance to cleaning agents). Here again the best test is to immerse bonded
parts into the aggressive chemical and measure the bond strength before and after
this test.

2.3.3.4. Density of Cross-linking
For the chemist this may give good indications regarding resistance to water,
oils, plasticizers: the more the polymer is cross-linked, the more the chances are
that it will be resistant to penetration of other fluids and consequently to softening.
Also a highly cross-linked polymer will probably give a higher resistance to heat.
However, some purely thermoplastic polymers have a very crystalline structure
with strong links between the molecules chains and these polymers have a high
resistance to heat or to water or other chemical agents.

For all these chemical properties, the A and S supplier will consider the
chemical type of the base polymer: there are general rules in chemistry that tell
what are the expected performances of a given polymer.

2.3.3.5. Degree of Cure

DSC analysis allows one to measure the degree of cure of thermosetting and 2
components adhesives. Fig. 47 shows that at 150°C for 30 min this epoxy adhesive
was totally polymerized. At the other temperatures residual enthalpy proves that
polymerization was not finished.

2.3.4. Durability

2.3.4.1. Durability Tests, Accelerated Aging
Users want to know or forecast how long will a bond last under a given set of
service life conditions. The best tests should combine all the risks of degradation
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Figure 47: DSC Analysis on epoxy adhesives polymerized at various temperatures during
30 min. It shows that at 150°C/30 min the polymerization was completed. At the other
temperatures, residual enthalpy proves that polymerization was not finished.

during actual use. This is why lab equipment manufacturers have designed some
specific equipment to measure durability under various conditions.

An important issue is: How long will the bonded product last outdoors when
subjected to temperature cycles (heat and cold), humidity cycles, sunlight, etc. Let
us mention here the QUV accelerated weathering tester from Q panel lab products,
USA. It reproduces the damages caused by sunlight, rain and dew, by exposing
samples (of bonded parts or pieces of A and S alone) to alternating cycles of
light and moisture at elevated temperatures. In a few days or weeks, the QUV
reproduces the damages that occurs over months or years outdoors.

Fig. 48 shows this equipment which uses:

— UV lamps with various wavelengths spectra and energy to simulate sunlight,
— dew condensation or spray to simulate rain and variation of humidity. Hot vapor
maintains the chamber at 100% RH and at elevated temperature.

We may also mention the Weather-o-Meter which is similar. Other equipment
can simulate corrosion with a salt spray, or simulate the aggressions from other
agents such as chemicals.

Several standards exist for measuring durability, for instance D 3762: test
method for adhesive bonded surface durability on aluminum (wedge test).

2.3.4.2. Fatigue Resistance
Fatigue resistance is also another big issue. Several equipments are used to
subject bonded parts to alternate fatigue cycles such as the one in Fig. 49. Fatigue
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Figure 48: (a) Q-SUN Xe 3 (sunlight 4+ water spray) (source Q panel lab products);

(b) QUV cross-section during condensation period (humidity 4+ UV light).
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Figure 49: One kind of fatigue resistance test on a bonded specimen. The machine flexes
the test specimen to a certain extent for a very large number of alternate flexions.

resistance may be measured for structural adhesives according to standard ASTM
D 3166: test method for fatigue properties of adhesives in shear by tension loading
(for metal to metal bonds) and other tests, such as ISO 9664.

In these tests, bonded specimens are subjected to alternate stresses of for
instance 20% of the maximum tensile shear resistance, and this cycle may be
repeated 100 000 or one million times, for instance, or until the bond breaks, and
here again mechanical resistance is measured before and after the test.

2.3.4.3. Attack by Bacteria, Roaches

The adhesive may be attacked while it is stored in its packaging: this may be
measured by ASTM standard D4783: tests methods for resistance preparation
to attack by bacteria, yeast and fungi. The dry film of adhesive in the joint may
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be also degraded and there are also standards for that such as D 1382:
susceptibility of dry adhesive film to attack by roaches.

2.3.5. Safety Characteristics

Here we must consider many factors:

— the various risks and dangers: flammability, volatile organic compounds
(VOCs), noxiousness, toxicity, allergic dermatitis, explosion,

— some of these risks and dangers occur during manufacturing of the A and S,
transportation and storage, others occur during the utilization of the A and S,

— bad smell,

— food and drugs compatibility,

— protection of the environment.

Another difficulty is the fact that the laws and regulations differ between Europe
and USA, and also differ with some developing countries like China or India or
Eastern countries where there is a lack of strong laws and regulations.

2.3.5.1. Flammability
In the past, many adhesives and some sealants used to contain flammable solvents
which could be flammable or even explosive for given ratio of solvent to air,
and/or toxic or noxious by breathing. Since the eighties, solvent use has been
reduced and solvent-based adhesives have been replaced by hot melts, water-
based adhesives or curing adhesives, all of which do not contain solvents. But there
is still a large use of solvents in some countries and some industries, for instance,
in shoe manufacturing in the main producing countries such as China, India and
Brazil, and solvents are still used also in Western countries in footwear, rubber
bonding, for PVC pipes bonding, contact polychloroprene adhesives, etc.

Therefore, we provide hereunder some basic information and we suggest to
readers to contact the safety organizations in their own countries (because
regulations differ from one country to another) when they need more information.
Almost all solvents are highly flammable except the chlorinated solvents such
as trichorethylene, trichlorethane, etc., but these have another drawback: they
are toxic. Flammability is measured by the flash point which is the minimum
temperature at which the vapors of an adhesive will start to burn, giving a short
“flash” of fire. There are several test methods for measuring the flash point: closed
cup, open cup, Abel cup, Pensky Mertens; readers should refer to detailed
regulations and standards for more information.

Flammability is indicated by the red label (example in Fig. 50) and there are
several classes: very highly flammable, highly flammable, etc., according to the
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Figure 50: Label for flammable products (transportation regulations).

flash points. For instance, ethyl acetate, with a flash point of —4°C in closed cup
and — 7°C in open cup is labeled easily flammable. Its limits of explosion are from
2% by volume, mixed with air, up to 11.5%. Boiling point is 77°C at atmospheric
pressure so we can see that the flash point has nothing to do with the boiling
temperature.

2.3.5.2. Explosivity
If the ratio of solvent to ambient air is within a given range the mix is explosive in
the presence of fire or electric sparks. In areas where these solvents are used all the
equipment and electric equipment should be spark proof, and the solvent vapors
should be eliminated by exhaust fans (but now in some countries it is unlawful to
release large quantities of noxious solvents in the ambient air so that very large
users may need some system for recycling of solvents, for instance those who coat
very large surfaces of pressure-sensitive tapes and labels or laminate plastic films
for flexible packaging).

In order to warn of these dangers, flammable products must be labeled as
indicated in Figs. 50 and 51, for transportation and utilization. The various labels
indicate the class of danger.
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Figure 51: The various legal labels that are mandatory for risk warnings on chemical
packagings/containers. (Colour version of this figure appears on p. Xiv.)

2.3.5.3. Noxiousness and Toxicity, Threshold Limit Values

Solvents such as toluene, benzene, methanol, chlorinated solvents, etc. and some
chemicals (such as isocyanates, formaldehyde, etc.) are harmful to health, either
by breathing or by ingestion. Here again there are several regulations, related to
the use of a number of solvents and chemicals, and all the dangerous products
must be labeled according to European Community laws or US laws. Fig. 51
shows an example of such danger labels.

In Europe, dangerous chemicals are listed in the “European Directive 67/548/
CEE, for classification, packaging, labeling of dangerous chemical substances”,
which was started in 1967 and modified 28 times since, so that today we have the
29th amendment dated April 2004. This very long list provides for all chemicals
their CAS number and EINECS number, the class of danger, the labels and danger
warning sentences which must be affixed on each container/package, and some
more information.

In the USA and outside the EC there are other regulations, but the various
developed countries have the same understanding of the potential dangers of some
chemicals.

In workshops, there is a maximum amount of solvent vapors which is
acceptable, and these values, called “threshold limit values for occupational
exposure to chemicals” are given by tables which may differ from one country
to another. However, toxicologists in all developed countries all agree to list
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more or less the same chemicals in their lists, but the threshold limit values
may differ.

For instance in Europe, the Directives 91/322/CEE of May 29, 1991, and
96/94/CEE of December 18, 1996 indicate the following threshold values:

— methanol: 200 parts per million (ppm) or 260 mg/m’, for an 8 h exposure,
and the French CNAM indicates:

— ethyl acetate: 400 ppm,

— ethyl acrylate: 5 ppm,

— methanol: 200 ppm,

— toluylene diisocyanate: 0.01 ppm only,

— n-hexane: 50 ppm,

— methyl methacrylate: 100 ppm is 20 times more than ethyl acrylate (beware of
general assumptions, all acrylates are not the same),

— methyl ethyl ketone: 200 ppm,

— di butyl phthalate: only 5 mg/m?,

— toluene: 100 ppm,

— trichlorethylene: 75 ppm.

In USA, the American Conference of Governmental Industrial Hygienists
(ACGIH, 1330 Kemper Meadows Drive, Cincinnati, OH 45240-1634, USA)
publishes each year the “Treshold limit values for chemical substances and
physical agents and biological exposure index”, which are frequently used in other
countries that do not have their own regulations.

Let us mention also the Occupational Safety and Health Administration of
USA lists (OSHA), which publishes legal rules such as OSHA final rule, air
contaminants — permissible exposure limits, title 29, Code of federal regulations,
part 1919-1000. In Germany, the Deutsche Forschungsgemeinschaft DFG
publishes each year the “MAK and BAT values, maximum concentrations at
the workplace and biological tolerances values for working materials”.

Sometimes the threshold values differ between countries. For instance, for
the methyl-2-cyanoacrylate the American ACGIH gives an average threshold
value of 0.2 ppm, while the French CNAM and German MAK values are of
2 ppm. All depends on how the various countries perceive the danger of chemicals
and it depends also on the legal and Health administrations.

2.3.5.4. Volatile Organic Compounds (VOCs) Regulation

VOCs have been defined as: “all organic compounds having a vapor pressure
higher than 0.01 kPa at 20°C”. Emissions of VOCs may have effects on health
(of users, manufacturers) and the environment. More than 25% of all VOCs
released in the atmosphere are solvents coming from paints, varnishes and other
products such as adhesives, cleaning agents, etc.
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The European Community has enacted the Directive of March 11,1999 which
limits the use of solvents in order to protect the environment. Conformity
of existing plants and installations must be obtained before October 30, 2005.
Generally speaking, when the exhaust exceeds 2 kg/h the maximum VOC
emission is 110 mg/m’ expressed as carbon content. This regulation concerns
various industries: application of PSAs on tapes and labels, manufacture of
paints, varnishes, adhesives and inks, various laminating operations, footwear
manufacturing, painting of cars and other vehicles, surfaces cleaning and other
large users of adhesives.

For all types of risks and dangers, our readers should consult the safety regula-
tions and Safety and Health agencies in their countries, for detailed information.

All A and S manufacturers and suppliers must warn all their customers about all
these potential risks and dangers, by several means:

— labels and warning sentences on all packaging, according to the various rules
and regulations,

— by providing materials safety data sheets (MSDS). These are now mandatory in
most countries: they list all dangers and risks of a given product, which usually
needs several pages in order to refer to all regulations. Refer to Section 2.3.5.6
and Table 6.

2.3.5.5. Allergy and Dermatitis

Some products may cause allergies or dermatitis, such as cement, epoxy resins

and polyamide hardeners, etc. The safety data sheets also warn about these risks.
Since 1985, adhesives manufacturers in all developed countries strived to

reduce all these risks by several ways:

— replacing solvent-based adhesives by water-based and hot melt adhesives,

— eliminating the dangerous solvents and chemicals, with new formulations,

— and at least warning carefully about all the remaining risks by detailed labeling
and safety data sheets.

2.3.5.6. Materials safety data sheets

In order to safeguard all users of chemicals, most developed countries,
governments have required the manufacturers to provide to all users MSDS
incorporating all the relevant legal information and warnings.

In Europe, the Directive EEC 91/155/EEC was issued in 1991: the SDS
must contain 16 sections, and Table 6 lists these 16 potential hazards. SDS
must be issued by manufacturers even when they feel that the product is
harmless because there is always at least one risk, it is the ecological one,
because for instance adhesives cannot be thrown into rivers! In practice, for
many A and S, provided they are handled with proper care, the potential risks
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Table 6: Contents of European standard material safety data sheet, as defined by EC
Directive 91/155/EEC.

Subject

Contents

10

11

12

Labelling of substance/
preparation and
manufacturer’s designation

Composition/information
about constituents

Potential hazards to human
health and the environment
First-aid measures

Action in case of fire

Action in the event of
accidental release

Handling and storage

Limiting exposure and
personal protective
equipment

Physical and chemical
properties
Stability and reactivity

Toxicology data

Ecological data

Proprietary name, intended use,
manufacturer’s name and address

Chemical description, hazardous, constituents
(incl. Chemical Abstracts number,
concentration hazard symbols, risk
and safety phrases)

Designation of hazards, special hazard
warnings

General advice, action to be taken
following inhalation, skin contact,
eye contact, ingestion

Suitable extinguishing agents, special hazards
posed by the product itself or by gases and
vapours released during combustion, special
protective equipment needed for fire-fighting

Precautionary measures designed to protect
exposed persons, environmental safeguards,
clean-up procedures

Safety measures designed to prevent fire and
explosion, storage specifications for
bulk/mixed storage, additional storage
recommendations

Constituents that need to be monitored in terms
of their maximum workplace concentrations,
personal safety equipment (respirators,
gloves, goggles, protective clothing)

Appearance, safety-related data

Conditions to be avoided, dangerous reactions,
thermal degradation and hazardous
decomposition products

Sensitization, known effects of human exposure
(in cases of skin or eye contact, inhalation or
ingestion)

Information on possible environmental
hazards (contamination of water, rivers
soil and air)

(Continued)
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Table 6: Continued.

Subject

Contents

13
14

15

16

Disposal of waste

Carriage and movement of
goods

Legal requirements

Miscellaneous points

Disposal of product and soiled packaging
Classification for transport by road, rail,
air and sea
Labelling in accordance with
national and international regulations
(e.g. EC-Directive 88/379/EEC on hazardous
substances, toxicity classification, water
pollution classification, etc.)

are less than may appear to some people, but a small number of A and S do
represent a real risk.

Conclusion

I am sure that after reading this chapter, with its long list of some 75 different
technical characteristics and properties, our readers are now able to read and
understand any paper, book or the subsequent chapters written on adhesives and
sealants. I regret that these things may look complicated, but remember that for
any given bonding problem or any choice of adhesives, you will probably need to
know only 15 to 25 of these characteristics!!
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3.1. Introduction

Polyurethane adhesives and sealants are part of the polyurethane family legacy
that emerged in 1937 when Bayer et al. pioneered the polyaddition polymerisation
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reaction of polyisocyanates with di- or polyfunctional hydroxyl or amine
compounds and with that the practical uses of isocyanate compounds. Since
then it has been discovered that by varying the nature of the polyols and the
isocyanate components, a wide range of properties can be obtained [1].

This chapter introduces readers to the fundamentals of polyurethane chemistry,
the basics of polyurethane adhesives, their applications and test standards. The
chapter will also highlight relevant developments that have led formulators to
create and tailor-make many polyurethane (PUR)' adhesives and sealant products.

3.2. Polyurethane Chemistry

In 1849, nearly 90 years before Bayer et al.’s developments, the actions of isocyanates
were discovered by Charles-Adolphe Wurtz who was one of the first chemists to
react aliphatic isocyanates with hydroxyl compounds to obtain urethane compounds.
Since then, it has been discovered that urethane chemistry comprises the reactions
that isocyanates undergo with any active hydrogen compound. Isocyanates will react
with any compound containing hydrogen atoms attached to a nitrogen atom [2].

Polyurethanes include polymers containing a significant number of urethane
groups, regardless of the composition of the rest of the molecule [3]. For instance,
a typical polyurethane may contain, in addition to urethane groups, aliphatic and
aromatic hydrocarbon, ester, ether, amide, and urea groups.

Polyurethanes are the most versatile of all polymers. Their applications include
diverse types of foams, (soft and rigid), coatings, adhesives, sealants, and
elastomers. Although the number of chemicals is small, the molecular weight of
the reactants and the method of polymer formation can be varied widely to meet
the desired properties of the final product. There have been many books published
on the subject of polyurethane chemistry [3—12].

This section of the chapter will present the basic reactions found in the
chemistry of polyurethane compounds, such as the reaction of isocyanates with
polyols, water, and amines. The reactions of isocyanates with urethanes, ureas, and
amides are also of significant importance in polyurethane chemistry as they will
lead to an increase in materials choice.

For those readers who need to review the fundamental aspects of organic
chemistry, there is a quick refresher available [13]. As for reviewing the reactions
and preparation of isocyanates more deeply, exhaustive studies on the chemistry
of organic isocyanates have also been carried out [2,3,14].

! According to international standards (ISO, DIN, etc.), the only correct abbreviation used for the term
polyurethane is “PUR”. However, the form “PU” commonly used throughout the world, although not officially
standardised, will also be used in this volume.
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Table 1: Reactivity degree of active hydrogen compounds.

Hydrogen compound Formula Reactivity degree
Primary aliphatic amine R-NH, Highly reactive
Secondary aliphatic amine R,—NH

Primary aromatic amine Ar—NH,

Primary hydroxyl R-CH,-OH

Secondary hydroxyl R,-CH-OH

Tertiary hydroxyl R;-C-OH

Phenol Ar—OH .

Water H-O-H Less reactive

3.2.1. Reactions of Isocyanates

Isocyanates will react with all compounds containing hydrogen atoms attached to
a nitrogen atom [2]. There are four basic reactions chemists employ to make
polyurethanes. The reaction of isocyanates with hydroxyl groups to produce
urethane is the primary reaction. The reaction of isocyanates with amines yields
urea; and the reactions of isocyanates with urea and urethane produce biurets and
allophanates, respectively.

3.2.2. Reaction of Isocyanates with Alcohols

Isocyanate groups react with polyfunctional active hydrogen compounds to give
high molecular weight polyurethane products. One of the most important reactions
of isocyanate compounds is with di- or polyfunctional hydroxyl compounds, e.g.
hydroxyl terminated polyesters or polyethers. The functionality of the hydroxyl-
containing compound as well as of the isocyanates can be increased to three or
more to form branched or cross-linked polymers. Different degrees of reactivity
are expected from different compounds as shown in Table 1. This is also affected
by the steric hindrance of either the isocyanate or the active hydrogen compounds.

The reaction proceeds at ambient temperatures without the use of catalysts.
Reactivity is higher for primary alcohols, decreasing for secondary, tertiary, and
aromatic alcohols (Fig. 1).

[l
R1—N=C=0 + R2—OH —_— R1—ITI—C—O—R2
H
Isocyanate Alcohol Urethane

Figure 1: Reaction of isocyanates with alcohols; R1 and R2 stand for an aromatic or aryl group.
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0}
[l
R1—N=C=0 + R2—NH, ———> R1—ITI—C—IT1—R2
H H
Isocyanate Amine Urea

Figure 2: Reaction of isocyanates with primary amines.

3.2.3. Reaction of Isocyanates with Amine

In addition, isocyanates react with amines usually at 0-25°C yielding urea.
Primary aliphatic amines react most quickly followed by secondary aliphatic
amines and aromatic amines (Figs. 2 and 3).

3.2.4. Reaction of Isocyanates with Water

In general, isocyanates have a strong affinity to water, which makes them difficult
to store. This reaction is not desirable in applications such as structural adhesives
and sealants [15]. Isocyanate reacts with water giving carbamic acid, an unstable
compound which spontaneously decomposes into a primary amine and carbon
dioxide, together with a subsequent urea formation (Fig. 4).

3.2.5. Allophanate and Biuret Formation

Isocyanates can react, in excess conditions, with urea and urethane to produce
allophanate and biuret compounds. The first reaction is quicker as seen in Table 2
with a kinetic constant (K) 30 times higher for the reaction of phenyl isocyanate
with urea than with urethane at the same temperature [14, p. 339]. In polymers
containing both urea and urethane groups in roughly the same concentrations,
branching is introduced principally by biuret formation. These reactions will occur
more readily at higher temperatures and it can be seen that the products,
allophanates and biurets, are in equilibrium with the starting materials, isocyanates
and active hydrogen compounds (Figs. 5 and 6).

o)
I
R1—N=C=0 + R22_NH — R1_’TJ_C_’\|I_R2
R2
Secondary Substituted
Isocyanate Amine Urea

Figure 3: Reaction of isocyanates with secondary amines.
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0
RI—N=C=0 + H0 —> R1I—N—C_O_H —= RI—NH, + COJ

0
RI—N=C=0 + R1—NH, —> RI—N—C—N—R1 + COM
Noh
0
2RI—N=C=0 + H,0 —> R1—ITI—|C|)—ITI—R1 + COZW
H H

Figure 4: Reaction of isocyanates with water and polyurea formation.

3.3. Common Polyurethane Raw Materials

Common isocyanates used as building blocks for polyurethane adhesives include
aromatic and aliphatic isocyanates. Commercial aromatic isocyanates include
principally toluene diisocyanate (TDI), 4,4'-diphenylmethane diisocyanate (MDI),
and polymeric MDL

3.3.1. Aromatic Isocyanates

In the majority of reactions, mainly with active hydrogen compounds, aromatic
diisocyanates are much more reactive than their aliphatic equivalents.

3.3.1.1. TDI

One of the most important monomers used in the polyurethane industry is TDI. TDI
is usually supplied as a mixture of the 2,4- and 2,6-isomers. The products available
vary from >98% 2,4-TDI to a 65/35 and 80/20 2,4/2,6-isomer mixture (Fig. 7).

Table 2: Relative rates of reactions of aromatic isocyanates and substituted ureas and
urethanes.

Isocyanate Urea Urethane Temperature  K-10°,
O 1/mole sec
Phenyl isocyanate CgHsNHCONH, - 60 3.7
Phenyl isocyanate CgHsNHCONH, - 100 32
Phenyl isocyanate CgHsNHCONH, - 140 48
Phenyl isocyanate — CcHsNHCOOC,H5; 140 18
o-Tolyl - CsHsNHCOOC,Hs5 140 0.1

Source: Ref. [14].
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Il
R1—=N-C-N—R2

[l
R3—N=C=0 + R1—III—C—ITI—R2 -— R3—III—C=O
H H H
Isocyanate Urea Biuret
Figure 5: Biuret formation.
TR
R1—N—C—0O—R2
Wl

R3—N=C=0 + R1—N—C—0—R2 - R3—N—C=0
|
H

Isocyanate Urethane Allophanate

Figure 6: Allophanate formation.

CH3 CH3

OCN OCN© NCO

NCO

2,4 isomer 2,6 isomer

Figure 7: Toluene diisocyanate isomers.

Dol Den (Syond e
NCO
Diphenylmethane 4,4"-diisocyanate Diphenylmethane 2,4'-diisocyanate

Figure 8: MDI monomers.

3.3.1.2. MDI

MDI is one of the monomers more widely used in the polyurethane industry. MDI
is preferred over TDI because of its significantly low vapour pressure and the
usually higher performance polymers that can be produced. MDI is produced as a
variety of isomers and oligomers by phosgenation of the condensation product of

formaldehyde and aniline (Fig. 8).
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The symmetrical 4,4-isomer is isolated from this mixture by a distillation
process resulting in solid monomer at room temperature. Pure MDI has
a functionality of 2, i.e. there are two reactive groups per molecule, whilst
polymeric and liquid (modified) MDI with average functionalities from 2.1 up to
about 3 is available as a mixture of the 2,4- and 4,4-isomers.

3.3.2. Polyisocyanates

Polyisocyanates are high molecular weight resins such as prepolymers, adducts,
and isocyanurate trimers or blends of them. They contain very low levels of
monomeric diisocyanate which reduce the concerns associated with industrial
hygiene and handling of polyurethane adhesives and sealants. MDI-based
polyisocyanates are commonly referred to as “polymeric MDI”. They are
oligomer mixtures of 2-ring MDI (2,4- and 4,4-isomers) of the type shown in
Table 3. These materials are supplied as low viscosity liquids containing no
solvent, and are used to prepare high solids (high content of solids) or solvent free
sealants, coatings and caulks [16]. For most sealants, either TDI or MDI
polyisocyanate types are the materials of choice.

3.3.2.1. Blocked Isocyanates

Another group of polyisocyanates commonly used are blocked isocyanates.
A blocked isocyanate is an isocyanate which has been reacted with a material,
e.g. monofunctional alcohols or amines, to prevent its reaction at room
temperature, with compounds that conventionally react with isocyanates, but
will permit that reaction to occur at higher temperatures [17]. Less commonly used
terms to describe them are “capped”, “heat latent”, “thermally liable”, “masked”,
and “splitters”. Their chemistry has been extensively reviewed by Wicks et al.
[17-20].

Blocked isocyanates are used extensively in many CASE? applications mostly
for technical and economic reasons when the presence of free isocyanate must be
eliminated, due to the potential toxic hazards associated with their use, and heat
curing is possible. Blocked polyisocyanates are also used to crosslink both
solvent-borne and water-borne resins offering a wide spectrum of possible
formulations (refer to Sections 3.5.2.2 and 3.5.2.3).

They are blended with polyols, pigments, additives and fillers to improve flow.
These mixtures are stable at room temperature whilst at higher temperatures
(from 120 to 250°C), the blocking group volatilise either regenerating totally
polyisocyanate functionality or remaining at least partially with the finished

2 CASE = coatings, adhesives, and sealants.
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urethane. Common blocking agents are methyl ethyl ketoxime (MEKO) or
2-butenone oxime,” phenol,* and e-caprolactam.’

There are several variables which affect the rate and extent of the unblocking
reaction such as:

e the structure of the blocking agent and the polyisocyanate used,
e the structure of R,

 presence of catalysts,

o effects of solvents, and

* temperature.

For instance, blocked polyisocyanates based on aromatic polyisocyanates
dissociate at lower temperatures than those based on aliphatic ones. Generally, the
dissociation temperatures of blocked polyisocyanates based on commercially
utilised blocking agents decrease in the order: alcohols > e-caprolactam >
phenols > methyl ethyl ketoxime > active methylene compounds.

3.3.2.2. Liquid MDI

In the presence of phosphorus-containing catalysts, MDI monomer can react
with itself to produce carbodiimide, which in turn reacts with MDI in excess
to form MDI uretoneimine. This compound reduces the melt point, so that a
liquid material results at temperatures above 10—15°C. These products have an
average functionality of over 2 (Fig. 9).

Another liquid form of MDI, crude MDI or polymethylene phenylene
isocyanate (often described by its name PAPI® polymeric MDI products) [21]
has a lower cost than MDI. However, disadvantages lie in its dark colour and low
functionality.

3.3.3. Aliphatic Isocyanates

Principally, the major aliphatic polyisocyanates comprise hexamethylene
diisocyanate (HDI), isophorone diisocyanate (IPDI), and dicyclohexylmethane
4,4'-diisocyanate (H;,-MDI). Aliphatic isocyanates are used if a non-yellowing
sealant is required. Table 3 contains a list of the most common isocyanates used in
adhesives and sealants.

Some companies and their isocyanate series trademarks are displayed in
Tables 4 and 5. More detailed and up-to-date information is readily available by
contacting the original vendor publications. Additional information can be found
in the Specialchem4adhesives raw material database [23].

3 CAS No. 96-29-7.
4 CAS No. 108-95-2.
5 CAS No. 105-60-2.



Table 3: Common aliphatic isocyanates.

Isocyanate Formula Features CAS[227?
HDI 1,6-Hexamethylene OCN-(CH,)s—NCO CgH{,N,0,, is also known as 822-06-0
diisocyanate HMI, 1,6-hexamethylene
diisocyanate and
1,6-diisocyanatohexane.
It is pale yellow liquid
made by the phosgenation
of hexamethylenediamine
IPDI 3-Isocyanatomethyl - CH,NCO C,HgN>O, is a colourless to 4098-71-9
. CH L
;’»,5 ,5-trimethylcyclohexyl HyC 3 CH, yellow liquid
1socyanate
NCO
H,-MDI bis C5H2,N»0,, is also known 5124-30-1

(4-isocyanatocyclohexyl) methane

also as hydrogenated MDI
(HMDI or H;,MDI), and
bis (4-isocyanatocyclo-
hexyl) methane-H;, MDI,
among others. It is a useful
material for the production
of hydrolytically stable
polyurethanes [16]

“The CAS register number is a unique identifier for chemical substances that has no chemical significance but provides an
unambiguous way to identify a molecular structure.

SJUDIDAS pUp SAAISIYPY duvyanjod Jo Liis1uay)
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2 OCN@CHz@NCO

MDI

‘Lcat
OCN@CHz@N:C:NOCHZQ +  co,

carbon
carbodiimide dioxide

uretoneimine

Fig. 9: Catalyst preparation of liquid MDI. (Source: [11].)

3.3.4. Polyols

A variety of different polyols are used in the production of different specifications
of polyurethane adhesives and sealants. Polyols are either polyesters or polyethers.
In most prepolymers the polyols will consist mostly of both diols and triols.

Table 4: Isocyanates series trademarks for polyurethanes adhesives and sealants.

Company Polyisocyanates series trademarks
BASF/Elastogran LUPRANATE

Bayer AG DESMODUR, MONDUR

Cytec TMI

DOW Chemical ISONATE, PAPI, VORANATE
Huntsman SUPRASEC

Lyondell SCURANATE, TDI-80

Merquinsa DISPERDUR

Rhodia TOLONATE AT
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Table 5: Principal polyisocyanate products used for polyurethane adhesives and sealants.

Product Type Supplier
Lupranat® ME Isocyanate—MDI BASF/Elastogran
Lupranat® MI Isocyanate—MDI BASF/Elastogran
Lupranat® MIP Isocyanate—MDI BASF/Elastogran
Lupranat® MM 103 Isocyanate—MDI-modified MDI BASF/Elastogran
Lupranat® MP 105 Isocyanate—MDI-modified MDI BASF/Elastogran
Desmodur® 2460 M Isocyanate—MDI-monomeric MDI Bayer
Desmodur® 2460 M Isocyanate—MDI-monomeric MDI Bayer
Desmodur® DA-L Isocyanate—HDI, hexamethylene Bayer
diisocyanate
Desmodur® E 14 Prepolymer—Isocyanate—TDI based Bayer
Desmodur® E 15 Prepolymer—Isocyanate—TDI based Bayer
Desmodur® E 21 Prepolymer—Isocyanate—MDI based Bayer
Desmodur® E 22 Prepolymer—Isocyanate—MDI based Bayer
Desmodur® E 23 Prepolymer—Isocyanate—MDI based Bayer
Desmodur® I Isocyanate—IPDI, isophorone Bayer
diisocyanate (cycloaliphatic)
Desmodur® IL EA Prepolymer—Isocyanate Bayer
Desmodur® L 75 Prepolymer—Isocyanate—TDI based Bayer
Desmodur® T 100 Prepolymer—Isocyanate—TDI based Bayer
Desmodur® T 80 P Prepolymer—Isocyanate—TDI based Bayer
Desmodur® VH 20 Isocyanate—MDI Bayer
Desmodur® VL Isocyanate—MDI Bayer
Desmodur® VL 50 Isocyanate—MDI Bayer
Desmodur® VL 51 Isocyanate—MDI Bayer
Desmodur® VL R 10 Isocyanate—MDI Bayer
Desmodur® VL R 20 Isocyanate—MDI Bayer
Desmodur® W Isocyanate—MDI Bayer
Desmodur® XP 7144 Prepolymer—Isocyanate—MDI based Bayer
Mondur® 1441 Isocyanate—MDI Bayer
Mondur® MA 2902 Isocyanate—MDI-modified MDI Bayer
Mondur® MA 2903 Prepolymer—Isocyanate—MDI based Bayer
Mondur® XP 7143 Isocyanate—MDI, diphenylmethane Bayer
diisocyanate
Isocyanate—TDI, toluene diisocyanate
TMI® Isocyanate—unsaturated aliphatic Cytec

Isonate™ 125MCJ
Isonate™ 143L
Isonate™ 143L]J

isocyanate
Isocyanate—MDI-pure MDI
Isocyanate—MDI-modified MDI
Isocyanate—MDI-modified MDI

Dow Chemical
Dow Chemical
Dow Chemical

(Continued)
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Table 5: Continued.

Product

Type

Supplier

Isonate™ M 124
Isonate™ M 125

Isonate™ M 125P

Isonate™ M 143
Isonate™ 181
Isonate™ M 304
Isonate™ M 309
Isonate™ M 340
Isonate™ M 342
Papi™ 135
Papi™ 27
Papi™ 2940
Papi™ 580N
Papi™ 901
Papi™ 94

Voranate™ M 220
Voranate™ M 229
Voranate™ M 2940
Voranate™ M 580
Voranate™ M 590
Voranate™ M 595

Voranate™ T-80
Suprasec® 1000
Suprasec® 1004
Suprasec® 1007
Suprasec® 1100
Suprasec® 1306
Suprasec® 1400
Suprasec® 1412
Suprasec® 2004
Suprasec® 2008
Suprasec® 2010
Suprasec® 2018
Suprasec® 2020
Suprasec® 2021
Suprasec® 2023
Suprasec® 2029
Suprasec® 2030
Suprasec® 2034
Suprasec® 2049

Isocyanate —MDI—monomeric MDI
Isocyanate—MDI—monomeric MDI
Isocyanate—MDI—-monomeric MDI
Isocyanate—MDI-modified MDI
Prepolymer—Isocyanate—MDI based
Isocyanate —MDI—modified MDI
Isocyanate —MDI-modified MDI
Prepolymer—Isocyanate—MDI based
Prepolymer—Isocyanate—MDI based
Isocyanate—MDI—polymeric MDI
Isocyanate—MDI-polymeric MDI
Isocyanate—MDI-polymeric MDI
Isocyanate—MDI—polymeric MDI
Isocyanate —MDI—-polymeric MDI
Isocyanate —MDI-polymeric MDI
Isocyanate—MDI-polymeric MDI
Isocyanate—MDI-polymeric MDI
Isocyanate—MDI-polymeric MDI
Isocyanate —MDI-polymeric MDI
Isocyanate—MDI-polymeric MDI
Isocyanate—MDI-polymeric MDI

Isocyanate—TDI, toluene diisocyanate

Isocyanate —MDI—pure MDI
Isocyanate—MDI-modified MDI
Prepolymer—isocyanate—MDI based
Isocyanate —MDI—pure MDI
Isocyanate —MDI—pure MDI
Isocyanate —MDI—pure MDI
Prepolymer—Isocyanate—MDI based
Isocyanate —MDI-modified MDI
Prepolymer—isocyanate—MDI based
Prepolymer—isocyanate—MDI based
Prepolymer—isocyanate—MDI based
Isocyanate —MDI-modified MDI
Prepolymer—isocyanate—MDI based
Prepolymer—isocyanate—MDI based
Isocyanate—MDI-modified MDI
Prepolymer—isocyanate—MDI based
Prepolymer—isocyanate—MDI based
Prepolymer—isocyanate—MDI based

Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Huntsman
Huntsman
Huntsman
Huntsman
Huntsman
Huntsman
Huntsman
Huntsman
Huntsman
Huntsman
Huntsman
Huntsman
Huntsman
Huntsman
Huntsman
Huntsman
Huntsman
Huntsman

(Continued)
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Product Type Supplier
Suprasec® 2050 Prepolymer—isocyanate—MDI based Huntsman
Suprasec® 2054 Prepolymer—isocyanate—MDI based Huntsman
Suprasec® 2058 Prepolymer—isocyanate—MDI based Huntsman
Suprasec® 2059 Prepolymer—isocyanate—MDI based Huntsman
Suprasec® 2060 Prepolymer—isocyanate—MDI based Huntsman
Suprasec® 2061 Prepolymer—isocyanate—MDI based Huntsman
Suprasec® 2069 Prepolymer—isocyanate—MDI based Huntsman
Suprasec® 2085 Isocyanate—MDI-polymeric MDI Huntsman
Suprasec® 2090 Isocyanate—MDI-Modified MDI Huntsman
Suprasec® 2211 Isocyanate—MDI—-Modified MDI Huntsman
Suprasec® 2214 Isocyanate—MDI Huntsman
Suprasec® 2234 Prepolymer—isocyanate—MDI based Huntsman
Suprasec® 2332 Prepolymer—isocyanate—MDI based Huntsman
Suprasec® 2385 Isocyanate—MDI—-Modified MDI Huntsman
Suprasec® 2386 Isocyanate—MDI—-Modified MDI Huntsman
Suprasec® 2388 Isocyanate—MDI-Modified MDI Huntsman
Suprasec® 2408 Prepolymer—isocyanate—MDI based Huntsman
Suprasec® 2419 Prepolymer—isocyanate—MDI based Huntsman
Suprasec® 2495 Isocyanate—MDI Huntsman
Suprasec® 2496 Isocyanate—MDI Huntsman
Suprasec® 2497 Isocyanate—MDI Huntsman
Suprasec® 2642 Isocyanate—MDI Huntsman
Suprasec® 2644 Prepolymer—isocyanate—MDI based Huntsman
Suprasec® 2645 Isocyanate—MDI-Modified MDI Huntsman
Suprasec® 2647 Isocyanate—MDI Huntsman
Suprasec® 3051 Isocyanate—MDI Huntsman
Suprasec® 5005 Isocyanate—MDI-polymeric MDI Huntsman
Suprasec® 5025 Isocyanate—MDI-polymeric MDI Huntsman
Suprasec® 5030 Isocyanate—MDI-polymeric MDI Huntsman
Suprasec® MPR Isocyanate—MDI—Pure MDI Huntsman
Scuranate® T80 Isocyanate—2,4/ 2,6 TDI mixture Lyondell
TDI 80-Type 1 Isocyanate—2,4/2,6 TDI mixture Lyondell
Tolonate® AT Isocyanate—TDI, Tris Rhodia
(6-isocyanatohexyl) isocyanurate
Disperdur® 444-20 Isocyanate—aliphatic polyisocyanate Merquinsa

The polyesters as well as polyethers are high molecular weight materials prepared
from monomers. As with all polymeric products, polyols have an average
molecular weight; this varies from 200 to 10,000 depending on the application.
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3.3.4.1. Polyethers

Polyether polyols based upon polyoxypropylene polyols are often the polyols of
choice for polyurethane sealants. They are manufactured by the base-catalysed
addition of propylene oxide to propylene glycol or di-propylene glycol as initiator.
Other initiators are those displayed in Table 6. This reaction yields predominately
secondary hydroxyl groups. Higher incidence of primary hydroxyl groups can be
attained by reacting the homopolymer with ethylene oxide (EO) to form the block
copolymer.

3.3.4.2. Polyesters

Polyesters include various classes of high molecular weight substances obtained
generally by polycondensation of multifunctional carboxylic acids and hydroxyl
compounds. Polyesters contain the ester group —O—CO as the repeating unit in the
chain. Typically, polyester polyols offer abrasion resistance and adhesion promotion
while polyether polyols provide low-temperature flexibility and low viscocity.

For adhesive applications, polyesters produced from polyalkylene phthalate or
adipates are preferred because they produce high strength and modulus. These
properties are not required for sealants. Speciality polyesters such as caprolactone
polyols are used to enhance performances in a wide range of applications.

3.3.4.3. Other Polyols

Other polyols used in polyurethane CASE applications improve mechanical
properties and prepare systems for specific applications; some of them are
explained as follows.

3.3.4.3.1. Hydrophobic polyols

This type of polyol is used to extend polyurethanes with percentages of mineral oil
and to improve resistance to hydrolysis, acids, and bases. Olefinic polyols such as
hydroxy-terminated polybutadiene (Poly BD) are commonly used. An example is
shown in Fig. 10, where the value of n is 57—65 and the functionality is 2.4 and
equivalent weight is about 1260 [24, p. 27]. Another hydrophobic polyol is castor
oil. It is a triglyceride which contains a non-saturated acid as the acid component,
ricinoleic acid, which has a free hydroxyl group used as the alcohol component for
polyurethanes.

3.3.4.3.2. Silanol modified polyols

Hydroxyl-containing silicon material with the hydroxyl groups attached directly to
a silicon atom are combined together to react to form silanol-functionalised
urethane prepolymers that can cure at ambient temperatures in the presence of
moisture to form polysiloxane polyurethanes. For instance, physical blends of a
polypropyleneoxide polyol intermediates and an organic-silicone block copolymer-
based polyol intermediates have been prepared to improve elongation and reduced
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Table 6: Common initiators for polyether polyols.

Initiators Structure?® Formula  Functionality CAS
Water o H,O 2 7732-18-5
PN

H H
Ethylene glycol o /\/OH C,HgO, 2 107-21-1
1,2 propylene OH C5;Hg0O, 2 57-55-6

lycol
Glycerine OH C5HgO3 3 56-81-5
OH

OH

Trimethylol HO CeH 403 3 77-99-6
propane
OH
HO
Triethanol amine OH CeH5NO;3 3 102-71-6
N

Ho " "op
Pentaerythritol HO CsH;,04 4 115-77-5

HO OH

HO

“To convert a line structure into a structural formula, place a C atom at the end of each line
and at each line intersection, then add enough —H connections to give each C atom 4

connections.
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HO*HCHZ—CH:CH—CHz )2< CH2—('|.ZH)‘2 {CHZ—CH:CH—CHZ«)A—OH
: ~1n

CH=CH,

Fig. 10: Hydroxy-terminated polybutadiene.

modulus of polyurethane sealants when compared to conventional urethane
compositions [25]. Several patents show the actual state of the art [25,26].

3.3.4.4. Chain Extenders

Chain extenders are usually difunctional compounds, such as glycols, diamines or

hydroxylamines used in polyureas and polyurethane/ureas. Table 7 shows

common hydroxylated compounds used as chain extenders or crosslinkers.
Some companies and their polyol series trademarks are displayed in Tables 8

and 9. More detailed and up-to-date information is readily available by contacting

the original vendor publications.

Table 7: Hydroxylated chain extenders and crosslinkers.

Compound Structure Formula Molecular CAS
weight

Ethylene glycol HO/\/OH C,HeO, 62.0682  107-21-1

Diethylene glycol C4H,,0 106.1212

y gly "o A~ 0 \/\OH 41003
Propylene glycol OH C3Hg0, 76.095 57-55-6
)\/OH
Dipropylene OH OH CeH1405  134.1748  25265-71-8

lycol
= /K/O\)\

1,4-Butanediol C,Hi 00>  90.12181 110-63-4

/\/\/OH
HO

2-Methyl-1,3

HO
propanediol ‘>_\
OH

C4H,00, 90.12181 2163-42-0

(Continued)
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Table 7: Continued.

Compound Structure Formula Molecular CAS
weight
Water o H,0 18.0152  7732-18-5
H” H
Hydrazine H,N— NH, H4N, 32.045 302-01-2
Ethylenediamine NH C,HgN, 60.0986  107-15-3
H,N S~ 2

1,4-Diamino-
cyclohexane H,N NH,

Isophorone diamine NH,

NH,

CeH14N>  114.19 2615-25-0

CioH2N,  170.2972  2855-13-2

Table 8: Polyols series trademarks for polyurethane adhesives and sealants.

Company Polyol series trademarks
BASF LUPRANOL, LUPRAPHEN
Bayer AG ARCOL POLYOL, DESMOPHEN
C. P. Hall URETHHALL
Crompton-Uniroyal Chemical FOMREZ

DOWChemical TONE, VORANOL

DuPont TERATHANE

Huntsman DALTOREZ

P.A.T. Products DIEXTERG214

Reichhold POLYLITE

Repsol ALCUPOL

Rokra-Kraemer ROKRAPOL

Scandiflex CORDAFLEX

Shell Chemicals CARADOL

Solvay CAPA

Stepan STEPANPOL

Unigema PRIPLAST
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Table 9: Principal polyols used for polyurethane adhesives and sealants.

Product Polyol Type Supplier
Lupranol® 1301 Polyether BASF-Elastogran
Lupranol® 2001 Polyether BASF-Elastogran
Lupranol® 2031 Polyether BASF-Elastogran
Lupranol® 2032 Polyether BASF-Elastogran
Lupranol® 2043 Polyether BASF-Elastogran
Lupranol® 2090 Polyether BASF-Elastogran
Lupranol® 2095 Polyether BASF-Elastogran
Lupranol® 2100 Polyether BASF-Elastogran
Lupranol® VP9272 Polyether BASF-Elastogran
Lupranol® VP9289 Polyether BASF-Elastogran
Lupraphen® 8002 Polyols BASF-Elastogran
Lupraphen® 8004 Polyester BASF-Elastogran
Lupraphen® 8100 Polyester BASF-Elastogran
Lupraphen® 8101 Polyester BASF-Elastogran
Lupraphen® 8103 Polyester BASF-Elastogran
Lupraphen® 8104 Polyester BASF-Elastogran
Lupraphen® 8105 Polyester BASF-Elastogran
Lupraphen® 8106 Polyester BASF-Elastogran
Lupraphen® 8108 Polyester BASF-Elastogran
Lupraphen® 8109 Polyester BASF-Elastogran
Arcol Polyol 11-34 Polyether Bayer

Arcol Polyol E-351 Polyether Bayer

Arcol Polyol E-648 Polyether Bayer

Arcol Polyol LG-56 Polyether Bayer

Arcol Polyol LHT-42 Polyether Bayer

Arcol Polyol PPG-1025 Polyether Bayer

Arcol Polyol PPG-2000 Polyether Bayer

Arcol Polyol PPG-2025 Polyether Bayer

Arcol Polyol PPG-3025 Polyether Bayer

Arcol Polyol PPG-4000 Polyether Bayer
Desmophen F-2035 Polyester Bayer
Desmophen S-1011-35 Polyester Bayer
Desmophen S-1072-30 Polyester Bayer
Desmophen S-1074-30 Polyester Bayer
Desmophen® 5034 BT Polyether Bayer
Desmophen® 550 U Polyether Bayer
Desmophen® C 200 Polyester Bayer
Multranol® 9181 Polyether Bayer

Tone™ 0201 Polyol Caprolactone Dow Chemical

(Continued)
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Product

Polyol Type

Supplier

Tone™ 0210 Polyol

Tone™ P737 Polymer

Voranol™ 1010 L
Voranol™ 2000 L
Voranol™ 2070
Voranol™ 2100
Voranol™ 2110
Voranol™ 2110-TB
Voranol™ 2120
Voranol™ 220-028
Voranol™ 220-056
Voranol™ 220-094
Voranol™ 220-110
Voranol™ 220-260
Voranol™ 222-029
Voranol™ 222-056
Voranol™ 230-056
Voranol™ 230-112
Voranol™ 230-238
Voranol™ 230-66
Voranol™ 232-027
Voranol™ 232-028
Voranol™ 232-034
Voranol™ 232-035
Voranol™ 235-056
Voranol™ 2471
Voranol™ 800
Voranol™ CP 1055
Voranol™ CP 260
Voranol™ CP 300
Voranol™ CP 3055
Voranol™ CP 3355
Voranol™ CP 4055
Voranol™ CP 450
Voranol™ CP 4655
Voranol™ CP 4755
Voranol™ CP 6055
Voranol™ CP 755
Voranol™ EP 1900
Voranol™ EP 2001

Caprolactone
Polyester
Caprolactone
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether

Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical
Dow Chemical

(Continued)
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Table 9: Continued.

Product

Polyol Type

Supplier

Voranol™ P 1010
Voranol™ P 2000
Voranol™ P 400
Voranol™ RA 640
Voranol™ RA 800
Voranol™ RH 360
Voranol™ RN 490
Daltorez™ P133
Daltorez™ P312
Daltorez™ P315
Daltorez™ P321
Daltorez™ P345
Daltorez™ P355
Capa2043
Capa2054
Capa2085
Capa2100
Capa2101A
Capa2200
Capa2200A
Capa2205
Capa2302
Capa2302A
Capa2304
Capa2402
Capa3050
CapaHC1060
CapaHC1100
CapaHC1200

Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyether
Polyester
Polyester
Polyester
Polyester
Polyester
Polyester
Caprolactone
Caprolactone
Caprolactone
Caprolactone
Caprolactone
Caprolactone
Caprolactone
Caprolactone
Caprolactone
Caprolactone
Caprolactone
Caprolactone
Caprolactone
Caprolactone
Caprolactone
Caprolactone

Dow Chemical

Dow Chemical

Dow Chemical

Dow Chemical

Dow Chemical

Dow Chemical

Dow Chemical
Huntsman
Huntsman
Huntsman
Huntsman
Huntsman
Huntsman
SolvayCaprolactones
SolvayCaprolactones
SolvayCaprolactones
SolvayCaprolactones
SolvayCaprolactones
SolvayCaprolactones
SolvayCaprolactones
SolvayCaprolactones
SolvayCaprolactones
SolvayCaprolactones
SolvayCaprolactones
SolvayCaprolactones
SolvayCaprolactones
SolvayCaprolactones
SolvayCaprolactones
SolvayCaprolactones

3.3.5. Catalysts

The most commonly used catalysts in polyurethanes are tertiary amines. They
promote isocyanate reactions which will occur at moderate temperatures, i.e.
reaction with alcohols, water, and carboxylic acids. However, the tertiary amines
are not strong catalysts for the reactions of isocyanates and isocyanate derivatives
at elevated temperatures [14]. Strong catalysts for these reactions are the strong
bases, e.g. NaOH, NaOR, and R,NOH.
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With aromatic isocyanate resins, the formation of the urethane linkage can be
promoted by a number of metals in the form of organometallics and/or salts of
organic acids. Tin compounds such as dibutyl tin dilaurate and tin (II) octoate are
particularly effective, having superseded the more toxic lead equivalent components.

Synergistic effects of tin and amine catalysts are of technical importance and are
widely studied principally because of the differences in reactivity. Metal catalysts
are usually employed in systems based on the slower reacting aliphatic isocyanate
adducts [27].

Standard moisture cure catalysts used principally in adhesives are:

e Tin catalysts. Dibutyltin dilaurate (DBTDL), dibutyltin diacetate (DBTDA);
e Amines. Morpholine derivatives, tertiary amines;
« Bismuth catalysts, which are increasingly replacing mercuric catalysts.

Both blocked aromatic and aliphatic polymers use latent curatives such as
ketimines and oxazolidines; however, they do have some inherent disadvantages.
The use of ketimines and aldemines often produces products that have a tendency
to yellow upon exposure to sunlight, and that take a longer time to achieve
complete cure and retain slow evaporating ketones or aldehydes. Oxazolidine
modification can also result in some yellowing and reduced chemical resistance to
some acids [26].

Some companies and their catalysts series trademarks are displayed in Table 10.
More detailed and up-to-date information is readily available by contacting the
original vendor publications.

Table 10: Catalysts series trademarks for polyurethanes.

Company Catalysts series trademarks
Air Products and Chemicals Inc DABCO, POLYCAT

Cosan Chemical Co COCURE, COSCAT, COTIN
Enterprise Chemical Corp QUINCAT

Kao Corporation KAO LIZER

Merk & Co METASOL

Rohm and Hass Co DMP

Th Goldschmidt Co KOSMOS, TEGO

Texaco Chemical Co TEXACAT

Toyo Soda Co TOYOCAT

Union Carbide Corp.? NIAX

Witco Chemical Corp FOMREZ, FOMREZ UL

“Union Carbide Corp. is a wholly owned subsidiary of The Dow Chemical Company
since 2001.
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3.3.6. Solvents

Solvents are used principally to reduce the viscosity and improve surface wetting
of the substrate. Although the trend is to reduce or eliminate solvents for most
polyurethane sealants, the solvent content must be low (0 to <10%) in order to
maintain properties after cure otherwise the polymer will develop stresses at the
interface, leading to debonding. Typical solvents are:

e mineral spirits;

¢ odourless mineral spirits;
e xylene;

 solvent naphtha;

« glycol ether acetates.

Water absorbency and active hydrogen group containing solvents must be avoided
with two packed isocyanate containing adhesives.

3.3.7. Plasticisers

Plasticisers act under the same phenomenon as solvents, increasing the free

volume of the polymer but without producing complete dissolution. Both are

governed by the same laws of solubility. However, each plays a different role.

While solvents serve mostly as viscosity modifiers, plasticisers modify the curing

properties of the sealant, softening and lowering the glass transition temperature.
Common plasticisers in polyurethane sealants are:

butyl benzyl phthalate;

diundecyl phthalate (DIDP);

dioctyl phthalate (DOP);

dipropylene glycol dibenzoate;

hydrocarbon extenders are also used as internal plasticisers;
free polyol in low isocyanate index PUs.

3.3.8. Additives

Depending on the application, several additives are added to the co-reactant or
curative component having active hydrogen containing groups. The main types are:

e UV stabilisers;

UV absorbers;

adhesion promoters;

e pigments and colourants;
mildewcides and fungicides;
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e pigments and extenders;
« levelling agents;

« thickening agents;

* air release agents;

« antioxidants;

e bituminous extenders;

¢ suspending agents;

« antiskinning agents;

« surfactants;

¢ rheological modifiers.

3.4. Structure Property Relationships

From Section 3.3, it was shown there are a large number of monomers and
oligomers available for polyurethanes. It is often said that if cost was not of
concern, then urethane-based polymers could be tailored to replace most polymers
for applications that did not demand too high a service temperature [28].
Polyurethanes, besides adhesives and sealants applications, can be found as foams
(rigid, flexible, micro-cellular), elastomers, and encapsulants which differ slightly
in raw materials. However, processing parameters and additives make feasible a
diverse synthesis of this material.

As was discussed in Section 3.2, chemistry variables are introduced in the
polyurethane structure mainly by chain extenders and cross-linker agents, and
polyols and to a less extent by isocyanates. Variables introduced by polyols and
chain extenders are:

¢ type of monomer precursor;

e molar mass variation, i.e. 300—10,000;

« functionality;

 use of polyol blends of different molar mass;

« pendant groups or bulky substituents in the main chain.

Polyurethane’s technology aims to study the interaction between those variables
to create different morphologies which interact differently, changing by various
extent the mechanical properties and performance for all types of PU materials.

3.4.1. Hard-Soft Segment Theory

According to the theory [29], soft segments are derived from the polymeric polyol
and hard segments from the diisocyanate chain extended with low molecular
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H/L—’_—\.Whase

Hard segment:
Chain extender & Isocyanate phase

Figure 11: Morphology of polyurethanes. (Source: [30].)

weight diol or diamine. Refer to Fig. 11. Hard segments are plastic-like domains
that form in a continuous rubbery phase (polyol) and may be partially crystalline.
They are formed in two ways:

1. Reaction of isocyanate-terminated prepolymer with water produces urea —
plastic phase.

2. Reaction of polyisocyanate with chain extenders
¢ diols — ethylene glycol, butanediol, etc.
¢ diamines — diethyl toluenediamine, ethylene diamine, etc.

Different physical forces are present between segments. Strong secondary bond
interactions such as hydrogen bonding between the polar groups of hard segments
are present acting like reinforcing “filler particles”. Less extensive interaction
forces occur between the non-polar groups of soft segments. Hydrogen bonding,
the bond in which a hydrogen atom is associated with two other atoms, is
particularly important in polyurethanes. This type of bond occurs between two
functional groups in the same or different molecules.

In addition to hydrogen bonding, secondary-bond forces lead to the aggregation
of separate particles into solid and liquid phases; they are not of great importance
for stable chemical compounds. However, many physical properties such as
surface tension and frictional properties, miscibility and solubility are determined
to a large extent by intermolecular forces. Three types of forces acting between
molecules are recognized, dipole, induction, and dispersion forces. Occasionally,
the term van der Waals forces is applied to the dispersion forces alone.

The usual thermodynamic incompatibility of these two types of segments
leads to a phase separation, leading to a structure consisting of hard segments
and soft segment domains. This segregation gives rise to a micro-nonuniform
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Table 11: Advantages and disadvantages of hard segments.

Advantages Disadvantages
Tensile and overlap shear Overlap shear strength is
strength increases not as high as
Raises the hardness and the reverse morphology
modulus (stiffness) (rubber-modified plastic)
Peel strength may increase Thermal stability — not as good
(to a point) (function of thermal stability of
Can have good modulus the urethane, not the
at moderate temperatures and morphology)
excellent low temperature impact
properties

structure in which hard segment domains are dispersed in a soft segment
matrix. The extent of phase separation is dependent on the level of association
between hard segments, and also on the degree of compatibility between hard
segments and soft segments.

Some advantages and disadvantages of hard segments [30] are given in
Table 11.

Another important factor is that of crystallinity. Some factors that encourage
and discourage crystal growth are given in Table 12.

The same factors that encourage and discourage crystal growth in hard
segments apply for soft segments (polyol). For polyols, enhancement of
crystallinity plays an important role for both urethane adhesives and
sealants according to the hard—soft segment theory, some of them are given in
Table 13 [30].

Table 12: Factors that encourage and discourage crystal growth in both hard and soft
segments.

Encourage Discourage

Symmetrical structure Non-symmetrical structure
Aromatic rings Hetero-atoms (O, S, etc.)

Even number of carbon atoms Odd number of carbon atoms
No side chain substituents (encourage Contains side chain substituents

chain packing) (discourage chain packing)
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Table 13: Importance of soft segment crystallinity on both urethane adhesives and
sealants.

For urethane adhesives For urethane sealants

Fast green strength — crystallisation Crystallisation of soft segment usually
provides the fast strength after not desirable, but may provide
applying the adhesive, e.g. additional resistance to permanent set,
water-borne urethane adhesives, e.g. tensile set, compression set
solvent-borne urethane adhesives, (below crystallisation temperature)
curing hot melt adhesives Amorphous polyols can produce lower

May improve tensile properties viscosity adhesives and sealants, very

important for high solids adhesives
and sealants

3.5. Classification of Polyurethane Adhesives and Sealants

A recent survey carried out in 2000 showed that the total polyurethane
consumption reached nearly 8.5 million tonnes [4] and for formulated
polyurethane CASE products was approximately 3.1 million tonnes, with total
isocyanate demand considered as 900,000 tonnes and total polyol demand
accounting for around 1.5 million tonnes [31].

According to Tom Mach Industry Analyst Frost & Sullivan [32],
polyurethane sealants are enjoying strong levels of growth. In North America,
it is expected that the highest CAGRs increase (Compound Annual Growth
Rate) in this sector will come from polyurethane sealants, at 4.1 percent. This
growth principally stems from:

e Continued growth of polyurethane foam sealants in the DIY and construction
sectors;

e Increasing importance of other chemistries in the polyurethane family, such as
polyureas; and

e Growing acceptance of polyurethane sealants as a replacement of older
technologies, such as polysulfides for marine applications.

In addition, Tom Mach points out that there is a fragmentation in the sealants
market due to the fact that there are a large number of types of chemical sealants
which lack of consistency between suppliers as to what is or is not a sealant [32].
For instance, some products called sealants are in fact adhesives and vice versa.

A sealant is defined as a liquid, paste or foam material, that, when applied to
a joint or orifice, forms a tight seal against liquids or gases and can withstand
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the movements of the joint. Moreover, caulks are generally used where elastomeric
properties are needed, while sealants are materials that are used where elastomeric
as well as structural strength properties may be needed. Nevertheless, those terms
are used interchangeably to denote compounds that are used to fill and seal a joint,
such as to fill in cracks, crevices or gaps in structural units and to fill spaces between
building units. Their primary function is to protect the sealed surfaces against
weather conditions, i.e. temperature, moisture, and sunlight exposure conditions, in
addition to absorbing shear, compression, and extension stresses.

Additionally, the classification of a product that has both adhesion and sealing
capabilities is obscure. For this reason, the classification does not have a well-
defined demarcation line. In some respects, the physical properties of urethane
adhesives differ from those of urethane sealants. In line with that, this section
presents the main types of polyurethane sealants and adhesives, their character-
istics, advantages and disadvantages according to the form in which they are
found, i.e. 100% solids, solventborne, waterborne, and the cure characteristics
whether one or two-component material.

3.5.1. Nomenclature

From a chemical point of view, “one-component” (1K) and “two-component”
(2K) terms are often misleading, in some cases erroneous. On the one hand, one-
package reactive systems in fact use at least two constituents which will form a
polymeric system on the substrate [33]. Under this heading, for instance
isocyanate-terminated polyurethanes with a relatively high molecular weight
(prepolymer) and rather low remaining isocyanate content that cure with
atmospheric pressure and resins containing blocked isocyanates groups in
combination with reactants are included.

On the other hand, components in two-package systems are typically much
more reactive at ambient conditions and are mixed just prior to application. For
instance, highly cross-linked systems until relative high solid contents that cure
at low temperature can only be achieved by the two-package application mode
[33]. A review of processing requirements and physical properties of one and
two-component urethane adhesives is presented elsewhere [34].

A comparison of one and two-component adhesives is listed in Table 14 [34].

Polyurethane adhesives are preferred in a vast range of applications for a
number of reasons [35]:

e They can interact with most substrates through polar interactions (e.g. hydrogen
bonding), mainly due to polar sites on the urethane and urea groups.

» They can form covalent bonds with substrates that have active hydrogen atoms
(for reactive adhesives).
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Table 14: Comparison of one- and two-component urethane adhesives.

One component

Two component

Chemistry is limited to room
temperature stable packages
Very long open times

No mixing
Simple dispensing equipment

No flushing required
Minimum surface preparation

Complete bond line heating and
fixturing for the cure cycle

Unlimited chemistry

Limited open time, variable from
second to hours

Must be meter mixed

Complicated equipment, sometimes
very sophisticated

Flushing and cleaning needed after
some predetermined time

Best results obtained with primer
to clean and prepare the surface

Spot heating for curing to
fixture the part

e They effectively wet the surface of a number of substrates (plastics, wood,

metal, glass...).

e Their relatively low molecular weight/small molecular size allows them to
permeate porous substrates (for reactive adhesives).

e Through molecular composition the adhesive stiffness, elasticity, and
crosslinking can be tailored to suit specific needs.

Some requirements which are common to both polyurethane adhesives and

sealants are [24, p. 23]:

¢ low viscosity;

¢ low volatile organic compounds (VOC);

e low cost;

e with TDI, low free monomer;

e compatibility with a broad variety of substrate materials.

Commonly, adhesives require high tensile strength while sealants cure at low

modulus and high elongation capacity.

3.5.2. Classification by General Type

As previously stated, classification of polyurethanes does not have a well-defined
demarcation line. However, in order to include the principal urethane adhesive
types in this section, they will be explained as depicted in Table 15. Following
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Table 15: Classification of systems.

129

Class Chemistry Types Applications
(mechanism)
Non-reactive TPU & PUDs? Solvent-borne, Contact adhesives

Reactive: one
component

Reactive: two
component

Reactive: other

(carrier evaporation)

Isocyanates
(moisture cure)
Isocyanates prepoly-
mers (moisture cure)

NCO + Amine
(polyurea)

NCO + Polyol
(polyurethane)

Blocked NCO +
Polyol
(polyurethane)

Urethane acrylates
(radiation cure)

water-borne,
hot-melt
Solvent-borne,
solvent-free
Solvent-borne,
solvent-free

Solvent-free
Solvent-borne,

water-borne,
solvent-free

Powder stoving

Solvent-free

Crosslinker, wood
binding

General purpose
adhesives, sport
floors sealants

Roof coatings

Auto refinish and
OEM coatings,
sealants, encapsulants,
flexible packaging
adhesives,
synthetic mortar

Can and coil coatings,
maintenance coatings,
adhesives for metals

Wood coatings,
adhesives for GRP
(glass reinforced
plastics)

Source: Ref. [36].

“TPU, thermoplastics polyurethane; PUD, polyurethane dispersion.

this, they are grouped according to the form by which they are found, as 100%
solids, dissolved in organic solvents or dispersed in water.

3.5.2.1. 100% Solids Polyurethane Adhesives

Polyurethane reactive hot melt adhesives (PURhma) consist of an isocyanate-
terminated polyurethane or high molecular weight hydroxyl-terminated
polyurethane which is solid at ambient temperature, but which melts at low
temperature. They bond through the physical process of rapid solidification from
the melt as well as through chemical reaction with ambient moisture. As a result of
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this curing reaction, PURhma develop temperature and chemical resistance
exhibiting a degree of stiffness as well as toughness.

These materials have the advantage of being relatively easy to apply. However,
melt adhesives are typically not reactive in nature and, therefore, do not develop
sufficient strength and sufficient heat and chemical resistance for certain
applications [37]. Advantages of hot melt curable adhesives over traditional
liquid curing adhesives are:

« their ability to provide “green strength” upon cooling prior to cure and
« they provide adhesives of very low cross-linking density and thus high levels of
flexibility and toughness.

The so-called “modifiers” have been used are in an attempt to improve the
balance of processing, thermal and mechanical attributes of PURhma. Conven-
tional modifiers include:

e rosin glycerol ester;
e polycaprolactone diol; and
e terpene phenolic resins.

Most of these modifiers have not provided a viable solution to the formulators’
needs that can provide a useful balance of processing, thermal and mechanical
attributes to PURhma. Recent attempts have been made to confer such desirable
compositions [37,38].

3.5.2.2. Solvent-Borne Polyurethane Adhesives
Solvent polyurethane adhesives have been of great economical and technical
importance because of their easy processing and high performance. They have
been used traditionally for the bonding of rubber, leather, textiles, metal, paper,
wood, and plastics including highly plasticised polyvinyl chloride.

These adhesives consist of high molecular weight (approximately 100,000)
dissolved in a solvent (refer to Section 3.3.6). They are formed by the reaction of
high molecular weight polyester diols with a diisocyanate.

3.5.2.3. Water-Borne Polyurethane Adhesives

Aqueous polyurethane dispersions are not new; they have been available since the
early 1970s. However, environmental concerns and impending legislation are in
favour of non-solvent containing materials and reduction of VOCs making
these systems commercially available nowadays. Performance of new aqueous
dispersions has reached the point that they exceed the performance of some solvent-
based systems [16]. These urethane dispersions can also often be processed with
the same or similar equipment as solvent systems. They may be used as the sole resin
or blended with other resin systems, such as acrylics.
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These adhesives are high molecular weight polyurethanes dispersed in water
(PU dispersions, or PUDs). They bond through cure by chemical reaction as well
as through the physical process of drying evaporation [6]. This means that the
water carrier is eliminated during use, leaving the precipitated and coalesced
polymer to form the adhesive bond [35].

One-component water-borne polyurethane systems can be derived from
polyurethane dispersions or blocked polyisocyanates (refer to Section 3.2.1).
Blocked isocyanates are added to the co-reactant resins providing one-component
systems with excellent shelf life. This type of adhesives is principally used for
non-porous materials and the bonding of unlike metals such as aluminium to steel,
and stainless steel to mild steel. They are also useful in bonding some of the high
pressure laminates such as those based on phenolics and melamine [39]. Systems
based on water-borne blocked polyisocyanate crosslinkers and suitable water-
borne polymers approach the performance levels previously obtained only by
solvent-borne systems [16].

Hydrophilic or salt forming groups are incorporated into the polyurethane
backbone to make the polymer self-dispersible. These non-reactive polyurethane
dispersions are in aqueous form. Anionic forms based on pendant acid functional
groups are the most common.

Other pendant groups frequently used in PUDs may include:

 dimethylol propionic acid (DMPA);

« sulphonic acid pendant groups;

« cationic forms based on tertiary amines in the backbone or pendant;
* non-ionic surfactants built into the polymer.

Preparation of water-borne polyurethane dispersions is done by emulsification
of hydrophobic polyurethanes in water with the aid of protective colloids or
suitable external emulsifiers. An example of the formation of a polyurethane
dispersion is shown below [40]. Excellent reviews on water-borne polyurethanes
can be found elsewhere [41,42] (Fig. 12).

3.5.3. Other Curing Characteristics

Cure characteristics of one-component systems categorise adhesives as moisture
curable, UV curable, powder blocked isocyanates, etc., and for two-components
systems as either polyol-isocyanate reactive curable or polyol-amine reactive curable.

3.5.3.1. Moisture Curable Polyurethane Adhesives
The curing principle for moisture-curing CASE polyurethane is described by the
reaction of isocyanate groups with water. Polyisocyanate/polyol combinations
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Figure 12: Aqueous dispersion of polyurethane-urea.

with an excess of isocyanate groups (prepolymers) crosslink with atmospheric
moisture to give insoluble higher molecular weight polyurethanes/polyureas
(recall the reaction of isocyanate with water, Fig. 4).

The properties of moisture-curing one-component systems are principally
determined by the nature of the particular base isocyanates used. For example,
one-component coatings based on aliphatic polyisocyanates (HDI, IPDI,
DESMODUR W diisocyanate) generally need longer drying times than those
based on aromatic isocyanates (TDI, MDI). In addition, drying times depend on
both the temperature and the amount of atmospheric moisture present [16].
Humidity affects curing, formation of bubbling, loss of properties, potential shelf
life, storage issues, and manufacture.

Some of the advantages of moisture curable CASE polyurethanes are that there
are no solvent emissions, and an improvement in properties due to the formation of
urea groups.
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Single component moisture curable sealants are widely used. They provide
liquid and gaseous barriers in diverse applications including bonding of dissimilar
materials, sealing of expansion joints, weatherproofing, and perimeter sealing
(sealing around doors, windows and other building components), amongst others.

3.5.3.2. Silane Polyurethane Hybrids
Silane polyurethane hybrids are urethane-based polymers which have been end-
capped with reactive silane groups. Urethane-based and silicone-based sealants
are two major, single component sealant technologies useful in many applications.
For instance, they are used for sealing and bonding cement-containing
compounds, metals, plastics, and glass.

Urethane-based sealants improve rheological and mechanical properties, and
adhere well to a variety of substrates as do silicone-based sealants. However,
urethane-based sealants tend not to accumulate dirt and dust and are easier to
compound than silicone-based sealants. For this reason, hybrid sealants based on
moisture-curable hydrolysable urethane prepolymers have been proposed [43].
Silane polyurethane hybrid sealants are systems that maximise the beneficial
features of each of the urethane-based and silicone-based technologies, whilst
minimising the undesirable characteristics.

The moisture-curable prepolymers are made by compounding moisture-curable
alkoxylane functional polyether urethane prepolymers with rheological modifiers,
adhesion promoters, oxidative stabilisers, plasticisers, and cure catalysts. Stuart
[43] described the preparation and processing of sealants from silylated polyether
urethane prepolymers (refer also to Section 3.3.4.3) prepared from endcap
precursors containing dialkyl maleates.®

Some of their advantages are:

¢ completely non-gassing;
¢ no unreacted monomeric isocyanate;
¢ quick curing.

However, they involve a high cost and prepolymer synthesis can be required.

3.5.3.3. Amine Cured Polyurethanes

Primary and secondary amines react quickly with isocyanates yielding urea
(Section 3.2.3). The inherent high reactivity of isocyanate, particularly aromatic
isocyanate, with amine containing materials is a disadvantage of using an amine-
cured binder. Accordingly, systems formed using amine-cured binders often react

© The term “silylated” or “endcapped” is applied to the resulting polymer which comes from the termination of
pendant isocyanate groups with the amino group of the amino alkylalkoxysilane, and the molecule used to
terminate the isocyanate groups is referred as to “endcap”.
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so quickly that application can be accomplished only with specialised plural
component spray equipment which represents a high cost increase as compared to
other systems. In addition, amine cured systems have a tendency to yellow upon
exposure to sunlight, which prevents their use in applications where colour
stability is required.

3.6. Applications of Polyurethane Adhesives and Sealants

3.6.1. Adhesives

In today’s competitive markets it is often necessary to use complex structures
made of different layered materials in order to achieve the desired combination of
properties for particular applications.

It has been found that one effective way to make strong and durable laminates
is through the use of adhesives. Bonding of such composite materials has several
advantages over other joining methods. For example, when welding and
soldering, the surfaces are permanently changed by thermal stresses whilst by
using adhesives the strains are dissipated over the whole surface without creating
local stresses. Also, by bonding surfaces the pieces are not weakened as happens
with riveting, nailing, sewing or screwing methods. The little weight that an
adhesive adds to a composite structure is also a great advantage [6].

Polyurethane adhesives are produced in many grades such as one-component,
two-component, dispersion and solvent based, and hot melted for use in different
application areas. PUR adhesives have a good adhesion to wood, metal and
plastics and find, therefore, end use in many industrial applications. Some
applications outlined by sector are presented in this section.

3.6.1.1. Construction

Some reactive polyurethane adhesives such as one- and two-component ones are
particularly suitable for wood bonding. They are currently being used for the
bonding of parquets and other wood flooring, mainly because of their strength and
resistance. They are also being used for bonding of heavy duty rubber floor in
commercial areas with heavy foot traffic [24].

Other common applications for the building and construction industry include
foam PUR adhesives for sub-flooring, drywall, plywood, foamboard, fibreboard,
wallboard, and brick. The specific features that make PUR adhesives suitable for
those applications are their adherence to wet or frozen timber, their fast initial
grab, high shear strength, their superior bonding and their anti-flammable
properties amongst others. There are also some premium grades suitable for
mirrors, ceramic tiles, ABS plastics, bath surrounds, concrete, and masonry.
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PUR adhesives can be produced in many grades and can even be customised for
special applications.

Table 16 presents several commercial construction polyurethane adhesives
from Maris Polymers® outlining their type, properties, and common appli-
cations [44].

3.6.1.2. Packaging,” Woodworking

Most food packaging is now being made of two or more different films (refer to the
chapter “PUR Adhesives for Flexible Packaging” in Volume 4). For products like
pastries or liquid foodstuffs, efforts are being made to develop transparent
packaging materials and some film composites based on PE, cellophane, PP, and
PET have proven themselves to be appropriate. However, an efficient transparent
adhesive that meets various government health regulations for being in contact
with food was necessary. Suitable formulated polyurethane adhesives were found
to be appropriate because in addition to good strength and no-discolouration, they
have sufficient elasticity and good performance at temperatures of food
freezing [6].

Depending on their use and characteristics, solvent or solventless polyurethane
based adhesives are available and can also be customised for special packaging
requirements. Some typical uses for one-component PUR adhesives are for
adhesion of shopping bags, printed films, and adhesives for snack food bags. These
are especially suitable for these applications mainly because they are solvent free,
moisture curable, and easy to apply.

Other custom-modified two-component PUR adhesives are used for the
adhesion of PVC to Al sheets for medicine cases [45].

Profile wrapping is another major application for hot melt PUR adhesives
(HMPUR). Some wrapping applications include the bonding of printed
papers and elasticised vinyls onto MDF profiles (refer to the chapter
“Adhesives for Wood and Furniture” in Volume 3). These applications require
some of the characteristics of the PUR adhesives such as low application
temperatures and low viscosity [46].

3.6.1.3. Transportation®

Many of the new materials for the transportation sector — carbon fibre, GRP,
plastics, light alloys, metals, as well as glass — cannot be joined or may not operate
to their full potential with rigid fixing technology. The advantages of PUR

7 A detailed study of PU adhesives for flexible packaging is provided in Volume 4 by the chapter “PU adhesives
for laminating” by J-F LECAM.

8 For a detailed study of PU adhesives for transportation, automotive, etc., the reader may refer to the chapters
“Elastic Bonding and Sealing” by SIKA in Volume 2 and “Flexible Structural Bonding” also by SIKA in the next
volumes of this Handbook.



Table 16: Commercial construction polyurethane adhesives.

Product

Adhesive type

Applications

Properties

MARISTICK ® 1000

(Maris Polymers ®)
MARISTICK ® 1070
MARISTICK ® 1700

MARISTICK ® 1702

MARISTICK ® 1705

MARISTICK ® 1750

Subfloor polyurethane
adhesive from M-D Co

Semi-rigid, one—component,
without solvents

Semi-rigid, one-component,
with solvents

Semi-rigid, flame retardant,
two component, without
solvents

Semi-rigid, two component,
without solvents

Semi-rigid, two—component,
without solvents

Semi-rigid, two -component,
without solvents

Premium grade quick curing
PUR foam adhesive

Adhesion of wood and
ceramics

Adhesion of wood and
ceramics

Production of metal-rockwool
sandwich panels

Production of sandwich panels
made of ABS or PVC.
Polystyrene foam blocks

Used for the production of
sandwich panels made of
metal or wood with
rockwool. Polystyrene foam

Adhesion of metal, wood and
ceramic tiles on horizontal
and vertical surfaces

Subfloor, plywood, gypsum,
foamboards, block,
fibreboard, drywall,
wallboard, brick, hardboard

Provides strong mechanical
and chemical resistance

Provides strong mechanical
and chemical resistance

Strong mechanical and
chemical resistance, flame
retardancy

Provides elasticity of hard
rubber, excellent adhesion
without shrinkage, cures by
crosslinking even at very
low temperatures

Provides elasticity of hard
rubber, excellent adhesion
without shrinkage, cures by
crosslinking even at very
low temperatures

Provides elasticity of hard
rubber, excellent adhesion
without shrinkage, cures by
crosslinking even at very
low temperatures

Source: Ref. [44].
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adhesive bonding include movement capability, noise dampening, vibration
reduction, and improved durability as well as the ability to cope with large
variations in bondline thickness.

One example of high performance polyurethane adhesives is the bonding in
windscreens in cars and commercial vehicles. The use of this kind of adhesives
provides a fast, reliable and watertight installation as well as adding structural
support [47].

PUR adhesives are also used for the bonding of interior materials of
automobiles such as door trims, door centre panels, headlining and dash boards
that are composed of at least two or more materials. Other polyurethane adhesives
such as INSTA-GRIP™ [48] are used to attach fibreglass liners to trailers. The
required properties are their initial adhesive strength, and heat resistance as well as
their easy and quick application.

Bonding of plastic retainers to wood-fibre panels, fixing air vents beneath
instrument panels or reinforcing door panels with side-impact-protection parts
also requires the fast-setting and durable properties with high resistance to
mechanical stress and heat of PUR adhesives.

The bonding of side walls of vehicles is another important application for PUR
adhesives (hot melts). This kind of application can be very demanding and only
PUR adhesives offer the resistance to temperatures from —40 to 160° F to which
these vehicles are exposed. The typical construction of the side walls include a
multi-layer lamination with PUR adhesives to bond the fibre glass-reinforced
plastic, two layers of lauan plywood, a layer of EPS foam and interior finish panel
with decorative paper. Reichhold’s Ever-Lock® 2U255 adhesive and Ever-
Lock® 2U246 provide a long open time (LOT) and yet a high level of creep
resistance at relatively high and low plant temperatures [46].

Sika Corporation also offers a great variety of adhesives and sealants for the
transportation sector and it has developed products used by manufacturers of
trailers, trucks, buses, cars, agricultural equipment, van conversions, and specialty
vehicles. The main application areas in these sectors are direct glazing, roof
bonding, body panel bonding, floor bonding, and flooring. Figure 13 shows
chequer plate flooring using both Joint Sealant Sikaflex®221 and Adhesive
Sikaflex® 252 or 254.

3.6.1.4. Marine

One- and two-component semi-rigid PUR adhesives are widely used in marine
installations. They are suitable for strong wood to wood and wood to metal
adhesions, particularly, for the production of sandwich panels made of extruded
polystyrene with metal sheets or rockwool/metal. Their high strength, elasticity
performance, high resistance to water, seawater, and sewage water make
them the perfect bonding material for the marine sector [44] for several
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Figure 13: Chequer Plate Flooring. (Source: [49].)

Adhesive

Figure 14: Sikaflex® 291 and 292 to assemble panels and profile trims. (Source: [49].)
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applications. Some other two-component adhesives with flame retardant
properties are widely used at the manufacture of division panels for ships
and governmental offices.

Figure 14 shows the assembling and bonding of panels and trims for the interior
decoration of large cruise ships with Sikaflex®291 and 292.

Another kind of commercial semi-rigid, thixotropic, two-component PUR
adhesive with no solvents provides strong mechanical and chemical resistance and
it is commonly used for the adhesion of ceramic tiles on metal, wood, and concrete
on vertical and horizontal surfaces at the marine sector (Table 17).

There are several PUR-based adhesives created for specific functions within the
marine sector such as the boat maintenance adhesives from Sika (Table 18) and
Huntsman (Table 20). Amongst its products there is a one-component UV grade
PUR adhesive that has been specially formulated for a marine environment where
resistance to direct sunlight is required. It is commonly used in building areas
such as hatches, portholes or other transparent parts. Another one-component
moisture cured with high thixotropy and high strength adhesive is particularly
suited for bonding of floor or replacing fasteners in the manufacture of boats. Also
from Sika [49] there is an LOT one-component marine grade adhesive for use
above and below the waterline. Its moisture cured and non-sag properties make it

Table 17: Marine applications.

Marine applications

Levelling, bonding and caulking teak decks
Bonding timber components

Bonding anti-slip deck coverings

Bedding and sealing of fittings and hardware
Flybridge bonding

Bonding of rub rails and fenders

Deck-to-hull bonding

Keel-to-hull joints

Bonding and sealing organic “glass” windows
Bonding and sealing mineral glass windows
Sealing of sacrificial anodes

Bonding of decorative panels and work surfaces
Bonding of deck panels and feature decks
Sealing of high-UV-risk areas

Bonding of lightweight internal partitions
Bonding of anti-slip plates for engine rooms




Table 18: Sika adhesives for various applications.

Product

Adhesive type

Applications

Properties

Sikaflex®-291

Sikaflex®-292

Sikaflex®-295 UV

Sikaflex®-296

Sikaflex ®-852 FR

One-component, polyurethane-
based sealing/adhesive
compound

One-component, PUR-based
system

Fast-curing, one-component
polyurethane-based adhesive

One-component PUR-based
adhesive

One component PUR-based
sealing and bonding
adhesive

All-purpose grade is used for
general marine adhesive
sealing applications

Used for a wide range of
bonding applications,
deck-to-hull bedding of
chainplates, through-hull
fittings and toe rails

Bonding and sealing of
windows and portholes.
Suitable for all types of
organic (PU, PMMA)
window panels

Bonding windows and
portholes. Suitable for all
types of mineral glass. Its
high degree of UV resistance
also allows the use of the
system as a weatherproof
sealant

Marine flame-retardant sealing
and bonding

Low viscous, medium
modulus,

Thixotropic, high modulus,
structural

UV resistant, fast curing,
flexible, high performance

Fast-curing, one component,
flexible, high performance

Flame-retardant properties

10 NS WA 0T



Chemistry of Polyurethane Adhesives and Sealants 141

suitable for light bonding of items identified for future removal such as bedding of
deck hardware, hatches, port lights, etc.

3.6.1.5. Electronics
PUR adhesives are also widely used in the assembly of electronic devices for
bonding of various materials. They are suitable for this application because of their
room temperature curing, their durability, and resistance to thermal shock loads as
well as vibration. The main requirement for adhesives to be used in this industry is
their compatibility with the electronic components.

Using non-compatible adhesives to bond electronic components will cause:

 a corrosive effect on electronic components;

« the absorption of adhesive by the active layers of electronic components;
» a negative effect on electrical isolation;

e disruption of components.

In the electronics market, PUR adhesives compete with other joining methods
such as mechanical fasteners, brazing, welding, soldering, and thermocompression
bonding. The major uses of these adhesives are the bonding of embossed or
die-stamped printed circuit boards, bonding of copper foil to dielectric
material, fabrication of electronic coils and surface mount conductive adhesion.
PUR adhesives are commonly employed in these applications because their
flexibility and toughness up to 125°C and their good bond strength to a variety of
surfaces.

A common type of adhesive for electronics is the hot melt PUR adhesives
(HMPURs) which have the necessary high temperature resistance, the fast production
speeds and the viscoelastic properties of an elastomer and are found in audio
speakers, electronic enclosures, and the installation of sound dampener systems [50].

3.6.1.6. Footwear’
One very important property of PUR is its resistance to water. It will not break
down in wet conditions even after much flexing. This feature, therefore, makes
PUR adhesives ideal materials for footwear that needs to be water resistant. It has
been demonstrated that specially developed PUR adhesives can be used to create a
waterproof bond between waterproof lining and waterproof insole materials.
PUR adhesive has been used successfully to seal the stitched seam on strobel
lasted shoes.

PUR adhesives can be used to bond a wide variety of materials in the shoe
industry. Featuring the one-way approach, PUR adhesives have been used to cost

° For a detailed study of footwear PU adhesives our readers should refer to the chapter “Footwear Adhesives and
Bonding Techniques” by CTC Centre Technique du Cuir in this Handbook.
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effectively improve productivity in such diverse applications as laminated trims to
PVC Wellington boots, to inserting socks into PU sandals. Both applications
require permanent bonding in extreme service conditions [51].

The sole attaching application also needs the PUR adhesive due to its high
initial strength, its high heat resistance and cold flexibility, excellent water
resistance and fast chemical crosslinking as well as fast setting.

3.6.1.7. Textiles and Fibres*

There has been a great interest in this area of application for PUR adhesives. They
are currently been used for textile coating and some products have been developed
for bonding very soft low-surface-energy materials such as Teflon, and PUR films
for active-wear applications. The main characteristics that make PUR suitable for
textile coating are its low viscosity Newtonian behaviour that allows rapid
machining at low temperature, great hydrolysis resistance for fabrics to be washed
several times and contain reactive flame retardants.

Some HMPUR adhesives such as the Jowat AG’s Jowatherm-Reaktant® have
been developed to provide a permanent bond for lingerie with excellent optical
and tactile properties. Jowathern-Reaktant® is also widely used to laminate beach
wear textiles due to their UV resistance, pleasant textile feel. It is also used for the
manufacture of breathable sport and leisure clothing as well as protective garments
(refer to the chapter “Adhesives Bonding in Textiles and Garments”).

PUR hot melt adhesives are highly suitable for these applications and for the
multilayer compound which consists of inner and outer textile layer with a central
membrane open to diffusion. Some of Jowatherm-Reaktant hot melt adhesive types
are used for several purposes (Table 19) [52].

3.6.1.8. Tanks and Pipes

Rigid polyurethane foams form strong adhesive bonds, which allows them to bond
effectively with a wide range of building facings. The adhesion is so strong that the
bond strength is usually higher than the tensile or shear strength of the foam. The
low thermal conductivity of the foam allows it to be used as thermal insulators
for pipes and its chemical resistance allows it to be used in chemical tanks. Some
formulated systems from Huntsman are being developed to meet the specifications
of the pipe industry, including oil and gas, district heating and cooling, chemical
plants and manufacturing plants. Two of such systems are the Rubinate® and
Rubitherm®.

PUR rigid foams are excellent insulate adhesives and sealants because of
their efficient retention of heat, high level of compression and shear strength,
processability, excellent adhesion, resistance to extreme temperatures, low water
permeability, lightness and chemical resistance.

*Editor’s note: Readers may refer to the chapter “Bonding Textiles and Garments” in a subsequent volume of this
Handbook.



Chemistry of Polyurethane Adhesives and Sealants 143

Table 19: Jowat’s hot melt adhesive products range.

Product Application Properties
Jowatherm- Manufacture of textile For general use, high initial
Reaktant® 603.08 compounds in the auto- strength

motive sector, the textile
processing industry and for
bonding special textiles

Jowatherm- Manufacture of textile Low viscosity, resistance to
Reaktant® 603.78 compounds in the auto- constant washing, steam
motive sector, the textile sterilisation resistance
processing industry and (good hydrolysis resistance)

especially in applications
for the medical area
Jowatherm- Manufacture of textile Low viscosity, suitable for
Reaktant® 603.88 compounds in the auto- spray application
motive sector, the textile
processing industry.
Specially for water
repellent textiles

3.6.1.9. Plastics and Composites™

Adhesives are increasingly being used to replace traditional fastening methods
such as welding, bolts and rivets, in industrial applications. For structural and
engineering applications polyurethane adhesives are widely used. These adhesives
are used to bond many different material types including ceramics, metals, glass,
plastics, and composites; some of them discussed previously. General plastic and
composite bonding principles are found elsewhere [53].

Polyurethane adhesives currently used to bond most thermosets, including glass
fibre reinforced plastics (GRP), sheet moulding compound (SMC), glass fibre
reinforced epoxy (GRE), and thermoplastic composites including ABS, PVC,
acrylics, polycarbonates, etc., are pre sented in Table 20.

Applications of Araldite®2000 include bonding of different substrates such
as bonding of rubber/rubber and rubber/composite (Fig. 15), glass/aluminium
interfaces (Fig. 16), bonding of navigation equipment screens into housings
(acrylic to ABS) (Fig. 17) and bonding whip handles to horse whips (rubber onto
fabric and carbon fibre) (Fig. 18), among others.

*Editors’s note: For a detailed study of adhesives and sealants for plastics and composites, refer to the two
chapters dealing with these materials in the next volumes of this Handbook.
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Table 20: Huntsman advanced materials Araldite ®2000 PU adhesives.

Araldite® Bonding

Properties

2018 Bonds well to most thermo
plastics, including
GRP/SMC/GRE/thermoset
composites/ABS/PVC/
acrylics/polycarbonates, etc.

2026 Bond of transparent substrates,
polycarbonate, PMMA and
glass

2027 Ideal for SMC and GRP

Flexible polyurethane, pale
opaque, light handling
strength 4 h, excellent impact
resistance, room temperature
curing, very flexible, lightly
thixotropic liquid PU, ideal for
large areas of bonding and/or
a long working life

Transparent, light handling 1 h,
excellent chemical, water, and
impact resistance, ideal for
use where transparent or
invisible joints are required, UV
resistant, room temperature
curing, flexible

Beige, light handling 1.5 h, good
water and impact resistance,
flexible, excellent gap filling
capability, for primer less SMC
bonding

Figure 15: Bonding rubber/rubber and rubber/composite. Bonding of the rubber layer
(15 cm long) to the upper surface of the surf board tail which modifies the tail kick
according to the amount of stress. (Source: [54].)
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Figure 16: Assembly of inserts into neck of glass bottles. Glass/aluminium. Good
adhesion to glass and aluminium together with water-like clarity. (Source: [54].)

Figure 17: Bonding of navigation equipment screens into housings. Acrylic to ABS. Must
resist vibration and be resistant to water. (Source: [54].)
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Figure 18: Bonding whip handles to horse whips. Bond rubber onto fabric and carbon fibre.
Client required product to be flexible, and weather and impact resistant. (Source: [54].)

3.6.2. Polyurethane Sealants Applications"®

3.6.2.1. Construction
Polyurethane sealants are excellent for sealing dynamic moving joints such as pre-
cast concrete, tilt-up panels, window and door perimeters, expansion, control,
curtainwall joints and general construction applications. As an example, the
Hardcast® PT™-304 Polyurethane sealant [55] is a one-part, ready to use,
permanently flexible, fast moisture cure, non-sag, paintable, multi-purpose
construction sealant and adhesive. PT-304 has high bonding and strength
capabilities, with outstanding elasticity and exhibits high recovery making it
excellent for sealing joints subjected to dynamic and thermal movement. Other
commonly used PUR sealants are the Sonneborn® Sonolastic products listed in
Table 21 [56].

The OSI® PL® [57] sealants are also widely used for general construction
applications presented in Table 22.

3.6.2.2. Transportation

One supplier of raw materials to the adhesive and sealant industry for the
automotives sector is Bayer. The polyurethane sealants created from these raw
materials are used to prevent leaks, reduce wind and noise, and protect against
corrosion amongst other applications.

19PU and other types of sealants will be studied in much details in the chapters “Construction Sealants” by
Philippe Cognard in Volume 6 of this Handbook, and in the chapter “Industrial Sealants”, later.



Table 21: Sonneborn® Sonolastic’s polyurethane sealants for construction applications.

Product

Sealant type

Applications

Properties

Sonolastic 150

Sonolastic NP1
polyurethane
sealant

One-part polyurethane based

One—part, moisture cure gun
grade polyurethane sealant

For use on substrates such as

aluminium, concrete,
masonry, wood, and stone. It
can be used in applications
such as wet glazing, curtain
wall construction, expansion
wall joints, EIFS, panel
walls, precast units,
aluminium and wood
window frames, fascia, and
parapets

For expansion wall and EIFS

joints, curtain wall
construction, panel walls,
precast units, and perimeter
window sealing

Premium-grade, high

performance, silyl-
terminated, polyurethane-
based, non-sag elastomeric
sealant. It is a low-modulus
formula, possessing extreme
joint movement

capability. + 100/— 50%

USDA approved, joint

movement capability
+25%, weather resistant,
wide temperature
application range

(Continued)
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Table 21: Continued.

Product

Sealant type

Applications

Properties

Sonolastic NP2
polyurethane
sealant

Sonolastic SL1
self-levelling
polyurethane
sealant

Sonolastic SL2
self-levelling or
slope-grade
polyurethane
sealant

Sonomeric 1
bitumen-modified
polyurethane
sealant

Two-part, chemical cure gun
grade polyurethane sealant

One-part, self-levelling
polyurethane sealant

Two-part, self-levelling or
slope-grade polyurethane
sealant

One-part, low modulus,
self-levelling
bitumen-modified
polyurethane sealant

For expansion wall and EIFS
joints, curtain wall
construction, panel walls,
precast units, and perimeter
window sealing

For pavements, and decks

For expansion joints in
pavements, decks, or other
concrete applications

For horizontal joints in metal
and masonry that are subject
to sunlight, and jet fuel, e.g.
airport runways, highways,
bridges, and industrial
concrete floors

Elastomeric, movement
capability of = 50%,
resistant to weather,
air-borne pollutants, and
chemicals, UL listed

Abrasion and puncture resistant
and elongation and recovery
properties

Abrasion and puncture
resistance as well as
elongation and recovery
properties

Weather resistant, jet fuel
resistant, exceptional
elongation, chemical
resistant

10 NS WA SpT
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Table 22: OSI® PL® polyurethane sealants for building applications.

Product

Description

The PL® polyurethane
door, window and
siding sealant

Ideal for installing or repairing door
and window frames, bonding with wood,
vinyl, metal, aluminium, stucco and other

materials, sealing applications on all types
of siding
Seal cracks between wood and metal
or flashing around chimney bases, wells,
etc. Excellent for shingle tabbing and
sealing cracks in gutters, skylights waterproof/
weatherproof
PL® polyurethane Perfect for sealing cracks or gaps
concrete and masonry in concrete or masonry structures, holds
sealant its grip in all types of weather. Textured
surface looks like cured concrete seals
out radon migration
PL® polyurethane Produces a flexible long-lasting seal in
self-levelling concrete expansion joints in concrete floors and
crack sealant decks. Use it on sidewalks, pavements,
decks, and other concrete structures where
abrasion and puncture resistance are
required. When cured, it resists
deterioration caused by weather, stress,
movement, traffic, and water

PL® polyurethane roof
and flashing sealant

Direct glazing is a common application in the automotive industry since the
polyurethane sealant can perform the important functions of adhesion of glass
directly into the metal frame, cope with the vibration and movement and still
remain weather tight. The Sikaflex® -255FC is a one-component compound from
Sika which, because of permanent elasticity and excellent adhesion to metal, glass,
and many other materials, is ideal for the automotive industry.

Seam sealing is another application which is familiar to all bodyshops, but
the attention that has been paid to this apparently minor detail has made a
significant difference to vehicle life. We all know the speed with which water
and road salts can creep into seams and cause corrosion. Effective polyurethane
sealing will prevent this and is essential for warranty coverage and resale
value [49].
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3.6.2.3. Tanks and Pipes

A polyurethane sealant must be resistant to bacteriological attack, to abrasion and
be weather tight in order to seal tanks and pipes. Emer-Seal 200 from Parchem is
a polyurethane sealant for water retaining structures. It is used for sealing
movement and static joints especially in applications likely to be subjected to
biological degradation such as sludge digestion tanks, sewerage and water
treatment plants, filtration and aeration tanks, water reservoirs, marine installa-
tions, and also most building applications such as tanks and pipes.

When compared to adhesives, sealants are generally low modulus/high
movement capability materials. Sealants generally do not have to be cohesively
strong; however, they should adhere strongly to the jointing surfaces and be
capable of allowing the designed movement of the joint and maintaining a water
and weather-tight seal.

According to Sika the most versatile and widely used sealants are those derived
from the polyurethane family. A vast range of properties may be gained from
these, thus offering the option of products tailor made for the different application
requirements.

Today, suppliers have developed one- and two-component polyurethane
systems, although the two-component systems are not widely used. One-
component systems offer faster curing times which make them more suitable to
meet most customers’ needs.

Once cured, polyurethanes offer tough, elastic sealants with a range of strengths
and movement capability and higher strength bonding adhesives for direct glazing
and other more structural applications. The following section gives an overview of
such applications.

3.6.2.4. Marine
3M manufactures a wide array of maintenance products specifically designed to
perform in the harsh marine environment. Some of its high-performance
polyurethane adhesive/sealants become tack free in 48 h, and completely cure
in 5—7 days with no shrinkage. The polyurethane seal is extremely strong, retains
its strength above or below the water line, and stays flexible allowing for structural
movement. Stress caused by shock, vibration, or swelling is effectively absorbed.
As an example, the 3M® 5200 Fast Cure sealant [58] has excellent resistance to
weathering and salt water and works to seal fibreglass hulls to deck joints, wood to
fibreglass, portholes and deck fittings, etc.

The PL® Polyurethane Marine Sealant is another marine-grade sealant from
OSI® for joints and boat hardware, skylights, and hatches. It can be used on wood,
fibreglass, and metal to provide a watertight, weather-resistant, long-lasting seal.
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120mm Sika Foam

30mm Sika Firestop

10mm Sika Firesil

Figure 19: Sika® Cable Duct System. (Source: [49]).

3.6.2.5. Electronics and Electrical Equipment

Sealants in the electronics industry are primarily used to bond, seal, and insulate,
and dissipate component damaging heat. Fig. 19 shows cable duct systems with
Sika sealants.

3.7. Testing and Standards of Polyurethane
Adhesives and Sealants"!

Polymeric adhesives and sealants are finding increased use in aerospace and
automotive applications. This is due to the benefits they offer enabling the
manufacture of structures with high strength yet low weight. Readers are referred
to the chapter “Sealants for Aerospace” in this Handbook.

There are many test methods in use to indicate the “strength” of bonded and
sealed joints. Results from these tests are used by manufacturers to optimise
formulation and processes, and by end users in the selection of an adhesive or
sealant system.

There are a number of challenges associated with the testing of adhesive and
sealant systems. The performance of these systems is never solely due to material
properties. Often, the results of a test are a function of the test rather than the
system being tested. This can be due to a number of variables including the

! Refer also to the Chapter “Technical Characteristics of Adhesives and Sealants”, by Philippe Cognard,
Chapter 2 of this Volume 1.
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viscoelasticity of the system which is very dependent on strain rate and other test
parameters.

3.7.1. Tack of Adhesives and Sealants

One property of interest in many applications is tack. Tack can be described as a
measure of the ability of a system to instantaneously form a bond to a substrate
using light contact pressure.

Tack is dependent not only on the material properties but also on the bonded
surface properties. Other influences include contact pressure, the duration of
contact, the rate of separation of the surface, the mechanical stiffness of the system
and the test environment [59].

3.7.2. Green Strength Adhesives

As previously stated, pressure sensitive adhesives develop stronger bond
properties over time. The minimum strength for a material to be strong enough
to adhere the part, but not so strong that it cannot be disassembled and refitted is
referred to as “green strength”. In general, the requirement is that the bond should
be strong enough to adhere the part, but not so strong that it cannot be
disassembled and refitted.

3.7.3. Peel Strength Adhesives and Sealants

The peel strength of a system is defined as the force required to progressively
separate the two parts of a bonded system over the adherend surfaces. Peel tests
are quite widely used to evaluate adhesive performance of adhesive bonded
joints, particularly with thin, flexible adherends. Various configurations, including
climbing drum and floating roller, have been developed to provide particular test
method characteristics. The T-peel test is a simpler arrangement which can be used
on symmetrical joints [60]. Peel tests apply to both adhesives and sealant systems;
however, there are differences in the test regimes (Fig. 20).

Specimens are usually peeled at an angle of 90 or 180°. The values resulting
from any of the test methods mentioned can differ considerably; it is, therefore,
important to specify the test method employed. The climbing drum and floating
roller tests produce more consistent results due to the fact that the angle of peel
is constant. Other factors that may influence the peel strength of adhesives are
the viscoelastic properties and thickness of the adhesive. Elastomeric adhesives,
resulting in thicker bondlines generally result in higher peel strengths, whilst with
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~

Screw
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U;—Outer adherend

Direction of pull

Figure 20: Apparatus for conducting drum peel test for rigid assemblies according to the
British Standard BS5350-C14 1979.

more rigid adhesives, the thicker bondline results in lower peel strength. The
modulus of the substrates is also a function of the peel strength of an adhesive, as is
the thickness of the two substrates being peeled [59]. Therefore, in practical
applications, the type of the backing on a pressure-sensitive tape may have a
significant effect on the peel strength of the tape.

Peel tests for sealants are usually carried out to determine adhesion and
cohesion properties of the material.

In these tests, the sealant is placed between two concrete or aluminium parallel
supports. The material is then subjected to an extension/compression amplitude of
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either 25 or 15% at a rate of 1 mm/min for 100 cycles. The specimen is normally
left for 1 h before it is inspected for loss of adhesion/cohesion. Peel tests include
EN 1372: 1999, EN 431: 1994, EN 1939: 2003, among others (refer to Table 24).

3.7.4. Impact Testing Adhesive Joints

In common with most polymeric materials, adhesives and sealants are sensitive to
the rate of applied force. There are several different types of impact test for
adhesives. The most common test (similar in application to the Izod impact test for
plastic materials) has been withdrawn without replacement; however, the test was
not widely used in a production situation due to the difficulty in achieving
reproducible results. A more informative test for impact is the cleavage test in
which the test specimen is subject to an impact force through a wedge (refer to
Table 24). This can be initiated by a pendulum impact machine with an impact
energy range of 50—300 J and an impact speed of 3—5.5 m/s.

The rate at which the impact occurs also affects the impact strength of a
viscoelastic material. Often, it is very difficult to achieve very high rates of impact
with conventional laboratory testing. In certain applications (military
and aerospace) high-speed impact tests have been developed. In order to attain
the high speeds required chemical explosives or electromagnetic energy are
employed [59].

3.7.5. Environmental Testing Adhesives and Sealants

Short-term tests do not always give an adequate indication of an adhesive’s
performance during end user applications. Laboratory tests may only be carried
out over a thousand hours, and the joint may only be exposed to one type of
environmental effect at a time. During its service life, however, the bond is
exposed to multiple types of environments. Temperature and humidity may cause
an adhesive bond to degrade much faster than when exposed to any single
environment. Applied stress accelerates the effect of the environment on an
adhesive joint. Data are not always readily available from manufacturers on this
phenomenon. Environmental testing should be carried out on the proposed
adhesive and adherend prior to its use in service.

Due to the significant use of sealants within the construction industry
environmental effects are of importance. Sealants used in the glazing industry
will undoubtedly be subject to the effects of ultra-violet light. It is relatively easy
to test these effects using an environmental chamber; in this type of test the sample
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can be subject to the effects of UV light at a certain humidity and a regulated
temperature.

Chemical and solvent contact can also inhibit the performance of both adhesives
and sealants. While a mild solution of detergent may not affect performance, using
the same undiluted may cause failure within hours of contact. Testing for the
effects of chemical and solvent contact is relatively straightforward, but should
only be carried out under local health and safety regulations; most manufacturers
will hold this information.

Heat ageing can reduce the life of a sealant or adhesive, which is generally due
to the loss of plasticiser from the material. Elevated temperatures may also
increase the amount of crosslinking (post-cure hardening) and oxidisation, both of
which may reduce the moveability of the sealant and induce brittle fracture in
adhesive joints. In order to understand the effects of heat ageing, thermal testing
should be carried out.

3.7.6. The Effect of Glass Transition Temperature
on Adhesives and Sealants

Polymers have physical properties that are important in adhesion. The chemical
structure of the base polymer of the adhesive or sealant and the various
formulating agents used in modification of the polymer control the physical
characteristics. The glass transition temperature (Tg) is a physical property
measurement that reflects the behaviour of polymers. Tg gives us an understanding
of the molecular motion that occurs in a polymer system: the higher the molecular
movement the softer the material.

When considering adhesion, cohesion, and other properties of adhesives and
sealants the amount of molecular freedom is an important aspect. At low
temperatures they exhibit solid characteristics; however, as the temperature
increases the material starts to soften and exhibits viscous flow. The temperature
at which this occurs is called the glass transition temperature, and signifies
a transition of the polymer from a glassy to a rubbery state. Raising the temperature
further above its Tg, allows the molecules more freedom of movement until
the material melts into liquid flow.

Polymeric materials have transition phases above and below normal room
temperature. Many polyurethane elastomers show a Tg~ —50°C while structural
foams show a Tg ~ 83°C.

The transition phase of a polymeric material does not occur at a single unique
temperature. Usually, the phase change happens over a short temperature range,
the Tg is the approximate mid-point temperature of that range.
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The Tg of a polymeric system is not a single, fundamental property, but a
complex property that is dependent on the basic characteristics of the polymeric
structure and the conditions by which it is measured, these include:

. molecular weight;

. molecular weight of polyol components;
. degree of crosslinking;

. percentage crystallinity;

. type of test used to determine Tg;

. thermal conductivity;

. rate of heating or cooling.

NNk W~

Generally, the glass transition temperature is measured by observing the
variation of some thermodynamic properties, as is shown in Table 23.

For good bond strength and creep resistance at elevated temperatures, the Tg of
a cross-linked adhesive or sealant should be above the upper end use temperature.
However, when Tg is considerably above the upper end use temperature the peel
strength is lowered.

In low temperature applications of a relatively high Tg material the mechanical
properties are limited because the material tends to become brittle.

Polymers with a lower Tg show that the molecules are more flexible giving
increased impact resistance at a given temperature compared to higher Tg
polymers. Low Tg resins (Tg below 0°C) retain their flexibility as the resin
remains within its rubbery plateau. However, as the service temperature falls
below the Tg, these materials will also become brittle [59]. As the service
temperature exceeds the Tg a sharp decrease in tensile strength and creep
resistance is evident. This is more pronounced in thermoplastic adhesives and
sealants than with thermoset types.

Most materials considered to be pressure-sensitive have a Tg below room
temperature. This fulfils two of the major requirements for a pressure-sensitive
adhesive. Firstly, that it must undergo plastic flow on contact and secondly, it must

Table 23: Thermal property tests.

Test method Property

Differential thermal analysis Thermal expansion coefficient
Dielectric analysis Dissipation (loss) factor
Differential scanning calorimetry Heat flow

Dilatometry Specific volume

Dynamic mechanical analysis Storage modulus
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wet the substrate surface. While this provides the desired characteristic, because
they are used above their Tg, these types of adhesives do not achieve high cohesive
strengths whilst in this rubbery phase as the molecules are mobile enough to flow
under load until the bond fails.

The final Tg of pressure-sensitive adhesive formulation is generally a
combination of a low Tg base elastomer and high Tg additives. This ability to
adjust the Tg provides the opportunity for the manufacturer to optimise the
adhesive for a specific end use.

3.7.7. Durability of Bonded Systems

The long-term performance (durability) of a bonded joint depends on the
properties of both the adhesive/sealant system and the materials being joined.
As previously stated, adhesives are affected by high temperatures, solvents, and
moisture. Durability of the joint is also dependent on the effects of these agents on
the materials being joined. The overriding factor which determines the durability
of a bonded system is the condition of the joint surfaces when the bond was made
[60]. Poor surface preparation generally results in lower initial strength and lower
durability.

3.7.8. Single Lap Joint Test

The single lap joint test is the most widely used test method for durability studies.
Its popularity lies in its relative simplicity and perceived ease of interpretation.
This test method is sensitive to changes in adhesives and surface treatments in
joint combinations. Small differences in joint conditions can give rise to
variability.

This test method is a measure of the response of the bonded system to the
compounded effects of many different mechanisms and changes which occur
during the ageing process. Some systems exhibit increase in strength during early
weeks of durability testing. This may be due to a number of effects including:
plasticisation of the adhesive due to moisture absorption; the elevated temperature
of the ageing environment causing post-cure of the system; or residual stress
relaxation within the system.

3.7.9. Tensile Butt Joint Test

The tensile butt joint test is less commonly used as an adhesive test method; this
may be due to the perception that it is more difficult to prepare the test specimens;
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Table 24: BS and EN standards for some adhesive and sealant properties.

Standard

Description

EN 12962:2001

EN 1965-1:2001

EN 1965-2:2001

EN 12962:2001

EN 12963:2001

EN 14173:2002

BS ISO 11600 2002

BS EN 29046 1991

BS 5350-C14 1979

BS 5350-C13:1990

BS 5131-1.9 1985

BS EN 14187 2 2003

BS EN 14493 2002

EN ISO 10365 1995

BS 5131-1.7 1991

BS EN 1465 1995

BS EN ISO 14615 1997

BS EN ISO 9664 1995

BS EN 26922 1993

Adhesives — determination of elastic behaviour of liquid
adhesives (“elasticity index”)

Structural adhesives — corrosion — part 1: determination
and classification of corrosion to a copper substrate

Structural adhesives — corrosion — part 2: determination
and classification of corrosion to a brass substrate

Adhesives — determination of elastic behaviour of liquid
adhesives (“elasticity index”)

Adhesives — determination of free monomer content in
adhesives based on synthetic polymers

Structural adhesives — T-peel test for flexible-to-flexible
bonded assemblies (ISO 11339:1993 modified)

Building and construction jointing products classification
and requirements for sealants

Building and construction sealants determination of
adhesion/cohesion properties at constant temperature

90° peel test for rigid to rigid assembly

Climbing drum peel test

Test for footwear and footwear materials. Measurement of
green strength of adhesive joints

Cold applied sealants test method for the determination of
tack free time

Structural adhesives, determination of dynamic resistance to
cleavage of high strength adhesive bonds under impact
conditions

Adhesives designation of main failure patterns

Footwear and footwear materials preparation of test
assemblies using hot melt assemblies for creep and peel
tests

Adhesives determination of tensile lap-shear strength of
rigid-to-rigid bonded assemblies

Adhesives durability of structural adhesive joints exposure
to humidity and temperature under load

Adhesives test methods for fatigue properties of structural
adhesives in tensile shear

Adhesives determination of tensile strength of butt joints
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in addition, the adherend materials (typically bar stock) used for bonded
engineering structures may not be readily available [60].

Degradation rate in tensile butt joints is more sensitive to the bond area when
compared with the lap shear test, therefore, smaller diameter joints allow a more
rapid indication of durability. The absence of distortion and the general uniformity
of fracture surface provide a good facility for analysis of the locus of failure. This
makes this type of test particularly suitable for detailed analytical studies on
specific surface treatments.

3.7.10. Perforated Hydrothermal Test

The application of a controlled stress to a bonded joint during environmental
exposure can accelerate the degradation process. When compared with other
durability tests, the application of different stress levels in different environments
requires a greatly extended matrix of test conditions. The selection of appropriate
load and environmental combinations requires a well-defined rationale for the
application of the test and some prior knowledge of the bond system
characteristics [60] (Table 24).

For more information about testing methods, testing standards and testing
equipment please refer to the chapters “Technical Characterisation of Adhesives
and Sealants in” Volume 1, and “Testing Equipment for Adhesives and Sealants”
in this Handbook.

References

[1] Bayer, O., Siethen, W., Rinke, H., Orther, L., & Schild, H. (1937). Germany Patent No.
DRP 728981 (to I.G. Farberindustrie AG.), November 13.

[2] Saunders, J. H., & Slocombe, R. J. (1948). The chemistry of the organic isocyanates.
Chemical Reviews, 43, 203-218.

[3] Saunders, J. H., & Frisch, K. C. (1962). Polyurethanes chemistry and technology, High
Polymers, Chemistry. Interscience Publishers, New York, Vol. XVI, Part I.

[4] Kogelnik, H.-J. (2001). Polyurethanes. Kunststoffe, 91, 10, 339-346.

[5] Szycher, M. (1999). Szycher’s handbook of polyurethanes. CRC Press, Boca Raton, FL.

[6] Oertel, G., & Abele, L. (Ed.) (1994). Polyurethane handbook. Hanser Gardner Publications
Cincinnati, OH.

[7] Wirpsza, Z. (1993). Polyurethanes: chemistry, technology and applications, Series in
Polymer Science and Technology. Barnes & Noble, New York, p. 517.

[8] David, D. J., & Staley, H. B. (1979). Analytical chemistry of the polyurethanes, High
Polymer Series. Krieger Publishing Company, Melbourne, FL, Vol. 16.

[9] Dombrow, B. A. (1965). Polyurethanes. Reinhold Publishing Corporation, New York.



160

[10]
(11]
[12]
[13]
(14]
[15]
[16]

[17]
(18]

(19]
[20]

(21]

(22]
(23]
[24]
[25]
[26]

[27]

(28]

[29]
(30]

(31]

D.M. Segura et al.

Saunders, J. H., & Frisch, K. C. (1962). Polyurethanes chemistry and technology, High
Polymers, Technology. Interscience Publishers, New York, Vol. XVI, Part II.

Russel, D., & Smiley, R. A. (1991). Practical chemistry of polyurethanes and
diisocyanates.

O’Connor, J. M., Grieve, R. L., & McClellan, R. (2002). Understanding polyurethanes,
Seminar, September 30—October 3, 2001, Columbus, OH.

Richardson, P. N., & Kierstead, R. C. (1969). Organic chemistry for plastics engineers.
SPE Journal, 25, 54—-62.

Saunders, J. H. (1959). The reactions of isocyanates and isocyanates derivatives at
elevated temperatures. Rubber Chemistry and Technology, 32, 337-345.

Kimball, M. E. (1984). Polyurethane adhesives for structural bonding. Polymer News, 9,
198-202.

Bayer Corp., (1997). The chemistry of polyurethane coatings. A general reference
manual. Bayer Technical Information, Leverkusen, Germany.

Wicks, Z. W. (1975). Blocked isocyanates. Progress in Organic Coatings, 3, 73-T9.
Wicks, Z. W. (1981). New developments in the field of blocked isocyanates. Progress in
Organic Coatings, 9, 3—28.

Wicks, D. A., & Wicks, Z. W. Jr. (1999). Blocked isocyanates III: Part A. Mechanisms
and chemistry. Progress in Organic Coatings, 36, 3, 148—172.

Wicks, D. A., & Wicks, Z. W. (2001). Blocked Isocyanates III Part B: Uses and
applications of blocked isocyanates. Progress in Organic Coatings, 41, 1-83.

DOW, (2003) DOW Chemical Company. DOW MDI based products, http://www.dow.
com/webapps/lit/litorder.asp?objid = 09002f138023d7cb&filepath = /noreg [accessed:
June, 2003].

CAS, (2003). Chemical Abstracts Service, American Chemical Society, http://www.cas.
org/faq.html [accessed: 21.05.03].

SpecialChem. S. A. (2003). Raw material database, http://www.specialchem4adhesives.
com/resources/search/additive.aspx [accessed: June, 2003].

Evans, R. M. (1993). Polyurethane sealants: technology and applications. Technomic
Publishing Co. Inc., Lancaster, USA.

Bandlish, B. K., & Barron, L. R. (1990). US Patent No. 4, 916, 199 (to The B. F. Goodrich
Company (Akron, OH)), April 10.

Mowrer, N. R., & Rojas, J. L., (1998). US Patent No. 5,760,155 (to Ameron International
Corporation), June 2.

Florio, J. (2000). Paint & coatings industry. Troubleshooting metal catalyzed urethane
systems, http://www.pcimag.com/CDA/ArticleInformation/features/BNP__Features__
Item/0,1846,11371,00.html [accessed: June, 2003].

Heath, R., & Rungvichaniwat, A. (2002). The examination of the structure property
relationships of some water-dispersed polyurethane elastomers. Progress in Rubber and
Recycling Technology, 18, 1, 1-48.

Sykes, P. A. (1996). Structure—property relationships in polyurethane elastomers.
Progress in Rubber and Recycling Technology, 12, 3, 236-257.

Frisch, K. (2003). Structure and property relationships of urethanes, Adhesive and Sealant
Council Urethane Short Course. St. Louis Renaissance Grand Hotel, St. Louis, Missouri.
IAL, C. (2001). Global overview of the polyurethane case markets. IAL Consultants,
London, UK.


http://www.cas.org/faq.html
http://www.cas.org/faq.html
http://www.specialchem4adhesives.com/resources/search/additive.aspx
http://www.specialchem4adhesives.com/resources/search/additive.aspx
http://www.pcimag.com/CDA/ArticleInformation/features/BNP__Features__Item/0,1846,11371,00.html
http://www.pcimag.com/CDA/ArticleInformation/features/BNP__Features__Item/0,1846,11371,00.html

Chemistry of Polyurethane Adhesives and Sealants 161

[32] Mach, T. (2000). Sealants find their niche in the North American market, http://[www.
adhesivesmag.com

[33] Potter, T. A., Schemelzer, H. G., & Baker, R. D. (1984). High-solids coatings based on
polyurethane chemistry. Progress in Organic Coatings, 12, 321-338.

[34] Kimball, M. E. (1984). Urethane adhesives: an overview, Adhesives 1984 Conference in
1984. Society of Manufacturing Engineers (SME), Cleveland, Ohio, 84.

[35] Eling, B., & Phanopolous, C. (2003). Huntsman-polyurethanes. Polyurethane adhesives
and binders, http://www.huntsman.com/pu/Media/Loughborough.pdf (Key word search
for adhesives) [accessed: January, 2003].

[36] Randall, D., & Lee, S. (Eds.) (2003). The polyurethanes book. Wiley, New York.

[37] Rumack, D. T. (2003). US Patent No. 6,613,836 (to National Starch and Chemical
Investment Holding Corporation (New Castle, DE)).

[38] Altounian, G. N. (2003). US Patent No. 6, 525, 162 (to Eastman Chemical Resins, Inc.
(Kingsport, TN)).

[39] Rajalingam, P., & Radhakrishnan, G. (1988). Polyurethanes adhesives, Popular Plastics,
33 (12), 45-47, December 1988.

[40] Henderson, R. Waterborne polyurethane coatings: one and two component systems.
Bayer Technical Information, Leverskusen, Germany.

[41] Dieterich, D. (1981). Aqueous emulsions, dispersions and solutions of polyurethanes;
synthesis and properties. Progress in Organic Coatings, 9, 281-340.

[42] Rosthauser, J. W., & Nachtkamp, K. (1987). Waterborne polyurethanes. In: K. C. Frisch,
& D. Kempler (Eds), Advances in Urethane Science and Technology, pp. 121-162.

[43] Stuart, J. T. (2001). US Patent No. 6, 265, 517 (to Bostik, Inc.).

[44] Maris Polymers®, (2003). Polyurethane systems, http://www.marispolymers.gr
[accessed: June, 2003].

[45] Kyung, O. Chemical Co. Ltd. (2003). Product information, www.kyung-o.co.kr
[accessed: June, 2003].

[46] Huber, L. (2003). Adhesives & sealants industry. Hot melt polyurethane reactive
adhesives targeted for specific applications, http://www.adhesivesmag.com [accessed:
June, 2003].

[47] Hiirter, H.-U. (2003). DuPont performance coatings GmbH & Co KG. Automotive
industry agenda: The best of both worlds in automotive adhesives, http://www.
automotivetechnology.net/editorials/Dupont.htm [accessed: July, 2003].

[48] Dow Chemical Company (2003). INSTA-GRIP in polyurethane systems, http://www.dow.
com/pusystems/product/instagrp.htm [accessed: June, 2003].

[49] Sika Corporation (2003). Transportation products, http://www.sikaindustry.com
[accessed: June, 2003].

[50] SpecialChem Adhesives and Sealants (2003). Special feature: technical trends &
innovations on adhesives & sealants markets, http://www.specialchem4adhesives.com
[accessed: May, 2003].

[51] British United Shoe Machinery Limited (2003). PUR adhesives brochure, http://www.
usmgroup.com [accessed: June, 2003].

[52] Jowat Corporation (2003). Jowat AG brochure [accessed: June, 2003].

[53] Dunn, D. J. (2004). Engineering and structural adhesives. Report 169. Rapra Review
Reports, 15, 1, Chapter 4.

[54] Vantico Ltd. a company of Hunstman Advanced Materials (2002). Araldite 2000 Range.


http://www.adhesivesmag.com/CDA/ArticleInformation/features/BNP__Features__Item/0,2101,2456,00.html
http://www.adhesivesmag.com/CDA/ArticleInformation/features/BNP__Features__Item/0,2101,2456,00.html
http://www.huntsman.com/pu/Media/Loughborough.pdf
http://www.marispolymers.gr
http://www.kyung-o.co.kr
http://www.adhesivesmag.com/asi/cda/articleinformation/features/bnp__features__item/0,2101,19522,00.html
http://www.automotivetechnology.net/editorials/Dupont.htm
http://www.automotivetechnology.net/editorials/Dupont.htm
http://www.dow.com/pusystems/product/instagrp.htm
http://www.dow.com/pusystems/product/instagrp.htm
http://www.sikaindustry.com/ind/ipd-transoem/ipd-transoem-transprod.htm
http://www.specialchem4adhesives.com/resources/articles/article.aspx?id=268
http://www.usmgroup.com/Shoe%20Materials/Shoe_materials.htm
http://www.usmgroup.com/Shoe%20Materials/Shoe_materials.htm

162

[55]
[56]
[57]

(58]
[59]

[60]

D.M. Segura et al.

Hardcats (2003). PT-304 polyurethane construction sealant, 2002, http://www.hardcast.
com [accessed: June, 2003].

Ro-An corporation (2003). CHEMREX Sonneborn — sealants and caulking, 2002, http://
www.roancorp.com/sonneborn.html [accessed: June, 2003].

OSI® Brands (2003). PL® Polyurethane sealants, http://www.stickwithpl.com/brands/
osi_brands_index.htm [accessed: July, 2003].

3M (2003). 3M worldwide product index, http://www.3m.com [accessed: June, 2003].
Petrie, E. M., & SpecialChem, S. A. (2003). Important characteristics of several common
adhesive tests, http://www.specialchem4adhesives.com [accessed: 2003, July].
Durability of adhesive joints: A best practice guide materials and metrology DTI:
Department of Trade Industry.


http://www.hardcast.com/products/pdfs/PT304.pdf
http://www.hardcast.com/products/pdfs/PT304.pdf
http://www.roancorp.com/sonneborn.html
http://www.roancorp.com/sonneborn.html
http://www.stickwithpl.com/brands/osi_brands_index.htm
http://www.stickwithpl.com/brands/osi_brands_index.htm
http://www.3m.com/product/s_index/Sealant,_3M(TM)_Marine_Fast_Cure_5200_Adhesive_(BT)_00.jhtml
http://www.specialchem4adhesives.com

Chapter 4

Surface Pretreatment for
Structural Bonding™

John Bishopp

It is regrettable that it has needed actual loss of life to secure that general
acceptance and the necessary preventative measure

Comment by Norman de Bruyne, founder of Aero Research Limited, on the Air
Ministry’s reluctance to make surface pretreatment of plywood mandatory prior to
bonding.

Abstract. This chapter is concerned with an in-depth examination of the adherend
surface pretreatments used prior to structural adhesive bonding. It encompasses the
various substrates encountered, particularly but not exclusively, in the aerospace
industry. It compares and contrasts mechanical, chemical and electrochemical
methods used for substrates comprising aluminium alloys, titanium, stainless
steel, thermoplastic and thermoset fibre reinforced composites and non-metallic
honeycomb. Scanning and transmission electron microscope techniques are used
to analyse and characterise many of the pretreated surfaces so produced.
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4.1. Introduction

Although the examples given below are specifically related to the aerospace
industry, the techniques, in general, are valid for all industries using such substrates
for structural adhesive bonding.

To form a strong, integrally bonded, load-bearing structure, the surface of the
adherend should be pretreated before application of the adhesive; this is vital if
good environmental or thermal durability is required. Such a procedure
ensures that the surface is in as clean a condition as possible; removing weak
boundary layers, which could adversely affect the performance of the
resultant joint. These weak boundary layers include: oxide shale, weak oxide
layers, release agents, any low molecular weight organic species and
contamination (particularly airborne) in general. Further, any surface roughness
requirement can be optimised and, to maximise its wetting characteristics, the
surface free energy of the adherend is raised to as high a level as possible. For
many metallic adherends, this latter action also increases the stability of the
surface oxides and can maximise potential interactions across the interface.

This general principle is as true for wooden substrates as it is for the
“high tech” carbon fibre laminates. Indeed, it was with the bonding of wood
in aircraft structures that the requirement for surface pretreatment first came
to light.

In November 1937, M. Langley, then the Chief Designer of the British
Aircraft Manufacturing Company Limited, noted that when new the plywood
(Tego bonded) which his company was using to manufacture airplanes could
not be bonded using Aerolite™ urea—formaldehyde adhesives. This was
attributed to a “case hardening” effect in the outer plies. At Aero Research
Limited, the case-hardened plies were treated with glass-paper, sanding
“almost down to Tego glue film but leaving an unbroken surface of wood”
[1,2]. This solved the problem. This phenomenon was encountered
again in 1938 when de Bruyne was repairing a Desoutter monoplane. In this
instance the bond between the plywood and the spruce longerons was found to
be very weak.

In October 1938 these findings were reported to the Air Ministry but the
technique of sanding along the grain prior to bonding was not made
mandatory until 1942; unfortunately, “after actual loss of life to secure that
general acceptance and the necessary preventative measures” [1].

The principles of surface pretreatment are now well understood and
methods have been developed for each type of substrate encountered in aerospace
construction: wood, aluminium alloys, titanium alloys, stainless steel, thermo-
plastic composites, thermosetting composites and non-metallic honeycombs.
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4.2. Overview of Surface Pretreatment Techniques

Surfaces can, generally, be pretreated using one of the following procedures; for
many substrates, this list is in increasing order of effectiveness:

(1) Degrease only

(2) Degrease, abrade and remove loose particles

(3) Degrease and modify the substrate surface by chemical or electrochemical
pretreatment or by techniques such as surface bombardment by activated plasma.

This, of course, does not apply to wooden structures. Here, the same pretreat-
ment is used today as was instigated in 1942, namely sanding along the grain.

Care must be taken to avoid contaminating the surfaces during or after
pretreatment. Contamination can be caused by finger marking, by cloths which are
not perfectly clean, by contaminated abrasives or by sub-standard degreasing or
chemical solutions.

Contamination can also be caused by other work processes taking place in the
pretreatment and bonding areas. Particularly to be excluded are oil vapours from
machinery, spraying operations (paint, mould release agents, etc.) and procedures
involving airborne powdered materials.

Whatever procedure is used, it is a good practice to bond the substrates as soon
as possible after completion. It is then that the surfaces are most “active” — i.e.
their surface properties are at the optimum level for bonding.

The procedures for cleaning and degreasing and, to some extent, the mechanical
abrasion techniques will be the same for virtually all metallic substrates. An
overview of these two aspects will, therefore, be followed by a more specific, in-
depth review of the pretreatments, both mechanical and chemical, which can be
used for the individual substrates encountered in aerospace applications.

4.2.1. Degreasing Methods

The removal of all traces of oil and grease from the adherend is essential for nearly
all bonding applications. This can be accomplished using one or other of the
following procedures. If plastic adherends are being used then careful
consideration of both solvent and temperature must be made.

(1) Solvent washing: three possible approaches
(a) If safety considerations permit, brush or wipe the adherend surfaces with
a clean brush or cloth soaked in clean acetone. For fine work, washing
down with solvent applied by aerosol spray may be a more suitable
alternative; this technique also ensures that the solvent used is clean.
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Allow to stand for about 5 min to permit complete evaporation from the
joint surfaces. Good local extraction will have to be employed, which
ensures compliance with the requirements of any local or national
environmental regulations.

(b) Immerse the substrate successively in two tanks each containing the same
solvent. The first tank acts as a wash, the second as a rinse. Currently,
trichlorotrifluoroethane is often used, but in view of the pending
legislation the use of acetone, in spite of the associated flammability
problems, should be considered. When the solvent in the wash tank
becomes heavily contaminated, the tank should be emptied, cleaned out
and refilled with fresh solvent. This tank is then used for the rinse and the
former rinse tank for the wash.

Environmentally more acceptable alternatives to these solvents are
under development and include materials based on alcohols, terpenes and
water.

(c) Scrub the adherends in a solution of liquid detergent. Wash with clean hot
water and allow to dry thoroughly — preferably in a stream of warm air
(ca. 40°C), for example in an air-circulating oven or using a domestic
forced-air heater.

(2) Vapour degreasing
The adherend is first washed in a suitable solvent (using one of the
methods given above) and then is immersed in the vapour of a suitable
degreasing agent in a vapour degreasing unit. Currently trichloro-
ethylene is favoured for vapour degreasing but, again, legislation might
enforce changes.

(3) Alkaline degreasing
For metallic substrates, and particularly aluminium, the vapour
degreasing process can be augmented, or, in certain cases, replaced by
immersion of the substrate in a warm, aqueous solution of a suitable
alkaline degreasing agent (for example, for aluminium, a 10-min
immersion in an aqueous solution of Turco®™ T 5215 NC-LT at 70°C)
followed by a spray-rinse in clean water. If no further treatment is
contemplated then the adherend should be dried thoroughly — preferably
in a stream of warm air at a maximum temperature of 40°C.

4.2.1.1. Test for a Clean Bonding Surface

Irrespective of the degreasing method used, the water-break test is a simple
method to determine whether the surface to be bonded is clean; it is best suited to
metals. The surface may be assumed to be free of contamination if either a few
drops of distilled water, which have been applied to the adherend, wet and spread
or if, on drawing the substrate from out of an aqueous medium, the water film does
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not break up into droplets. Uniform wetting of the surface by water indicates that it
will probably be likewise wetted by the adhesive.

It must be borne in mind that certain plastics, even when clean, may not be
wetted by water but will be wetted by the adhesive. Furthermore, satisfactory
wetting gives no information as to the potential bond strength. At best, it is a
necessary, but not necessarily sufficient, requirement for the achievement of high
bond strengths.

4.2.2. Abrasion Methods

For many substrates light abrasion of the surfaces to be bonded can allow the
adhesive to key better than when a highly polished adherend is used. Extremely
active surfaces, such as those produced immediately following abrasion,
particularly where mild steel components are concerned, tend to have a better
affinity for the adhesive. This technique, however, is not recommended for many
aluminium adherends.

As well as producing an active surface, abrasion pretreatments are intended:

» To remove surface deposits, such as oxide tarnish, rust or mill scale, on metallic
substrates; particularly those which are ferrous-based.

* To remove the immediate surface layer of plastics or reinforced plastics to
ensure elimination of all traces of release agent, etc. However, if due care is not
taken, the release agent can be embedded into the surface which is being
pretreated, instead of removing it; this is particularly true if a grit-blasting
process is used.

Before the abrasion process starts, irrespective of the method used, the substrate
should undergo at least one of the cleaning processes highlighted earlier.

If the substrate to be pretreated (either metallic or plastic) is delicate or if other
suitable, more controlled equipment is not available, the surfaces to be bonded
can be pretreated using a suitable abrasive cloth (e.g. Scotchbrite™), a hand- or
power-operated wire brush or water-proof abrasive paper. In this latter case, the
abrasive particles bonded to the paper should, ideally, have a particle-size range of
125-315 pm.

When a more vigorous abrasion of the surface is required, or the component is
robust enough to withstand such a technique, the use of air- or water-borne grit-
blasting is, generally, the best method of achieving these ends. Here the use of dry,
clean compressed air and/or water is essential as is the prevention of contaminated
abrading media coming into contact with the surface to be pretreated.

The choice of grit type (fused alumina, silica, quartz, chill-cast iron shot or
silicon carbide) will be dependent on the substrate to be abraded. For example,
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alumina grit would not be used on steel components because of the possibility of
galvanic corrosion; chill-cast iron shot would be used.

Selection of grit size will also depend on several factors: the metal to be
pretreated, the type of equipment being used, the pressure and angle of blast impact
and the blasting time. Grits in the range of 125-315 wm are suitable, but the
optimum size for the work in hand can only really be determined by experiment.

When an air-borne abrasion medium is used to pretreat thermoplastic materials,
pretreatment times should be kept to a minimum to avoid surface melting.

Water-borne grit-blasting generally gives more control of the depth and severity
of the abrasion process and is particularly recommended for plastic and reinforced
plastic materials.

Operating under aqueous conditions can also assist in the removal of residual
abrading medium and any other contaminants and keeps dust generation to a
minimum. If wet techniques are used, then the substrate should be thoroughly
dried immediately after pretreatment; this is particularly true for ferrous materials.
In this latter case, another approach is to add a rust inhibitor to the water-grit
medium.

Any abrasion pretreatment carried out must be followed by a further operation
to ensure complete removal of loose and loosely-bound particles to ensure that the
substrate is completely free from loose and loosely-bound particles. This can be
accomplished by using a soft brush to clean the surface or, better, it can be blown
clean using an uncontaminated, dry, filtered, compressed-air blast.

Finally, the abraded substrate should be degreased.

4.3. Pretreatment of Specific Substrates

The surface pretreatments described earlier, i.e. degreasing alone or degreasing
followed by abrasion and removal of the loose particles are sufficient to ensure that
on some substrates, particularly ferrous adherends and for fibre-reinforced
“plastic” laminates, good strong bonds will be formed with the adhesive being
used. For many adherends, however, to obtain reproducible bonds having
maximum strength and long-term durability, a chemical pretreatment will be
required to modify the topography and/or the chemistry of the surface, in such a
way as to make it suitable for structural adhesive bonding [3].

For metallic adherends most of these pretreatments either involve acid etching
or an acid etch followed by an acidic anodising process. However, individual
alloys and the particular surface structures caused by different heat treatments may
respond differently to a given pretreatment; for example, aluminium
clad aluminium alloys (Alclad®) as opposed to the “bare”, unclad alloys.
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The effectiveness of one pretreatment over another can be shown only by
comparative trials; using both the type of metal and the adhesive specified for the
work.

In virtually all cases where chemical pretreatment has been used, the water-
break test can be used to confirm the effectiveness of the process.

Surface modification of plastic materials is, nowadays, frequently carried out by
exposing the surface to be bonded to a controlled flame, plasma or corona
discharge.

4.3.1. Aluminium Alloys

This is, currently, by far the most important substrate encountered in the
aerospace industry. It is used in sheet form as well as the basis for lightweight
honeycomb.

4.3.1.1. Aluminium Honeycomb
Unless there are obvious signs of contamination, aluminium honeycomb does not
require pretreatment prior to bonding.

If, however, any oil or grease contamination be evident, then the affected slice
should be immersed in the vapour of a suitable hydrocarbon solvent in a vapour
degreasing unit. After immersion, sufficient time should always be allowed for the
honeycomb core to drain dry. This is particularly important as liquid solvent held
in the corners of the honeycomb cell can be very difficult to detect and must be
removed before bonding.

Although honeycomb is not pretreated per se, it is now a standard procedure
to pretreat the aluminium foil used in honeycomb manufacture prior to
application of the node-bond adhesive (see Fig. 36 in Chapter 5: “Aerospace: A
Pioneer in Structural Adhesive Bonding”). This not only gives a high energy
surface but also, more importantly and the real driving force behind
the introduction of such processes, gives a final structure having a significant
degree of environmental resistance [4]. Four examples are given below; Davis
[4] gives a comprehensive list.

4.3.1.1.1. Iridite® process
The initial treatment used in Europe was a chromium conversion coating process
using a proprietary product called Iridite. This was a two-component system which
contained a blend of highly toxic materials such as chromium salts and ferro- and
ferricyanides.

The Iridite process used a standard cleaning operation (a hot alkaline
etch/degrease) followed by a spray-rinse and then immersion in the mixed Iridite
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14-5L solution at ambient temperature. The conversion coated foil was
subsequently washed and dried (about 1 min at 70°C) to “set” the coating. The
maximum chromium coating thickness was about 1.27 pm.

4.3.1.1.2. Alocrom® process

For various reasons, not least the toxicity of the components of the treatment baths,
the use of Iridite was abandoned in Europe, in favour of the Alocrom® process.
However, a modified version of Iridite does still exist and appears to be used
extensively in the United States of America.

Two relevant Alocrom products are currently available. The first is Alocrom
1200 U which is a three-component system where the liquid and the toner
components compromise a mixture of chromic acid (Cr,03) and hydrofluoric acid
(HF) and the powder is potassium ferricyanide [K3;Fe(CN)g]; on the face of it, no
safer than the Iridite it replaced!

The other system, and that which is currently favoured, is the single component
Alocrom 1290. This is an aqueous solution containing about 2% of HF, 18%
of fluoroboric acid (HBF,;) and 20% of sodium dichromate (Na,Cr,O-); again,
highly toxic.

The Alocrom chemically reacts with the aluminium foil so that a relatively thick
layer of aluminium oxide is grown on the surface; relatively thick when compared
with the oxide film produced by natural exposure to the air. At the same time Cr*>*
and, to a lesser extent, Cr°" ions are incorporated into this film. In the presence of
water or electrolytes, it is the Cr®* ions which migrate to the area under attack and
preferentially oxidise preventing oxidation of the aluminium and hence
suppressing any potential for corrosion.

The process can be summarised as follows [5]:

e The aluminium foil, which is coated in rolling oils, is first degreased/etched
using an aqueous alkaline solution of Ridoline® 72 (sodium hydroxide: NaOH)
or, better, Ridoline 305 (potassium hydroxide: KOH). The use of potassium
hydroxide allows a lower bath temperature to be used — generally about 55°C.

Once the surfactants in the Ridoline have enabled the surface oils to be
removed, the alkali first removes the weakly bound, air-formed oxide film and
then reacts with the aluminium to form a mixed oxide with the liberation of
hydrogen thus:

2Al + 2KOH + 2H,0 — 2KAIO, + 3H,

e The etched foil is washed in clean cold water and is immediately run through the
Alocrom tank.
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» The Alocrom solution is maintained at about 35°C. The initial reaction is
between the hydrofluoric acid and any oxide film formed, post-alkaline etch.
This removes the oxide layer:

2Al + 3H,0 — AL,O; + 6H" + 6¢
Al,O; 4+ HF — 2AIF; + H,0

o The hydrogen ions liberated reduce Cr®" to Cr’" with the result that a new
complex inorganic layer (basic chromium chromate in conjunction with
alumina; hence “Alocrom”) is precipitated, as a loosely attached gel, onto the
surface of the aluminium foil, thus:

6H" + 2HCrO; + 2Al — 2APY + 27 Cr,05-3H,0 + H,0

The initial “coating” comprises numerous distinct “seeds” of the gelatinous
Alocrom precipitate on the aluminium surface; second phase particles at the
grain boundaries probably act as nucleation sites. The individual seeds then
grow laterally until they impinge on their nearest neighbours. Further growth
increases the thickness of the new coating.

¢ The foil is then washed in cold water to remove excess chromic acid and is then
dried, initially at about 110°C, to cause crystallisation of the Alocrom surface
layer to take place. This leads to a hard, corrosion-resistant coating on the
surface of the aluminium foil. To give adequate corrosion protection, whilst still
allowing an effective bond to be formed at the nodes, the film coating weights
and thicknesses are tightly controlled. Although this will be dependent on
the aluminium alloy, they are generally in the region of 0.11—0.38 g/m* and
0.5—1.0 pm, respectively.

e It is usual to apply the node-bond adhesive to the foil immediately after drying
has taken place.

A typical pretreatment and printing line is shown schematically in Fig. 1.

4.3.1.1.3. CR I process

This is a proprietary pretreatment developed by Hexcel Composites and, as such,
is an alternative coating process to the traditional Iridite or Alocrom methods. It
has been used in both Europe and the United States of America for several years.
In the CR III process, the chromic acid etched foil is further treated to give a hard,
fully hydrolysed, polymeric organic—metallic coating. This provides a surface
ready for bonding with no further pretreatment necessary.
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Figure 1: Schematic of an Alocrom pretreatment and adhesive printing plant for
honeycomb.

4.3.1.1.4. Phosphoric acid anodising

In this relatively new process, phosphoric acid anodising techniques are used to
produce a foil having a high-energy “oxide” surface. Such a surface ensures an
enhanced bond with the node-bond adhesive as well as producing an oxide film,
which contains bound phosphates that will give improved durability. Generally the
anodising process is carried out under alternating rather than the conventional
direct current conditions.

One example is the CR-PAA range from Hexcel Composites; a range designed
for aerospace structures that are exposed to demanding environmental conditions.
CR-PAA core outperforms standard MIL-C-7438 core in salt spray and crack
propagation tests.

Here, a single, continuous anodising process allows a thin, uniform oxide film to
be grown on both sides of the aluminium foil travelling through the entire process
line; the anodiser is proprietary engineered equipment. Whilst this particular
technology facilitates economic line speeds, it also minimizes burns, blemishes,
and pinholes that can occur when using older methods of anodising. After the
substrate passes through the anodiser, it is rinsed with high-purity water, dried, and
then passes immediately into the primer applicator; this seals the pretreated
surface to protect the oxide film during the remainder of the process.

4.3.1.2. Aluminium Sheet
Techniques range from simple mechanical abrasion to a variety of chemical and
electrochemical pretreatments, of which most are in general use. Currently
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undergoing evaluation trials are techniques using exposure to plasma under
atmospheric pressure. All the methodologies encountered can be summarised as
follows:

e “Light” Abrasion: wire wool or Scotchbrite

e “Heavy” Abrasion: grit blast with alumina or silica particles
¢ Chemical: chromic/sulphuric acid pickle

¢ Chemical: P2 etch

¢ Electrochemical: chromic acid anodising

¢ Electrochemical: phosphoric acid anodising

¢ Electrochemical: sulphuric acid anodising

¢ Electrochemical: hard anodising

¢ Electrochemical: boric acid/sulphuric acid anodising
¢ Chemical: sol—gel procedures

¢ Activated plasma

4.3.1.2.1. Light abrasion

This approach uses a vapour or solvent degreasing operation in accordance with
one or other of several European and American specifications [6—12] followed by
an abrasion of the aluminium surface using wire wool or Scotchbrite. This is
followed by a second degreasing step. As the aluminium is relatively ductile, the
abrasion process tends to cut easily into the surface. Although this produces a
macro-rough surface, loosely attached aluminium detritus from the abrasion
process will provide points of weakness in the bonded joint. Further, as Fig. 2
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Figure 2: SEM micrograph of Scotchbrite particle trapped on an abraded Alclad 2024-T3
surface.
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shows, small pieces of abrading material can attach themselves to the pretreated
surface; giving good centres for environmental attack [13].

4.3.1.2.2. Heavy abrasion

This technique uses a vapour or solvent degreasing operation in accordance with
one of the specifications already indicated. This is followed by an abrasive blasting
of the aluminium surface in accordance with one or other of several European and
American specifications [14—16]. Many of the available techniques have already
been mentioned and include: a ‘“vacu-blast” process, grit blasting utilising
pressurised air and, possibly, wet grit-blasting using a combination of water
and compressed air. The abrasion operation is followed by a “dusting” or drying
procedure using clean air and then by a second degreasing step.

A technique, developed by Professor George Thompson at the Corrosion
Protection Centre of the University of Manchester Institute of Science and
Technology (UMIST), has been used to examine the surfaces generated by
various methods of pretreatment. The specimen to be examined is mounted on
a stub and is trimmed using an ultramicrotome set up with a glass knife. Very
thin slices (25-200 A thick) are then cut through the interphasial region of the
joint, this time using a diamond-bladed knife in the ultramicrotome. The
sections so exposed can then be examined by means of transmission electron
microscopy (TEM) [13,17] to show the transition from the underlying metallic
substrate, through its boundary layer to the modified surface produced by the
pretreatment, through the interphasial region between substrate and adhesive
and finally into the bulk of the adhesive itself.

These techniques have been used to evaluate the effect of grit-blasting aluminium
substrates. It can be seen that such a pretreatment tends to do considerable damage
to the aluminium, giving it a significantly rough surface with loosely bound
aluminium particles acting as potential stress raisers and occasionally even
promotes some sub-surface stress cracking in the bulk of the substrate. Fig. 3 shows
the interface between the grit-blast aluminium and the adhesive; loosely bound
detritus is clearly evident. Fig. 4 shows the induced sub-surface stress cracks in the
bulk of the aluminium alloy.

Apart from the obvious difficulties with the degree of roughness seen with
both forms of abrasion, there is a further complication when film adhesives are
being used.

Film adhesives, as their name implies, are solid at ambient temperature. Once
the bonded joint is closed, heat is applied to affect cure and pressure is employed to
aid the wetting of the pretreated substrate by the adhesive (for further information
see Section 5.3.2.3 in Chapter 5: “Aerospace: A Pioneer in Structural Adhesive
Bonding”). As the temperature rises, and before gelation begins, the adhesive
matrix melts and begins to flow across the adherend to ensure that intimate wetting
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Figure 3: Surface detritus: ultramicrotomed/TEM micrograph through an alumina
grit-blasted Alclad 2024-T3 substrate.
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Figure 4: Sub-surface cracking: ultramicrotomed/TEM micrograph through an alumina
grit-blasted Alclad 2024-T3 substrate.
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occurs in order to maximise the forces of adhesion. As the adhesive flows it
displaces the air, which is inevitably trapped between film and substrate. Should
the substrate be too rough then air can be trapped under the film as gelation sets in
which leads to the so-called “voidy glueline” effect. This is evidenced, on breaking
the bonded joint, by the appearance air bubbles in the fracture surface of the
cured matrix.

Due to the relatively high ductility of aluminium, neither of the abrasion
techniques, therefore, can be readily recommended as a means of surface
pretreatment when bonding structural, load-bearing components, particularly
should they be subjected to thermal or fatigue loading or exposed to harsh
environments. However, there is one abrasion method, which is gaining
acceptance. This uses a combination of grit blasting and silane-coating.

4.3.1.2.3. Grit blast and silane treatment
This procedure was developed by the Aeronautic Maritime Research Laboratory
(AMRL) in conjunction with the Royal Australian Air Force [18].

Substrates are first degreased using a solvent wash. The surfaces to be bonded
are then hand-abraded, cleaned with fresh solvent and then grit blasted using
alumina grit with a nominal 50 wm particle size [significantly smaller than that
specified for the conventional grit-blasting process: 125-315 um (a range of
75—420 pm is sometimes used)]. The abraded surface is then swept clean with dry
N, and the panel is flooded with a pre-hydrolysed silane solution. The most
suitable has been found to be a 1-3% solution of y-glycidoxypropyl trimethoxy
silane (Silquest® A-187) in deionised water where the pH has been maintained at
about 5 during hydrolysation.
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The area to be bonded is kept “wet” with silane for 10 min and then any excess
is removed using a stream of dry nitrogen at about a 210 kPa line pressure. The
coated substrate is then baked for 1 h at 104°C and then primed, if so required, or
the adhesive is applied.

However, although it is gaining in popularity, this method of aluminium
substrate pretreatment is essentially still only used for repair.



Surface Pretreatment for Structural Bonding 177

4.3.1.2.4. Chemical pretreatments

The oxides associated with aluminium have high surface energies but are
relatively unstable; they vary in thickness from a few nanometres to up to 10—-20
and all have a certain degree of micro-roughness.

For primary bonding in the aerospace industry, a vapour and/or alkaline
degrease followed by an acid etch (pickling) and/or by a suitable anodising process
is the preferred approach. A controlled film of active, aluminium oxide, highly
suitable for structural bonding, is grown on the surface of the aluminium; its
thickness being dependent on the chemical process and the alloy used. It should
be noted that trace elements and salts can be critical in the efficacy of each of the
following processes. Thus aluminium, copper, iron chloride, fluoride and sulphate
concentrations are as rigidly controlled as the free acid contents of the relevant
baths. For further details, reference should be made to the specifications quoted in
the text.

Chromic—sulphuric acid pickling (CSA)

The first stage of the process is a degreasing step, to any of the above
specifications, which is possibly augmented with an alkaline degreasing step in
accordance with a relevant specification [19-21].

Pickling is carried out in accordance with one or other of several European and
American specifications [7,22,23]. It should be noted that the DEF STAN
documentation replaces the original DTD 915B (ii) specification of 1956 that was
used throughout Europe until recently. The BAC (Boeing) specification and the
original Forest Laboratory’s Process (FLP etch), used in the United States of
America, are similar.

A suitable pickling solution of sodium dichromate in sulphuric acid can be
made up as follows:

Water 1.5001
Concentrated sulphuric acid (Sg: 1.83) 0.7501
Sodium dichromate (Na,Cr,O;-2H,0) 0.375 kg
[or chromium trioxide (CrOs3)] 0.250 kg
Water make up to 5.01

The pickling bath is regulated at 60—65°C and the substrate to be pretreated is
then immersed for 30 min. At the end of this time it is removed and immersed in a
tank of water at ambient temperature. Any acid remaining on the surface can then
be removed using a spray-rinse with cold water. The pretreated components can
then be air-dried, preferably in an air-circulating oven whose air temperature is no
greater than 45°C. Bonding should take place within 2—8 h of pretreatment.
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Figure 5: Ultramicrotomed/TEM micrograph through a CSA pretreated Alclad 2024-T3
substrate.

Following such a pretreatment, a controlled, high-energy film of active,
aluminium “oxide/hydroxide”, eminently suitable for structural bonding, will have
been grown on the surface of the aluminium. The oxide film can be seen in Fig. 5 at
the interface between the alloy and the adhesive. It is a needle-like structure
growing from the underlying aluminium substrate and has a thickness of about
300 A. It is clear that the adhesive completely wets and penetrates this surface.

There are many chromic—sulphuric acid pickling specifications which the
industry uses and many people treat them all as roughly equivalent. Table 1 shows
just how misleading this supposition can be. It is important, therefore, to bear
these differences in mind when comparing the bonding properties of various
structural adhesives.

Chromic-free pretreatment: P2 etch

An important chromate-free acid etching technique is also available, it is
designated the P2 [24] process. Here, as ferrous sulphate replaces the dichromate
salts used in the more conventional chromic—sulphuric acid pickling, it is seen as
being more friendly to the environment. Although not currently specified as the
principle etching process, specifications for pretreatments such as phosphoric acid
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Table 1: Comparison of various chromic—sulphuric acid pickling processes.

Process Na,Cr,0+,2H,0 H,S0, H,0 Temperature Time
(%) (%) (%) O (min)
FPL 2.5 24.3 73.2 68 15-30
DEF STAN 03-2 6.4 23.3 70.3 60-65 30
DIN 53 281 7.5 27.5 65.0 60 30
Alcoa 3 32 16.5 80.3 82 5
Optimised FPL 5.0 26.7 68.3 65 10
FPL-RT 6.4 23.4 70.2 22 240

anodising are beginning to offer this as an alternative “deoxidising” treatment
prior to anodising.
As for the CSA procedure, the first stage of the process is a conventional solvent
degreasing step which can possibly be augmented with an alkaline degreasing step.
A suitable P2 etching solution can be made up as follows:

Water 48% by weight
Concentrated sulphuric acid (Sg: 1.83) 37% by weight
Ferrous sulphate (FeSO,) 15% by weight

The etching bath is regulated at 60—70°C and the substrate to be pretreated is
then immersed for between 8 and 15 min. At the end of this time it is removed and
immersed in a tank of water at ambient temperature. Any acid remaining on the
surface can then be removed using a spray-rinse with cold water. The pretreated
components are air-dried, preferably in an air-circulating oven whose air
temperature is no greater than 45°C.

Davis and Venables [25] state that it is also possible to run the bath at ambient
temperature and produce a suitably pretreated aluminium surface; compare the
micrographs of conventional FPL etched aluminium and P2 etched aluminium
in Fig. 6.

Researchers report that, not only are the surfaces so produced equivalent
to those following a chromic—sulphuric acid pickle and only slightly inferior to
PAA pretreated surfaces [26] but they permit the development of strong adhesive
bonds [25].

4.3.1.2.5. Electrochemical pretreatments

Chromic acid anodising (CAA)

A thicker, more “robust” oxide film can be grown if the adherend is anodised in
chromic acid. The first step is, usually, to produce pickled aluminium substrates
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Figure 6: SEM micrographs of FPL etched and P2 etched aluminium alloy [25] (Courtesy:
Elsevier Limited).

in accordance with the specifications quoted above. Under certain circumstances
it may be sufficient only to degrease in an alkaline medium before anodising.
The etched panels are clamped to the anode of a standard anodising bath
and are immersed in a solution of chromic acid at 40°C. Anodising
then takes place in accordance with one or other of several European
specifications [27,28].

A typical bath composition is:

Chromium trioxide (CrOsz) 0.500 kg
Water 10.01

It should be noted that the specification given in Ref. [27] is a replacement for
the well-known Defence Specification DEF 151 as well as for prEN 3002 (Issue
P1, 1990) and BS EN 2101 (Issue 1, 1991).

Typically, the anodising voltage is raised, over a 10-min period, to 40 V, held
for 20 min, raised over a 5-min period, to 50 V and held for 5 min. At the end of
this cycle the components are removed and immersed in a tank of water at ambient
temperature. This is followed by a spray-rinse with cold water. The anodised
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Figure 7: Section through the joint: ultramicrotomed/TEM micrograph through CAA
pretreated Alclad 2024-T3 substrates.

components can then be air-dried, preferably in an air-circulating oven whose air
temperature is no greater than 45°C. Bonding of the unsealed components should
take place within 4—6 h.

Again, a controlled, high energy film of active, aluminium oxide/
hydroxide will have been grown on the surface of the aluminium. The final film
thickness will be about 2.5-4.5 pm. This can be seen in Fig. 7. Fig. 8 shows

Figure 8: Oxide growth with increasing time and voltage: ultramicrotomed/TEM
micrographs through CAA pretreated Alclad 2024-T3 substrates.
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Figure 9: SEM micrograph of a CAA pretreated Alclad 2024-T3 substrate.

the film growth associated with different stages of the anodising cycle; effectively
a “plot” of film thickness against time.

Fig. 7 clearly shows that a robust “oxide” film is grown by this
electrochemical process. It can also be seen that whilst the surface is well
wetted by the adhesive (top right-hand corner of the micrograph), the depth of
the oxide film is not penetrated.

Further, the fact that the oxide film is significantly thick means that it can
fracture fairly easily. This can be seen in Fig. 9 where cracks through the oxide
film can be clearly seen following a standard peel test. The substrate being viewed
is the thick adherend which only bends slightly during the test.

Anodising in chromic acid is the electrochemical pretreatment procedure
favoured in Europe. European aerospace companies view this as giving a less
friable oxide film than the phosphoric acid anodising process favoured in the
United States and believe that it imparts much better durability to the bonded
joint. This latter statement is somewhat debatable in the light of both
experience in the laboratory and the actual chemical structure of the oxide films
themselves.

Phosphoric acid anodising (PAA)

To obtain a more open oxide film, i.e. one which is more readily penetrated by
the adhesive being used, aluminium adherends can be anodised in phosphoric
acid. Certainly, the resultant oxide films are more friable than their CAA
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counterparts but, in this case, they contain “bound” phosphate ions which will
impart some degree of durability to the final adhesive joint; contrary to popular
supposition the films produced in chromic oxide do not contain bound chromates
in their structure [17].

In this procedure the first step, once again, is to pickle the aluminium substrates
in accordance with the specifications quoted above. Under certain circumstances it
may be sufficient to use only an alkaline degrease before anodising. The etched
panels are then clamped to the anode of a standard anodising bath and are
immersed in a solution of phosphoric acid at 25°C. Anodising then takes place in
accordance with one or other of several European and American specifications
[29,30]. A typical bath composition is:

“Syrupy” orthophosphoric acid (H;PO,4) (Sg: 1.65) 1.01
Water (concentration of phosphoric acid is 75 g/l) 16.61

Typically, the anodising voltage is set at 10—15 V (preferably 15 V) and is held
for 20—-25 min. At the end of this time the adherends are removed and immersed in
a bath of water at ambient temperature. This is followed by a spray-rinse with cold
water. The anodised adherends can then be air-dried, preferably in an air-
circulating oven where the air temperature is no greater than 45°C. Bonding of the
unsealed components should take place within 2—4 h.

Following such a pretreatment, a controlled, high-energy film of active,
aluminium oxide/hydroxide will have been grown on the surface of the
aluminium. During the anodising process, part of this film will have dissolved
in the electrolyte. This yields, as already stated, a much more open film with a
somewhat “ferny” appearance. Film thicknesses will be in the region of
0.5-0.8 pm; significantly thinner than those produced by chromic acid anodising.
This can be seen in Fig. 10.

Fig. 11 examines another PAA pretreated bonded specimen. Here, an
ultramicrotomed slice has been taken parallel to, and just above, the boundary
layer of the aluminium substrate, i.e. at the bottom of the oxide pore. Itis evident that
adhesive has, indeed, penetrated to the bottom of the pore; the light-greyish
adhesive can be seen in the interstices between the darker coloured oxide pores.

Even without this corroborating evidence, Fig. 9 clearly shows the ferny oxide
structure is well wetted and penetrated by the adhesive.

Sulphuric acid anodising (SAA)

Sulphuric acid anodising techniques are more generally used for the production of
decorative aluminium sheets to improve the durability of the aluminium
(cf. chromic acid anodising when 20 pwm, or greater, oxide films are grown and
then sealed in hot water/steam) and for the preparation of surfaces prior to priming
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Figure 10: Section through the joint: ultramicrotomed/TEM micrographs through PAA
pretreated Alclad 2024-T3 substrates.

Figure 11: Section parallel to the boundary layer: ultramicrotomed/TEM micrographs
through PAA pretreated Alclad 2024-T3 substrates.
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and painting. However, this technique can also be used to pretreat aluminium and
its alloys prior to structural adhesive bonding but, when compared with the
performance obtained with bonded structures utilising CSA and/or CAA or PAA
pretreatments, significantly lower adhesive strengths and durabilities generally
result.

This process produces one of the thickest, most “robust” and least wetable oxide
films. The cleaning stage is carried out in accordance with the specifications
quoted above. This is then followed by an intermediate treatment comprising an
etch in an alkaline solution plus a desmutting treatment [31]; when treating
aluminium for all other end uses, these last two stages are often omitted.

Typical bath compositions are:

Etch:
Sodium hydroxide (NaOH) 0.25-0.50 kg
Sodium heptonate [CH3(CH,)sCO,Na] 0.075-0.1 kg
{or sodium gluconate [HOCH,[CH(OH)],CO,Na]}
Water Make up to 10.01
Desmutter
Nitric acid (HNO3) (Sg = 1.42) 30-50% by volume

The etching operation is carried out for between 15 and 60 sec at 60—65°C;
rinsing should take place in clean, cold water. The desmutting operation should
take place immediately after the components are rinsed. The process is carried out
at ambient temperature for about 60 sec, or until the surface is clean. The
components are washed in clean, cold water.

The resultant panels are clamped to the anode of a standard anodising bath and
are immersed in a solution of sulphuric acid, at 20°C. Anodising then takes place
in accordance with a suitable specification [32].

A typical bath composition is:

Sulphuric acid (H,SO,) 90-400 g/l

Bonding applications would use sulphuric acid concentrations towards
the lower end of the specification whilst decorative applications would use the
higher end.

In this instance, the anodising procedure is controlled by maintaining the
current density rather than the voltage. Although the anodising parameters will be
highly dependent on the alloy being used, a good rule of thumb is that 0.15 wm of
oxide will be grown per hour for every amp/m? applied across the anode surface.
This means, therefore, that using the current-density limits set by DEF STAN
03-15 [32], 100 A/m? will give a film growth of about 15 wm/h and 200 A/m? will
give 30 wm/h. Anodising times will, therefore, be determined by the final oxide
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thickness required. It is clear, though, that relatively short anodising times can
give rise to relatively dense oxide films; DEF STAN 03-15 quotes thicknesses of
8—13 pm as standard with possibilities of reaching 25 pm.

Anodising bath temperatures are generally maintained in the region of
20-25°C. However, changing the anodising bath temperature has little effect on
the final product due to the change in the resistance of the electrolyte with
temperature — resistance increases as temperature decreases. Thus the voltage—
time parameters have to be changed to ensure the correct current density results.

It is possible to control this process by specifying voltage profiles, time and bath
temperature rather than current density but these parameters have to be found by
experimentation.

At the end of the anodising cycle the components are removed and immersed in
a tank of water at ambient temperature. This is followed by a spray-rinse with cold
water. The anodised components can then be air-dried, preferably in an air-
circulating oven whose air temperature is no greater than 45°C.

Hard anodising

This is a variant of the standard sulphuric acid anodising procedure where the bath
temperature, anodising time and current density parameters are somewhat modified
to give the densest oxide film growth of all. The hardness of the oxide film increases
and the pore size is significantly reduced.

The cleaning, alkaline etch and desmutting stages are carried out as for
conventional sulphuric acid anodising.

The resultant panels are clamped to the anode of a standard anodising bath and
are immersed in a solution of sulphuric acid at 0—10°C; temperatures as low as
—5°C have been used but these are not really practical. The electrolyte
concentration in the anodising bath will be dependent on the alloy being used
but this will generally be in the region of 10% sulphuric acid (H,SO,). Anodising
then takes place in accordance with a suitable specification [33].

The anodising process is again controlled by monitoring the current density.
However, in hard anodising this can be up to three- or five-times higher than for
the conventional SAA process. In conventional engineering applications, current
densities up to 600 A/m> are used to give oxide thicknesses in the region of
25-75 pm/h; the optimum thickness is believed to be around 50 wm. For adhesive
bonding applications, a current density of 400 A/m? has been used.

Anodising times will, again, be highly dependent on the alloy being used and
the oxide film thickness required; for structural bonding applications, a time
of about 20 min is quoted in the literature. As for conventional sulphuric acid
anodising, it is possible to control this process by specifying voltage profiles, time
and bath temperature rather than current density, but these parameters have to be
found by experimentation.
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At the end of the anodising cycle the components are removed and immersed in
a tank of water at ambient temperature. This is followed by a spray-rinse with cold
water. The anodised components can then be air-dried, preferably in an air-
circulating oven whose air temperature is no greater than 45°C.

As already indicated, it is generally accepted that the oxide film produced
either by conventional sulphuric acid anodising or by hard anodising in
sulphuric acid, does not give the optimum surface structure for structural adhesive
bonding, which is why these techniques seem to be rarely used in the aerospace
industry.

However, Arrowsmith et al. [34] found that the situation could be improved by
dipping the clean, anodised substrate in a solution of phosphoric acid to dissolve
away some of the anodic oxide layer in order to reveal a more open structure more
amenable to adhesive bonding. This can be seen in Fig. 12.

Once again, it does appear that this technique, often referred to as the SAA/PAD
process, is rarely encountered in industry in general and the aerospace business in
particular.

Boric acid—sulphuric acid anodising (BSAA)

BSAA, now being called a chromate-free anodising process [35], theoretically
uses no chromate salts in the cleaning stages or as the electrolyte. A minor
exception to this chromate-free concept does, however, occur as some operators
use a tri-acid based deoxidiser which does contain some chromic acid together
with sulphuric and hydrofluoric acids.

Figure 12: SEM micrograph of an SAA pretreated aluminium substrate, post-dipped in
phosphoric acid (Courtesy: IOM Communications Limited).
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This procedure has been used for several years to prepare aluminium surfaces
for painting. Even in an unsealed state, it was not generally thought that the
oxide film produced, which is extremely dense, was suitable for either structural or
semi-structural adhesive bonding; although its corrosion resistance was known to
be exceptional. It is a modern adaptation of the standard procedure which is now of
interest to structural adhesive bonders.

In this modified procedure the first step, once again, is to clean the aluminium
substrates in accordance with the specifications quoted earlier. This is followed
either by a deoxidising operation in accordance with BAC 5765 [36], a
conventional grit-blasting or, better still, an alkaline-etch cleaning stage. The
cleaned panels are then clamped to the anode of a standard anodising bath and are
immersed in an aqueous solution of boric acid and sulphuric acid, at 25-30°C.
Anodising then takes place in accordance with BAC 5632 [37]. A typical bath
composition is:

Sulphuric acid (as H,SO,) 30.5-52.0 g/l
Boric acid (as H;BO3) 5.2—-10.7 g/l

To prevent substrate “burning”, the anodising voltage is typically raised to 15 V
(DC) at a maximum rate of 5 V/min. Once at 15V, the parts are anodised for
18—20 min. At the end of this time the adherends are removed and immersed in a
bath of water at ambient temperature. This is followed by a spray-rinse with cold
water. The anodised adherends can then be air-dried, preferably in an air-
circulating oven where the air temperature is no greater than 88°C.

Following such a pretreatment, a controlled, dense, high energy film of active
aluminium oxide/hydroxide will have been grown on the surface of the
aluminium. The film thickness will be in the region of 3—4 pm.

Research by Critchlow and co-workers [35] has shown that these pretreated
substrates can be made suitable for structural adhesive bonding if either the
anodising temperature is raised to 35°C or the anodised adherends are dipped in
dilute phosphoric acid prior to bonding — i.e. similar to the techniques employed
by Arrowsmith et al. [34] when using sulphuric acid anodising.

Both procedures appear to open up the pore structure (Fig. 13) and hence make
the surface more amenable to wetting by conventional structural adhesives.

Alternating current anodising techniques

For many years, AC anodising of aluminium foil has been a commonplace in the
coil coating industry. Since the early 1990s, researchers have evaluated and
optimised these techniques to adapt and adopt their use for aluminium foil to be
used, for example, in the manufacture of metallic honeycomb (see earlier). Work
is now in progress to modify these processes for use with the sheet aluminium



Surface Pretreatment for Structural Bonding 189

Figure 13: SEM micrograph of a fracture through a BSAA pretreated aluminium substrate
(bath temperature: 35°C) (Courtesy: Loughborough University, UK).

substrates typically encountered in the aerospace industry. Although still in the
development stage, such an approach could well become important as the need to
reduce environmental hazards and increase productivity whilst reducing costs
becomes paramount.

Three benefits have been identified. Firstly, all systems so far evaluated do not
require the use of hexavalent chromium, which means significantly reduced
environmental hazards are associated with these processes. Secondly, the time to
grow a suitable thickness of oxide on the substrate surface is reduced by an order
of magnitude and thirdly, the hydrogen gas produced on the surface whilst
anodising, cleans the substrate prior to oxide growth, removing the need for
complex degreasing operations prior to pretreatment.

A typical procedure has been described [38] where either phosphoric acid or
sulphuric acid can be used as the electrolyte. Other researchers are evaluating the
benefits of various additives in the acidic electrolyte.

Johnsen et al. [38] pretreated aluminium adherends, prior to structural bonding,
as follows:

The panels were washed in solvent to remove surface dirt and then immersed in
10% phosphoric acid at 50°C and AC anodised for 30 s using a current density of
4 A/dm®. Another approach was to wash the panels in solvent to remove surface
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Figure 14: AC anodising in phosphoric acid: ultramicrotomed/TEM micrograph through
anodised 6060-T6 alloy substrates [39] (Courtesy: Elsevier Limited).

dirt and then immerse in 15% sulphuric acid at 80°C and AC anodise for 12 s using
a current density of 10 A/dm?>.

In both cases the anodised substrates were washed in water and dried at 60°C.

AC anodising of aluminium produces significantly thinner oxide films than by
the more conventional DC processes. Johnsen et al. estimated the thicknesses as
0.2 wm for sulphuric acid and 0.1 wm for phosphoric acid.

Some idea as to this significantly reduced thickness can be gained by examining
Figs. 14 and 15. Here sections have been taken through 6060-T6 aluminium alloy

Figure 15: AC anodising in sulphuric acid: ultramicrotomed/TEM micrograph through
anodised 6060-T6 alloy substrates [39] (Courtesy: Elsevier Limited).
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Figure 16: Boeing Wedge Test after ASTM Test Method D3762.

sheets which have been pretreated using an AC anodising procedure in phosphoric
and sulphuric acid, respectively [39]; compare the oxide structure produced by DC
anodising in phosphoric acid (Fig. 10).

Johnsen et al. found that the durability of the bonded joints, assessed by the
Wedge Test [40] (Fig. 16), almost irrespective of electrolyte used, to be nearly as
good as obtained using conventionally pretreated adherends, which had been CSA
pickled and then DC anodised in phosphoric acid [38]. Bjgrgum et al., however,
found that an AC PAA pretreatment yielded joints which failed cohesively
whereas the AC SAA joints tended towards adhesion failure [39].

4.3.1.2.6. Sol—gel procedures

Work on this novel method of surface pretreatment is still in its relative infancy
but initial results are very promising and are currently generating considerable
interest.

The sol-gel procedure is different from all other chemical pretreatment
processes in that it relies on the formation of chemical bonds at the interface to aid
in the production of a strong durable bond, rather than a modification of the surface
structure of the substrate [25].

The process uses a combination of hydrolysis and condensation reactions which
lead to the formation of purely inorganic or hybrid inorganic—organic polymer
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networks. It is the hydrolysis reactions, which lead to the formation of the hydroxide
groups on the metallic substrate that are absolutely essential to the process as a
whole; this hydrolysed oxide surface promotes the condensation reactions.

Alkoxides based, for example, on aluminium, titanium, silicon or zirconium
will all hydrolyse in aqueous media but it is the silicon alkoxides which are
favoured in Europe due to their slower overall reaction rates. Although silicon
based alkoxides will readily hydrolyse, condensation reactions leading to structure
growth are relatively latent when compared with zirconium, titanium and
aluminium. This gives the end user a significant degree of control.

A good example, which is based on earlier work using alkoxide primers [41,42],
is the Boeing sol—gel system (originally designated Boegel [43]). This is a dilute
aqueous solution of tetra-n-propoxy zirconium (TPOZ) with a silane coupling
agent [44—-46]. In this instance, the actual silane is chosen to give optimum
compatibility as well as having the ability to form strong bonds and to enhance the
final surface durability. When epoxy based adhesives are to be used, the choice is
often y-glycidoxypropyl trimethoxy silane (GTMS or Silquest A-187). Finally
acetic acid is added to the solution to control stability and rate of reaction.

This system has now been commercialised by Advanced Chemistry &
Technology as AC®-130 [47].

Fig. 17 gives a schematic representation of a sol—gel structure which could be
produced using the Boeing approach.

| Adhesive I

Figure 17: Schematic representation of a typical sol—gel structure [25].
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It should be noted, however, that although the ability to form strong bonds is
paramount, the need for solution compatibility is not. Dependent on the actual
formulation used, some degree of incompatibility is acceptable; this widens
the choice of silane. Thus, researchers in Europe have found that other silanes,
such as y-methacryloxy propyl trimethoxy silane (Silquest A-174) have proved to
be equally, if not more, efficacious when used with various adhesive chemistries,
including epoxy.

(0] _CH3 O CH3

HyC —O —Si— CH, — CH,— CH,—0 —C —C==CH,

(0] _CH3

Further, as well as the use of silicon-based alkoxides to control reaction rates, it
is possible to prepare the sol—gel system in alcohol rather than water; water is then
added to the system only when reaction (hydrolysis) is required.

Immersion, spraying, curtain-coating or painting procedures can be used to coat
the sol—gel system onto the substrates to be bonded; there is no need to wash off
the solution after pretreatment.

Films grown by the sol—gel method can be up to 1-2 pm thick; using the
Boeing procedure typical thicknesses of 50—200 nm are quoted. Film thicknesses
in the region of 50 nm would be ideal for surface pretreatment/priming. Under
these conditions, it is believed that some form of gradient exists from the inorganic
metallic substrate to the organic primer or adhesive. Thus, in the Boeing case on
aluminium substrates, the interface between the aluminium and the coating could
well be zirconium rich with Zr—O bonds possibly being formed across this
interface [45] and the interface between the coating and the adhesive being
organosilane rich.

This is likely at coating thicknesses of about 50 nm as the alkoxy group (at
about 10 nm) can easily stand proud of the surface. This inorganic-to-organic
gradient is extremely unlikely to occur at higher film thickness as some degree of
inhomogeneity would be observable in the coating and no such reports are to be
seen in the literature.

The importance of this technique can be seen by the fact that several approaches
have already been patented by both Boeing [48] in the United States of America
and by TWI [49,50] in the UK.

4.3.1.2.7. Activated plasma
It is certainly possible to modify the surface of aluminium alloys utilising various
activated plasma pretreatments. It is reported that excellent joint strengths are
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possible utilising such an approach. However, due to the overall size and
complexity of most aerospace structures, this is not envisaged as a viable method
for the foreseeable future.

4.3.1.3. Aluminium-Lithium Alloys

In the early 1980s, alloys of aluminium and lithium (typically BA 8090C) were
introduced as possibly replacements for, especially, carbon fibre composites in
aircraft structures. They had a significantly lower density than the conventional
alloys — 2024 and 7075 — (Sg of 2.54 as opposed to 2.78) which could make a
considerable contribution to weight saving. Aluminium-lithium alloys also had
an increased stiffness over other aluminium alloys of similar strength. Conversely,
they appear to be more ductile than the conventional alloys, as evidenced by the
load-extension curves for simple lap shear joints [51].

Bishopp et al. [51] have shown that these alloys can be pretreated, prior to
structural bonding, in a similar manner to those methods already outlined for the
conventional aluminium alloys. In view, though, of their increased ductility, the
recommendation not to use abrasion pretreatments is even more relevant.

However, it should be remembered that during the heat treatment of
the alloy, both lithium and lithium intermetallics are known to migrate to
the surface. Fig. 18 not only shows the expected PAA oxide film at the
interface between metal and adhesive but also what appears to be a nodule on
the substrate surface. This can be explained by the fact that surface lithium
has been dissolved during acid pretreatment leaving a localised, heavily pitted
surface; or what appears to be a nodule.

A further phenomenon, as yet unexplained, can also be seen following the same
PAA pretreatment of the alloy. Fig. 19 shows the unexpectedly high distribution of
copper-rich intermetallics at the aluminium boundary layer — the black inclusions
at the base of the oxide film. Their chemical composition — essentially copper
with some lithium — has been confirmed by both EDX (energy dispersive X-ray)
and EELS (electron energy loss spectroscopy) analysis [51].

Both these phenomena need to be borne in mind when pretreating aluminium—
lithium alloys for structural adhesive bonding.

4.3.1.4. Pre-anodised Aluminium

Decorative anodised aluminium or aluminium alloys are, as such, not suitable for
adhesive bonding as they have been sealed; these types of substrate require
stripping prior to use. Stripping is sometimes accomplished by abrasive blasting
but this sort of treatment is not recommended. The anodic oxide film is
best removed by immersion in the chromic—sulphuric acid solution given
above [22,23].
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Figure 18: Dissolution of lithium: ultramicrotomed/TEM micrograph through PAA
pretreated BA 8090C substrates.

Figure 19: Copper concentration at the boundary layer: ultramicrotomed/TEM
micrograph through PAA pretreated BA 8090C substrates.
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In some cases a thin anodic oxide film is grown on the aluminium surface using
what the industry calls “flash-anodising”; this is usually accomplished in a
conventional chromic acid bath. This oxide film protects the initial cleaning of the
aluminium surface until the component is ready for further processing and
structural bonding. In this instance the oxide film is removed by vacu-blasting
using a fused alumina grit of controlled particle size. It is known that at least one
company uses glass-bead peening to remove the oxide layer; this is not to be
recommended due to the stresses induced into the substrate prior to bonding.

Once the anodic oxide layer has been removed, one of the conventional
pretreatments for aluminium can be used.

4.3.2. Titanium and Titanium Alloys

The oxides associated with titanium are significantly thinner than those grown on
aluminium; all have a certain degree of micro-roughness. If high temperature
adhesives are to be used (350—400°C cure) very thin oxide layers are required
otherwise the oxygen from the oxide layer will dissolve in the base metal giving
rise to voids and microcracks.

In a similar manner to the alloys of aluminium, titanium and its alloys can be
pretreated for adhesive bonding by both mechanical and chemical methods. When
chemical pretreatments are used, the oxide films so formed are not only thinner
than those produced on aluminium but are significantly more stable to both heat
and humidity [25].

Whichever route is being followed, the first stage is that of degreasing, by one of
the methods already discussed, to clean the surfaces to be bonded. This can be
followed or, occasionally, even replaced by a suitable alkaline etch or acidic
emulsion cleaning [52].

All the methodologies encountered can be summarised as follows:

e Heavy Abrasion: grit-blasting

¢ Chemical: alkaline peroxide etching

e Chemical: acid etch plus phosphate—fluoride treatment
e Chemical: Pasa Jell® treatment

e Electrochemical: chromic acid anodizing

e Electrochemical: sulphuric acid anodizing

e Electrochemical: sodium hydroxide anodizing

e Chemical: chromate free: alkaline perborate treatment
e Chemical: sol—gel procedures

4.3.2.1. Abrasive Blasting
After the substrates have been cleaned, the surface to be bonded is abraded using a
dry grit-blasting process [53] which uses alumina grit with a particle size range
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of about 40—50 wm and a line pressure of about 140 kPa. Alternatively, a wet
process [54] can be employed utilising a 35%, by volume, slurry of alumina grit in
water; the grit having a nominal particle size of 70 wm. In this latter case,
significantly higher line pressures (about 275—425 kPa) are used. After abrasion
the surfaces are cleaned using a clean air jet followed by a solvent wash. Substrates
should be bonded, or further pretreated, within 1-2 h of blasting.

4.3.2.2. Acid and Alkaline Etching
Unlike aluminium, alkaline or acid etching techniques, apart from two known
exceptions, are not, on their own, ideal as pretreatments prior to structural
bonding; they are, though, an invaluable intermediate stage prior to anodising or
a phosphate—fluoride treatment [55,56]. When this intermediate etching stage is
used, standard cleaning techniques are followed by immersion in sulphuric acid,
nitric acid/hydrofluoric acid or hydrochloric acid-—orthophosphoric acid
mixtures.

In the phosphate—fluoride process, the adherend is etched in 3% HF. The etched
titanium is then immersed in an aqueous solution of the following composition for
2 min:

Trisodium phosphate (NazPO,) 5% by weight

Potassium fluoride (KF) 2% by weight

Hydrofluoric acid (HF) 2.6% by weight

Water Make up to 100% by weight

The anatase oxide coating produced, which has a thickness in the range of
150-295 nm, consists of titanium, oxygen, phosphorus and fluorine.

The two exceptions, already mentioned, are the so-called Pasa Jell treatment
[54,55], and alkaline peroxide etching [25,57]. The Pasa Jell process, which gives
an oxide thickness of about 20 nm, can be summarised as follows:

 Standard surface cleaning and degreasing

* Wet-abrasion and/or alkaline etching (Turco alkaline rust remover at 93—100°C)
— optional

e 15-20 min immersion in the acidic Pasa Jell solution at =38°C.

A typical bath composition is:

Concentrated etch (Pasa Jell 107-CV) 10% by volume

Nitric acid (as HNO3) 21% by volume (180-217 g/1)
Chromic acid (as CrOs) 30 g/1 (26.2-31.4 g/1)
Deionised water Remainder

(Although a proprietary material, it is believed that Pasa Jell comprises a mixture of nitric
acid, fluorides, chromic acid, coupling agents and water)
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Once etching is complete the parts are removed, washed in deionised water and
then dried in an air-circulating oven at 38—65°C; bonding or priming should take
place within 4 h.

It should be noted, however, that the resultant bonds’ durability performance is
not as good as for those produced by chromic acid anodising or the novel sol—gel
pretreatment. This is perhaps not surprising when the resultant surface topography
is examined (Fig. 20).

The alkaline peroxide etch, dependent on bath conditions, gives an oxide
thickness of 60—200 nm. The process comprises a 3—5 min alkaline degrease in
Kelite® 19 at 60—71°C. The washed components are then immersed for
23-27 min, at 55-65°C, in a bath containing 0.5 M sodium hydroxide and
0.4 M hydrogen peroxide (H,O,). The etched substrates are then washed and
air-dried at 65°C.

The resultant surface topography is very reminiscent of that produced by
submitting aluminium alloys to a chromic—sulphuric etch (Fig. 21).

The main drawback with this process is the lack of stability of the hydrogen
peroxide; the bath has to be renewed every 30 min.

4.3.2.3. Chromic Acid Anodising

As for aluminium, titanium substrates can be pretreated by anodising in chromic
acid [55,57]. The cleaning stage is carried out in accordance with the specifications
quoted above. This is then followed by an acidic pickling. The typical bath
composition is:

Concentrated nitric acid (Sg: 1.42) (HNO;) 451
Hydrofluoric acid (Sg: 1.17) (HF) 0.4501
Water 10.01

The adherends are pickled at ambient temperature for about 10—20 min. The
etched specimens are removed from the bath and then washed under clean, cold,
running water; any black deposits should be brushed off with a clean, stiff-bristle,
nylon brush.

The substrates are then attached to the anode of a standard anodising bath
(anode to cathode ratio of about 3:1) and are immersed, at 40°C, in chromic acid of
the following composition:

Chromium trioxide (CrOsz) 0.700 kg
Water 10.01
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Figure 21: SEM micrographs of alkaline peroxide etched titanium alloy [25] (Courtesy:
Elsevier Limited).
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The voltage is raised to 20 V over a 5-min period and, dependent on alloy type,
is held for 5—30 min; by then, the titanium should have developed a distinctive
blue colouration. Lower voltages, as low as 5 V, can be used if less brittle oxide
coatings are required.

The anodised sheets are then removed from the bath, spray-rinsed with cold,
clean water and then air dried, preferably in an air-circulating oven whose air
temperature does not exceed 45°C. Bonding of the components should take place
within 4—6 h.

US Patent 3959091 [59] gives an alternative anodising method. In this case
titanium components are anodised at ambient temperature for 20 min at 10 V. The
electrolyte should contain 50 g/l of CrO5 and sufficient ammonium bifluoride to
maintain the current density at 22 A/m’.

4.3.2.4. Sulphuric Acid Anodising
Unlike aluminium, DC sulphuric acid anodising is an acceptable pretreatment
prior to bonding titanium components.

The first stage of the process is a grit blasting and/or degreasing step, to any of
the above specifications. This is usually augmented with an alkaline degreasing
step in accordance with a relevant specification.

Pickling and anodising is then carried out in accordance with one or other of
several European and American specifications [60,61].

A suitable pickling solution of nitric and hydrofluoric acid can be made up as
follows:

Nitric acid (HNO3) 180-380 g/1
Hydrofluoric acid (HF) 13-21 g/l

Generally, a 20-30s pickle at 15-30°C suffices to remove any abrasive
particles and/or weak oxide layers. The titanium sheet should then be spray-rinsed
in cold, clean water.

The resultant panels are clamped to the anode of a standard anodising bath
and are immersed in a solution of sulphuric acid, at 21°C. Anodising then
takes place in accordance with the above specifications. A suitable aqueous
anodising solution comprises sulphuric acid (H,SO,4) at a concentration of
50-400 g/l.

The voltage is raised to 15-20 V and, dependent on alloy type, is held until the
titanium has developed a distinctive bluish-violet colouration; the actual time is
pre-determined experimentally. The anodised sheet should then be spray-rinsed in
cold, clean water and dried in a stream of clean air.
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Figure 22: SEM micrograph of alkaline anodised titanium alloy [62] (Courtesy: Elsevier
Limited).

4.3.2.5. Sodium Hydroxide Anodising

In 1983, researchers found [62] that by anodising titanium under alkaline
conditions, not only could the unstable alkaline hydrogen peroxide etch
be effectively replaced but also bonded joints having good durability could be
produced. They evaluated various electrolyte molarities from 0.4 to 5.0 M,
various applied voltages from 5 to 15 V and various bath temperatures from 16 to
30 °C. Their optimised procedure, to obtain the best durability results, was as
follows:

Titanium substrates were first alkaline degreased using conventional
commercially available cleaners. They were then anodised in 5M sodium
hydroxide for 30 min at 20°C using an applied voltage of 10 V. The performance
of the anodised surfaces appeared to be independent of the anode: cathode ratio
used. A scanning electron micrograph of a typical titanium surface pretreated
using this procedure is given in Fig. 22; the resultant open, nodular oxide
structure is clearly evident.

4.3.2.6. Chromate-free Pretreatment

In the late 1990s, researchers at NASA/LaRC developed a chemical pretreatment
for titanium alloys which did not require the use of chromic acid or chromate
salts [63]. The resultant surface is reputed to have excellent compatibility with
structural adhesives of high thermal-oxidative resistance; in other words, suitable
for bonding titanium components in supersonic aircraft.
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The adherends are initially degreased using standard procedures. This process
then makes use of an acid etch (to replace grit blasting) followed by an alkaline
oxidation (to replace a peroxide oxidation). The details are as follows:

The cleaned substrates are dipped in aqueous 9 M sulphuric acid solutions for
about 10 min at ambient temperature. The specimens are rinsed in cold, clean
water and then dipped, again for about 10 min at ambient, in an aqueous, alkaline
perborate solution — a mixture of 0.5 M sodium borate (NaBOj3) and 1 M sodium
hydroxide (NaOH). The pretreated substrates are immediately washed in clean,
cold water.

During the research programme, immersion times and bath temperatures were
varied; longer times and higher immersion temperatures resulted in thicker and
less stable oxide films. The optimum immersion for about 10 min at ambient
temperature yielded oxide films in the region of 2 wm thick.

4.3.2.77. Sol-gel Procedures

This novel method of pretreatment has also been shown to be suitable for
titanium. As well as the TPOZ/GTMS system, already discussed under the
section dealing with the pretreatment of aluminium substrates, other aromatic
[ p- and m-aminophenyl triethoxy silane (a) and (b), respectively] and aliphatic
[y-aminopropyl triethoxy silane: Silquest A-1100: (c)] silanes have been used.

(a) CoHs (b) CoHs

| | NH,
| 1
CoHs—O —Ti—@—NHQ C,Hs —O —?i
(0] (0]
| |
CoHg CoHs
(©) CoHs
O

C,Hg—0—8i——CH, —CH,—CH,—NH,

@)
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Another novel approach has been to use polyimide-silica hybrids, for
example pendent phenylethynyl imide oligomeric bis-silanes with tetraethoxy
silane [46,64,65].
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4.3.3. Stainless Steel

Stainless steel is well known as being difficult to bond, especially when long-term
environmental resistance is required. The degree of difficulty increases with
the increasing chromium content of the steel. The oxides associated with low
carbon steels are very stable but are thin and very smooth; they have none of the
micro-roughness which is typical for other substrates.

The correct pretreatment, therefore, is vital and, amongst other considerations,
it will be dependent on the grade of stainless steel being used as well as the
minimum specified tensile strength of the substrate and the projected end use of
the bonded component.

It is generally to be recommended that, before attempting to bond stainless steel
components, bonding trials should take place to determine the optimum method
and conditions needed to obtain the best bond strengths with the particular
stainless steel being used. Such trials will also take into account end usage and,
particularly, the durability requirements.

The possible methodologies can be summarised as follows:

» Heavy Abrasion: grit-blast with chill-cast iron shot, glass or alumina
¢ Chemical: acid etching

¢ Laser Treatment: CLP (Ciba Laser Pretreatment)

¢ Chemical: sol—gel procedures

¢ Surface Bombardment: plasma spray coating

Several pretreatments are recommended by the British Standards Institute
[66]. In essence, these methods cover solvent and/or alkaline degreasing
followed by surface abrasion or by the use of a chemical etchant. Grit blasting,
using chill-cast iron shot, glass or alumina, is the ideal abrasion technique.
Etchants based on sulphuric, hydrochloric or phosphoric acid are rec-
ommended; etching conditions are 5—-30 min at temperatures from ambient
to 65°C.

In many cases, the chemically pretreated substrates will require desmutting after
etching and washing. This can be accomplished by immersion in the standard CSA
pickling solution (see above) for 5—20 min at 60—65°C. Once such a bath has been
used for desmutting stainless steel the pickle cannot be used again for the
pretreatment of aluminium.

It has also been shown that adequate bond strengths can be obtained on fresh
specimens following a combination of grit blasting and sulphuric—oxalic acid or
hydrochloric acid—formalin—hydrogen peroxide etching. The latter has been
shown to give better bath stability [58]. Other researchers [67] have shown that a
simple sulphuric acid/oxalic acid etch is sufficient. Here, the stainless steel
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adherends are immersed in the aqueous acid mixture for up to 30 min at 90-95°C.
A typical etchant formulation is:

Oxalic acid (HO,C-CO,H) 10 pbw
Concentrated sulphuric acid (H,SO,) 10 pbw
Distilled water 80 pbw

Some stainless steels will “smut” under these conditions and others will not. If a
black smut does form then this can, in this particular case, be removed by
brushing, under running cold water. The adherends are then washed in distilled
water and dried at 100—120°C; bonding should follow immediately.

There is mention in the literature of another pretreatment which works well on
stainless steel. This is a proprietary, patented, experimental pretreatment
developed by Ciba AG (now Huntsman Advanced Materials) and, as such, is an
alternative to the more conventional “wet” processes. It is designated CLP (Ciba
Laser Pretreatment).

CLP was developed for typical substrates used in the automotive industry but as
it is equally efficacious in pretreating aluminium, titanium and stainless steel, it
could prove of considerable use to the aerospace industry.

The process is a two-step one where the initial stage is to prime and then
dry/stove the substrate to be bonded. Although the literature does not give
examples of the primer used, it is fairly clear that a suitable surface protection or
corrosion protection primer could be used; by inference, this could be extended to
a silane-based primer.

The area to be bonded, and only the area to be bonded, is then exposed to the
beam of a suitable laser; laser type, power and speed of treatment have to be
optimised for each type of substrate.

No further treatment is needed and Huntsman Advanced Materials quote
excellent joint durability using this approach [68].

Finally, there are two further experimental surface pretreatment methods which
are worthy of note.

Firstly, work has started to evaluate the use of sol—gel procedures on stainless
steel. Early results are encouraging. Secondly the use of plasma spraying
techniques has been tried on low carbon steels [69]. Researchers report that,
although temperature control is both difficult and critical, the initial results
obtained are good.

4.3.4. Fibre-reinforced Laminates

There are, essentially, two types of fibre-reinforced laminates and both — those
with thermoplastic and those with thermosetting matrices — can be pretreated
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utilising somewhat similar methodologies; each type of matrix, though, has its
own special considerations.

The optimum pretreatment for the preparation of composite substrates for
adhesive bonding can be defined as one which removes all the surface matrix
system, to expose the reinforcing fibres, without doing any damage to the fibres
themselves.

Obviously, at present, it is not feasible to achieve such a surface. However, the
best possible procedures which can be employed are given below.

4.3.4.1. Thermoplastic Matrices

Currently the most commonly encountered substrates are those produced using
polyetheretherketone (PEEK) or polyethersulphone matrices, especially
reinforced with carbon fibre.

The earliest approaches to achieve suitable surface pretreatments on fibre-
reinforced thermoplastic composites used some form of surface cleaning/degreas-
ing followed either by a controlled hand-abrasion or semi-automated wet
grit-blasting process. However, later researchers showed that this was not an
ideal technique. Kinloch et al. [70] compared typical abrasion techniques with
corona discharge processes and found that the adhesive fracture energy (G.)
values for bonded double cantilever beam specimens varied from 0.2 to 0.3 kJ/m*
when abrasion techniques were used to 1.5—3.75 kJ/m? when an optimised corona
discharge treatment had been used. They also found that the locus of failure for the
abraded joints was at the composite/adhesive interface whereas for the joints
pretreated by corona discharge it was generally cohesive in nature.

When the substrate was reinforced with carbon fibre, the plateau results
obtained depended heavily on the type of adhesive being used: Cytec-Fiberite film
adhesive FM®-73M (curing at 120°C) and room-temperature curing Loctite
Aerospace paste adhesive EA® 9309. The composite matrix chemistry exerted
significantly less influence.

This improvement in performance in the bonded joint was attributed to the
polarity of the composite surface. The intensity of corona treatment required to
achieve the necessary degree of polarity was found to be dependent on the cure
characteristics of the adhesive used and, to a certain extent, on the chemistry of the
matrix. Thus, for the EA 9309, carbon/PEEK composites needed > 10 J/m? and
carbon—polyamide composites required a corona energy of >3 J/mm?. When
FM-73M was used, the figures were >20 J/mm? and > 6 J/mm?, respectively —
i.e. double the energy requirement.

Blackman et al. [71] compared the use of conventional abrasion pretreatments
with corona discharge and oxygen plasma treatments. Again, the need to optimise
the surface polarity was confirmed. As in the previous work, both adhesive and
matrix chemistry influenced the optimum plasma conditions. For carbon/PEEK
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composites plasma treatment times of 3 min were required to optimise the
adhesive fracture energy, at about 2.75 kJ/m?, when using the FM-73M, whereas
treatment times of > 12 min were required for the EA 9309. However, in the latter
case the adhesive fracture energy plateaued at about 3.7 kJ/m”. For carbon/PPS
composites the optimum fracture energy was independent of adhesive chemistry.
The ideal treatment time was found to be > 6 min to give a fracture energy value
of 1.5 kJ/m>.

Analysis of the surfaces generated by these different pretreatment processes
[71] shows the various surface topographies which are attained (Fig. 23); it is clear
how much more efficacious the plasma treatment is.

Finally, Buchman et al. [72] have evaluated the use of excimer laser treatment
of carbon fibre reinforced PEEK composites. Once again, the final performance of
the bond depended on the intensity of the pretreatment but these workers quoted
that the resultant adhesive strengths were nearly double those for conventionally
pretreated (hand-abrasion) substrates.

Figure 23: SEM micrographs of carbon/PEEK composites: a) as moulded; b) abraded and
solvent cleaned; c¢) corona treated (20 J/mm?); d) oxygen plasma treated (10 min)
(Courtesy: Imperial College London).
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Figure 24: SEM micrographs of Excimer-Laser ablated carbon/PEEK composites:
a) low energy (0.18 J/P cm?, 100 pulses); b) high energy (1 J/P cm?, 10 pulses) (Courtesy:
VSP Publishers).

Microscopic analysis of the pretreated substrates does reveal that considerable
amounts of the surface matrix resin can be removed, thus exposing the reinforcing
fibres. However, Fig. 24 shows how dependent the efficacy of matrix removal is on
the energy of the laser beam (cf. Fig. 23d for plasma treatment).

It could be argued that, in spite of the excellent results seen when using corona
discharge, plasma treatment and laser ablation surface pretreatment techniques,
it is unlikely that they will be cost effective and will be difficult to introduce for the
treatment of large components. However, in view of the poor performances now
often seen by using conventional abrasion techniques, it is probable that ways
round these difficulties will have to be found.

4.3.4.2. Thermosetting Matrices
The following procedures are all possible and, indeed, are used in the industry to a
greater or lesser extent.
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e No surface pretreatment: such an approach will leave a surface which is
possibly contaminated with mould release agents and airborne dirt, oils, etc. It
will also have a relatively thick layer of cured matrix resin at the proposed
adhesive interface between composite and adhesive. Not only
will the contaminants ensure that a weak boundary layer is produced
at this interface but experience shows that, even under scrupulously clean
surface conditions, the most durable joints are produced when the resin fraction
at the composite surface is kept to a minimum.

e Solvent clean: this technique will remove some, but not necessarily all, surface
contamination. The procedure is seen as little better than no pretreatment at all.

e Peel ply/tear ply: with RTM or RIM components or laminates prepared from
prepregs, it may be possible to design the laminating process so that a layer of a
suitable perforated fabric (“peel ply”: coated with a release agent and “tear ply”:
uncoated) is placed on the surface to be bonded as part of the lay-up procedure.
Thus, when the laminate is cured this peel ply becomes part of the laminate
itself. Just prior to bonding, the peel ply is peeled off. As it is perforated, matrix
resin will flow through the holes during cure and thus, when the peel ply is
stripped off, some of the excess cured matrix material is removed, which
exposes a fresh, clean surface for bonding. This is shown, schematically,
in Fig. 25.

However, even with the improved peel plies now available, such a technique
is seen as very much a “second best” approach. Certainly contamination from
mould release agents and airborne substances is kept to a minimum, as the
surface only needs be exposed just before bonding, and some of the resin-rich

Peel ply Peel ply

Bond
surface

Figure 25: Schematic of a typical composite structure utilising peel plies.
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surface layer can be removed. However, the degree of resin removal is not
uniform across the laminate surface and a relatively resin-rich surface layer still
remains. Both aspects can lead to a reduction in the actual level of bond
strengths achievable. Further, some transfer of the peel-ply polymer system and
in some cases of the peel ply (or more likely, the tear-ply) itself, to the bonding
surface, cannot be ruled out. Experience shows that the bond is generally
improved but not optimised. The same is probably true for the durability
performance of the bonded structure.

e Hand abrasion techniques: pretreatment is usually accomplished using wet-
and-dry paper and it often augments the peel ply approach. Although this can
lead to an improvement in bond strengths, the techniques are highly operator-
dependent as well as being arduous and slow. However, with a good operator,
it is probably a more than adequate method to prepare the surface for bonding
but it will not be reproducible from operator to operator. Fibre damage is a
distinct possibility and post-treatment cleaning will be critical and difficult.
In many cases, if inadequately carried out, this will lead to poor quality bonds
and even worse durability. The situation can be improved by automating the
process, which makes the operation more controllable and more conducive
to routine production. However, the post-treatment cleaning problems
still apply.

o Grit-blasting techniques: these procedures are much more controllable than
the above as such parameters as grit chemistry and hardness, grit size, air-line
pressure, distance from the blasting head to the job, rate and frequency of pass
are all readily programmable.

When dry grit-blasting is used then there are concerns as to the cleanliness
of the grit being used and the fact that the process itself might “drive” surface
contamination into the component rather than removing it. Most of these
concerns can be overcome if wet grit-blasting is used. Here the abrasive grit,
usually alumina or silica, is mixed into a slurry with water and this blend is
used to abrade the composite surface. The water not only acts as a cushion,
which means that a more gentle abrasion results, but it is also constantly
washing down the surface which means that there is less chance for residual
contamination to remain on the bonding surface.

Care, though, still needs to be exercised over the final cleaning and drying
operations. Fig. 26 shows a schematic of a typical wet grit-blaster.

e Surface modification techniques: these can include such approaches as the
laser ablation of the surface using, for example, excimer lasers. Other
possibilities are to use plasma, corona and flame treatments to modify the
laminate surface, chemically, to make it more amenable to adhesive bonding.
As for thermoplastic matrices, it should be possible to introduce highly polar
groups onto the surface to improve bonding across the interface.
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Figure 26: Schematic of a typical wet grit-blaster (Courtesy: Vapormatt Limited).

Although much has been written on the use of these techniques to pretreat
polymeric substrates prior to bonding, there is very little in the literature related to
fibre-reinforced composites; most is related to thermoplastic composite
substrates.

Should such approaches prove to be beneficial it is unlikely that they will be
cost effective and will be difficult to introduce for the treatment of large
components. In the light of the good performances which are possible using peel
plies and abrasion techniques, unlike the situation which exists for thermoplastic
composite substrates, these techniques are only likely to find applications where
small, delicate components are to be bonded.

Irrespective of pretreatment procedure, optimum bond strengths can be attained
if the laminates are dried before bonding; to remove any moisture absorbed from
the atmosphere. This should be carried out, immediately before joint assembly, in
an air-circulating oven at a temperature at which no thermal damage will be
imparted to the laminate.

4.3.5. Non-metallic Honeycombs

Honeycombs produced from such materials as aramid paper (Nomex®) require no
pretreatment unless contaminated. However, higher bond strengths are obtained if
the honeycomb is dried for 1 h at 120°C just before bonding.



Surface Pretreatment for Structural Bonding 211

References

[1] de Bruyne, N. A. (1996). My life. Midsummer Books, Cambridge.

[2] Aero Research Technical Notes, Difficulties in Gluing Plywood, Bulletin No. 21,
September 1944.

[3] Snogren, R. C. (1974). Handbook of surface preparation. Palmerton Publishing Company
Inc., New York.

[4] Davis, J. R. (1999). Corrosion of aluminum and aluminum alloys. ASM International,
Materials Park, OH, pp. 191-214.

[5] Henkel Chemicals Limited, Product Data: Alocrom 1290-(S821-1290), (1991).

[6] UK Defence Standardization, DEF STAN 03-2 (1995). Cleaning and Preparation of
Metal Surfaces, Issue 3 (Process A: Method Al or A2).

[7] British Standards Institute, BS EN 2334 (1997). Chromic—Sulphuric Acid Pickle of
Aluminium and Aluminium Alloys, Issue 1 (Treatments A, B and C).

[8] Boeing Specifications, BAC 5408 (1988). Vapor Degreasing, Issue M.

[9] Boeing Specifications, BAC 5744 (2002). Manual Cleaning: Cold Alkaline and Solvent
Emulsion, Issue G.

[10] Boeing Specifications, BAC 5750 (2001). Solvent Cleaning, Issue L.

[11] Boeing Specifications, BAC 5763 (1995). Emulsion Cleaning and Aqueous Degreasing,
Issue E.

[12] SAE Standard, ARP1842 (1984). Surface Preparation for Structural Adhesive Bonding,
Aluminum Alloy and Low Alloy Steel Parts.

[13] Bishopp,J. A., Sim, E. K., Thompson, G. E., & Wood, G. C. (1988). The adhesively bonded
aluminium joint: the effect of pretreatment on durability. Journal of Adhesion, 26,237-263.

[14] UK Defence Standardization, DEF STAN 03-3 (2002). Protection of Aluminium Alloys by
Sprayed Metal Coatings, Issue 3 (Section 2).

[15] British Standards Institute, BS EN 2334 (1997). Chromic—Sulphuric Acid Pickle of
Aluminium and Aluminium Alloys, Issue 1 (Treatments B and C).

[16] Boeing Specifications, BAC 5748 (2000). Abrasive Cleaning, Deburring and Finishing,
Issue N.

[17] Bishopp, J. A., & Thompson, G. E. (1993). The role of electron microscopy in the study of
adhesion to aluminium substrates. Surface and Interface Analysis, 20, 485—-494.

[18] Baker, A. A. (1994). Bonded composite repair of metallic aircraft components — overview of
Australian activities, AGARD [Advisory Group for Aerospace Research and Development]
Conference on Composite Repair of Military Aircraft Structures, 3—5 October 1994, Seville.

[19] UK Defence Standardization, DEF STAN 03-2 (1995). Cleaning and Preparation of
Metal Surfaces, Issue 3 (Method B 2(ii)).

[20] British Standards Institute, BS EN 2334 (1997). Chromic—Sulphuric Acid Pickle of
Aluminium and Aluminium Alloys, Issue 1 (Treatment A).

[21] Boeing Specifications, BAC 5749 (2002). Alkaline Cleaning, Issue T.

[22] UK Defence Standardization, DEF STAN 03-2 (1995). Cleaning and Preparation of
Metal Surfaces, Issue 3 (Process O).

[23] Boeing Specifications, BAC 5555 (2001). Phosphoric Acid Anodizing of Aluminum,
Issue N (Deoxidising in accordance with paragraphs 8.2.3 and 9.3).

[24] Rodgers, N. L. (1981). Proceedings of 13th National SAMPE Technical Conference,
SAMPE, Azusa, CA, 1981, 640 p.



212

[25]

(26]

(27]
(28]

[29]
(30]

(31]
(32]
(33]

[34]

(35]

(36]

[37]

(38]

[39]

[40]

[41]
(42]
[43]

[44]

J. Bishopp

Davis, G. D., & Venables, J. D. (2002). Surface treatment of metal adherends. In:
M. Chaudhury, & A. V. Pocius (Eds), Adhesion science and engineering — volume 2:
surfaces, chemistry and applications (pp. 947—1008). Elsevier, Amsterdam.

Desai, A., Ahearn, J. S., & McNamara, D. K. (1985). Cleanliness of external tank
surfaces, Martin Marietta Laboratories, Baltimore, MD, Unpublished Technical Report
MML TR 85-65.

UK Defence Standardization, DEF STAN 03-24 (1997). Chromic Acid Anodizing of
Aluminium and Aluminium Alloys, Issue 3 (unsealed process).

British Standards Institute, prEN 2101, Aerospace Series (1998). Chromic Acid Anodising
of Aluminium and Wrought Aluminium Alloys, Draft Issue 2 (Type A).

SAAB Specification, STD 1991 (1999). Issue 6.

Boeing Specifications, BAC 5555 (2001). Phosphoric Acid Anodizing of Aluminum,
Issue N.

UK Defence Standardization, DEF STAN 03-2 (1995). Cleaning and Preparation of
Metal Surfaces, Issue 3 (Process P).

UK Defence Standardization, DEF STAN 03-15 (1997). Sulphuric Acid Anodizing of
Aluminium and Aluminium Alloys, Issue 3.

British Standards Institute, BS 5599 (1993). Specification for Hard Anodic Oxidation
Coatings on Aluminium and Its Alloys for Engineering Purposes.

Arrowsmith, D. J., Clifford, A. W., Davies, R. J., & Moth, D. A. (1984). Durability of
adhesively bonded aluminium pretreated by hard anodizing followed by a phosphoric
acid dip, Extended abstracts for the international adhesive conference. PRI, London.
Yendall, K. A., Critchlow, G. W., Andrews, F. R., & Bahrani, D. (2002). An evaluation of
chromate-free anodising processes for aerospace applications, Extended abstracts for
Euradh 2002. IOM Communications, London.

Boeing Specifications, BAC 5765 (1995). Cleaning and Deoxidizing Aluminum Alloys,
Issue T.

Boeing Specifications, BAC 5632 (1999). Boric-Acid Sulfuric Acid Anodizing, Issue C.
Johnsen, B. B., Lapique, F., & Bjgrgum, A. (2004). The durability of bonded aluminium
joints: a comparison of AC and DC anodising pretreatments. International Journal of
Adhesion and Adhesives, 24, 2, 153-161.

Bjgrgum, A., Lapique, F., Walmsley, J., & Redford, K. (2003). Anodising as pre-
treatment for structural bonding. International Journal of Adhesion and Adhesives, 23, 5,
401-412.

ASTM D 3762. (1981). Standard test method for adhesive-bonded surface durability of
aluminum (wedge test), Part 22: wood; adhesives. American Society for Testing and
Materials, West Conshohoken, PA.

Pike, R. A. (1985). International Journal of Adhesion and Adhesives, 5, 1, 3—-6.

Pike, R. A. (1986). International Journal of Adhesion and Adhesives, 6, 1, 21-24.
Boeing, Advanced Coating Materials for Air Force Aircraft, A&M Environmental Tech
Notes, 7(2) May 2002.

Blohowiak, K. Y., Osborne, J. H., Krienke, K. A., & Sekitis, D. F. (1996). Proceedings of
28th International SAMPE Technical Conference, Corvina, CA, 1996, 440 p.

[45] Blohowiak, K. Y., Osborne, J. H., Krienke, K. A., & Sekitis, D. F. (1996).

Environmentally benign sol—gel surface treatment for aluminium bonding applications,
Boeing Defence and Space Group, Seattle, Final Report.



Surface Pretreatment for Structural Bonding 213

[46] Blohowiak, K. Y., Krienke, K. A., Osborne, J. H., & Greegor, R. B. (1998). Proceedings
of Workshop on Advanced Metal Finishing Techniques for Aerospace Applications,
Keystone, CO.

[47] Fiebig,J. W.,Mazza, J. J., & McKray, D. B. (2002). An ALC consideration of simple sol—
gel preparations for improved durability of field and depot-level bonded repairs,
Proceedings of the Aging Aircraft Conference, 2002, Galaxy Scientific.

[48] Chung, Y. J., Jeanjaquet, S. L., & Kendig, M. W. US Patent US 6,579,472, Corrosion
Inhibiting Sol/Gel Coatings for Metal Alloys, June 2003.

[49] Taylor, A. World Intellectual Property Organization WO 01/25343, Coating Materials,
April 2001.

[50] Taylor, A. World Intellectual Property Organization WO 02/24824, Coating Compo-
sitions, March 2002.

[51] Bishopp, J. A., Jobling, D., & Thompson, G. E. (1990). The surface pretreatment of
aluminium-lithium alloys for structural bonding. International Journal of Adhesion and
Adhesives, 10, 3, 153-160.

[52] UK Defence Standardization, DEF STAN 03-2 (1995). Cleaning and Preparation of
Metal Surfaces, Issue 3 (Process B: Method B1 or B2 or Process C).

[53] British Standards Institute, BS EN 2497 (1990). Specification for Dry Abrasive Blasting of
Titanium and Titanium Alloys.

[54] SAE Standard, ARP 1843A (1991). Surface Preparation for Structural Adhesive Bonding,
Titanium Alloy Parts, Revision A.

[55] Tiwari, R. K. (2002). The thermal stability of anodic oxide coatings — strength and
durability of adhesively bonded Ti—6A1-4V alloy, Dissertation submitted to the Faculty
of the Virginia Polytechnic Institute and State University.

[56] Miller, P. D., & Jefferys, R. A. (1958). US Patent US 2,864,732, Method of Coating
Titanium Articles and Products Thereof.

[57] Cotter, J. L., & Mahoon, A. (1982). Development of new surface pretreatments, based on
alkaline hydrogen peroxide solutions, for adhesive bonding of titanium. International
Journal of Adhesion and Adhesives, 2, 1, 47-52.

[58] Redux Bonding Technology, Hexcel Composites Limited, 2000.

[59] Moji, Y., & Marceau, J. A. (1976). Method of Anodising Titanium to Promote Adhesion,
US Patent 3959091.

[60] British Standards Institute, BS EN 2808 (1997). Anodizing of Titanium and Titanium
Alloys.

[61] International Standard, ISO 8080 (1985). Specification for Anodic Coating of Titanium
and Titanium Alloys by the Sulphuric Acid Process.

[62] Kennedy, A. C., Kohler, R., & Poole, P. (1983). International Journal of Adhesion and
Adhesives, 3, 3, 133-139.

[63] Lowther, S. E., Park, C., & St. Clair, T. L. (1999). A novel surface treatment for titanium
alloys, 22nd Annual Meeting of the Adhesion Society, Florida.

[64] Park, C., Lowther, S. E., Smith, J. G. Jr., Connell, J. G., Hergenrother, P. M., & St Clair,
T. L. (2000). International Journal of Adhesion and Adhesives, 20, 457.

[65] Hergenrother, P. M. (2000). SAMPE Journal, 36, 30.

[66] British Standards Institute, BS 7773 (1995). Code of Practice for Cleaning and
Preparation of Metal Surfaces.

[67] Polymerics GmbH, Berlin, Surface Pretreatment Methods, http://www.polymerics.de/
products/pretreatments.html.


http://www.polymerics.de/products/pretreatments.html
http://www.polymerics.de/products/pretreatments.html

214 J. Bishopp

[68] Broad, R., French, J., & Sauer, J. (1999). New effective, ecological surface pretreatment
for highly durable adhesively bonded metal joints. International Journal of Adhesion and
Adhesives, 19, 2-3.

[69] Davis, G. D., Groff, G. B., Biegert, L. L., & Heaton, H. (1995). Journal of Adhesion,
54, 47.

[70] Kinloch, A. J., Kodokian, G. K. A., & Watts, J. F. (1992). The adhesion of thermoplastic
fibre composites. Philospohical Transactions of the Royal Society of London, Series A,
338, 83—-112.

[71] Blackman, B. R. K., Kinloch, A. J., & Watts, J. F. (1994). The plasma treatment of
thermoplastic fibre composites for adhesive bonding. Composites, 25, 5, 332—-341.

[72] Buchman, A., Dodiuk, H., Rotel, M., & Zahavi, J. (1996). Laser-induced adhesion
enhancement of polymer composites and metal alloys. In: K. L. Mittal (Ed.), Polymer
surface modification: relevance to adhesion (pp. 119-212). VSP, The Netherlands.



Chapter 5

Aerospace: A Pioneer in Structural
Adhesive Bonding™

John Bishopp

My biggest mistake was to agree to the riveting of the window surrounds in the
Comet 1 rather than insisting that they were “Reduxed” as planned

Statement, just before his death, by RE Bishop, Designer of the de Havilland
Aircraft Company’s DH106 Comet 1.
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Abstract. This chapter falls, quite logically, into four distinct sections. The first
deals with wooden aircraft from the first heavier-than-air machines through to
the mid-1940s. Here animal-based adhesives were a natural choice for bonding
wood; furniture makers had been using them for centuries. This section ends
with the success story of the de Havilland Mosquito; a wooden airplane held
together with a urea—formaldehyde (U/F) glue — one of the first truly synthetic
adhesives.

The second section traces the use of structural adhesives, first, in all-metal
aircraft and then in aeroplanes having complex structures manufactured from both
metal and composite components; indicating why the industry persevered with
adhesive bonding when, perhaps, mechanical joining appeared to be more logical.

*Photographic Media: Where not stated, schematic diagrams and photographs are drawn from the Hexcel
Composite archives or are the property of the author.

Handbook of Adhesives and Sealants
P. Cognard (Editor)
© 2005 Elsevier Ltd. All rights reserved.



216 J. Bishopp

The third section devotes itself to an in-depth examination of the structural
bonded joint: the substrates, primers and the structural adhesives themselves.
In this last area, a full appraisal is made of a typical range of commercially
available structural adhesives. This examines their role in the bonded structure,
the formats in which they are supplied, the basic chemistries employed with
their relative cure cycles and generic formulations. This is augmented with
key properties of selected adhesives from this range and a typical qualification
package generated for one adhesive to meet typical aerospace specifications.
The section concludes with brief outlines as to how the adhesives are made, how
they are applied to the substrates to be bonded and the methods by which they
can be cured.

The fourth and final section is, in essence, a series of case studies showing
how various sections of the industry use structural adhesives in modern aircrafts.
This deals with each of the relevant adhesive chemistries in turn and covers
both military and commercial engines and aeroplanes, helicopters, bonded
components within the airframe, satellites and missiles.

Keywords: 3Ms; Acrylic; Aero engines; Aileron; Airbus; Aluminium;
Aluminium—lithium; Animal glue; ARALL; Aramid and aramid fibre; Autoclave;
BAE Systems; Beam-Shear; Bismaleimide or BMI; Bis-silane; Boeing; Bryte
Technologies; Carbon; Carbon fibre; Carrier; Casein; Collagen; Comet;
Composite; Control surface; Corrosion inhibition; Creep; Cure Temperature;
Curing; Cyanate ester; Cytec-Fiberite; De Bruyne; De Havilland; Doubler; Epoxy;
Epoxy-phenolic; Fatigue; Fibre—metal laminates; Fillet and Filleting; Film and
film adhesive; Floating roller peel; Foaming adhesive; Foaming film; Fokker;
Fuselage; Glare; Glass fibre; Helicopters; Henkel Corporation; Hexcel; Honey-
comb; Honeycomb flatwise tensile; Honeycomb peel; Huntsman Advanced
Materials; Kevlar®™; Laminate; Lap shear; Leading edge; Lord Corporation;
Missiles; Nacelle; Nomex; Novolac; Paste adhesive; Permabond; Phenol-
formaldehyde or P/F; Phenolic; Polyimide; Polyurethane; Primer; Primer:
Corrosion and corrosion-inhibiting; Primer: Surface protection; Radome;
Redux; Resole; Resorcinol-formaldehyde or R/F; Rib; Rivet and riveting;
Rohacell; Rotor blade; Rudder; Sandwich panel; Satellites; Sea Hornet; Service
temperature; Silane; Spar; Specification; Spoiler; Statistical experimental design;
Steel and Stainless Steel; Stiffener; Stringers; Surface pretreatment; Syntactic
adhesives; Temperature resistance; Test fluid immersion; Tests; Thixotropic;
Titanium; Urea-formaldehyde or U/F; Water-based; Water resistance; Westland;
Wings; Wood and plywood; Wright Brothers
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5.1. The Wright Brothers

On 17 December 1903, when Wilbur and Orville Wright flew a heavier-than-air
machine the distance of 120 feet at Kitty Hawk in North Carolina, a new industry
was born (Fig. 1). An industry which, in 100 years, has caused the “size” of the
world to be cut so that no two places are more than a few hours apart, has sent men
to the moon and has sent unmanned spacecraft to other planets as well as deep into
space. Thus, today, the aerospace industry stands at the “cutting edge” of science
and technology, with a history of innovation, of radical designs and the adoption of
novel advances in technology.

One of these has been the use, from the very early days, of structural adhesives
which have enabled the construction of lighter, stronger and more durable
airframes and aircraft.

Perhaps it was fortuitous that the first aircraft were built of wood. The use of
natural glues in producing wooden furniture and musical instruments has a history
going back several hundreds of years. So it cannot be just by chance that such a
means of joining structures was so readily adopted from the very first.

A comparison with the automobile industry is illuminating. Although, some
forms of steam-powered road transport were designed and built from the 1770s, it
was the 1880s that saw the real birth of the automobile industry. Although this
makes it slightly older than the aerospace industry, it was not until the last 20—30
years that automobile designers have seriously considered incorporating structural
adhesive bonding into their construction techniques.

The Wright Brothers’ plane was constructed of spruce, ash and muslin and
contained two 8-ft propellers, which were carved from laminated spruce; the
lamination being achieved using a typical protein-based wood-working glue.

Today’s aircraft, on the other hand, are constructed of aluminium, titanium,
stainless steel and fibre-reinforced composites and are structurally bonded with

Figure 1: The Wright Brothers 1903 flyer. First flight (SI 2002-16646). (Copyright of:
National Air and Space Museum, Smithsonian Institution.)
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synthetic adhesives based on such diverse chemistries as: phenolic, epoxy,
bismaleimide, polyimide and cyanate ester.

5.2. Structural Bonding in Wooden Aircraft [1]

The aircraft industry was only 11 years old when the First World War broke out.
These 5 years of conflict revolutionized aircraft design and fully established the
use of bonding or, more accurately in those days, gluing, as a means for
manufacturing and joining structural aircraft components.

5.2.1. Animal Glues

Early aircraft were constructed using spars of solid wood and laminated wooden
structures. The latter being used where constructions containing simple or
complex curvatures were required. Initially ash was used but this was later
replaced, to a great extent, by spruce. The glues used at this time for bonding wood
were based on proteins extracted from animal products such as bone, hide, fish
skins, blood or milk.

These adhesives were split into two broad classes:

e Assembly (or laminating) glues which were used to bond specific assem-
blies/components within the airframe structure — spars, ribs, etc.
¢ Glues for plywood manufacture

Plywood is a generic term for bonded wooden panels of thicknesses in the
region of 1.5—12 mm or thicker. Plywood is made by gluing together thin wood
veneers, between 0.5 and 4.0 mm thick, which are laid-up with grain directions at
0°/90° (only rarely is a = 45° configuration used), to achieve the required thickness
and properties. Such panels were used, at the lowest thicknesses, for wing and
fuselage skins and the thicker sections for reinforcement at the attachment points
for undercarriage and engine-mounting bulkheads.

The more solid structures, such as propellers and curved frame members, were
prepared by laminating solid pieces of timber, between 3.0 and 15.0 mm thick,
with all grain directions parallel to each other. Such structures are defined as
“layers” [2] or “glued laminated structures” [3].

The applications using assembly glues could tolerate adhesives with short
working lives, whereas those used for plywood manufacture needed much longer
set-up windows in order to accommodate the time needed to lay up the packs of
veneers before pressing took place.

The first assembly glues would have used collagen-based systems [4], which
are all traditionally called “animal” glues; these would have later been replaced by
casein-based glues.
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Glues based on casein, blood albumen and blends of these two natural products
were used for plywood manufacture during World War 1. Plywood panels would
have first been assembled from glue-coated veneers and the adhesive would then
have been “cured” in heated hydraulic presses. Whilst blood albumen glues require
hot “curing”, casein can set at temperatures as low as 5°C. Cold-setting plywood,
glued with casein adhesives, was manufactured up to the mid 1920s, but was then
seen as too poor quality for aircraft use. The casein adhesives were replaced with
blood albumen glues or those using casein/blood albumen blends, until the advent of
the phenolic-based Tego® film adhesive (q.v.) in the early 1930s.

5.2.1.1. Collagen Glues

These so-called “animal glues” are hydrocolloids derived from collagen (colla
being the Greek for ‘glue’ and gen meaning ‘creator’) [5]; they are also known as
“hot” glues.

Collagen is isolated by water/steam extraction from either animal hide or bones
or, occasionally, fish skins. For the best quality glues, these extracts are then
chemically treated to produce gelatine solutions; in the case of bone glues by a
demineralisation process and by the addition of lime to the hide-based systems.
These gelatine solutions are then concentrated and dried to produce the jelly-like
gelatine product whose major constituent is an amino acid/polypeptide referred to
as gelatin; the model structure is given in Fig. 2.

The glue was produced by dissolving the jelly in hot water. This hot solution
would have been applied to the substrates, the joint would have been closed and,
on cooling, the glue solidified to produce the final bonded structure.

The main disadvantage associated with these glues was that the “working time”
could be very short. A few degrees drop in temperature could be sufficient to set
the adhesive; hence their unsuitability as adhesives for plywood applications.
Further they were very susceptible to attack by moisture.

Fig. 3 shows the boss of a typical wooden propeller construction; the bonded
laminated structure can be clearly seen.

5.2.1.2. Blood Glues
These glues are based on the globular protein, albumen, which would have been
extracted from blood; essentially as a by-product of the massive meat processing
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Figure 2: Structure attributed to gelatin.
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Figure 3: A 110-Lerhone bonded laminated propeller from a Nieuport scout of
1916-1920. (colour version of this figure appears on p. xiv).

industry. Albumen has a molecular weight in the region of 20,000—70,000 and,
unlike other globulins, is soluble both in water and in dilute salts. It is important
that the adhesive is supplied in an uncoagulated form or water solubility is lost.
Many of the glues also contain an addition of alkali (particularly sodium
hydroxide) to improve their adhesive characteristics. Although the biggest
suppliers and users appear to have been in Finland and the United States of
America, there are many instances of their use throughout Europe.

Blood glues are another example of hot glues. In this case, however, they are
applied at ambient temperature and are converted to an infusible solid (actually an
insoluble protein structure) by the application of heat.

This requirement for “hot curing” was their major disadvantage as many
structures were too delicate to withstand the thermal cycles. However, they were
ideal for plywood manufacture, the major advantage being their hot water resistance
and their ability to withstand “limited periods” of boiling water immersion.

The literature [5] indicates that there were many adhesives based on blood
albumen or combinations of blood albumen with phenol-aldehydes, casein,
soybean meal and other protein-based products. However, in aircraft structures
blood-based glues would have been almost exclusively used in plywood [6,7].
With the aircraft industry’s reluctance to use casein adhesives, due to their poor
water resistance, blood albumen glues and/or blood albumen/casein or
occasionally blood albumen/soya bean extract became the primary adhesive
systems for the preparation of plywood until ousted by the Tego phenol-
formaldehyde (P/F) system in the early to mid-1930s.

Norman de Bruyne (q.v.) commented [8] in the late 1980s that in the early
1930s, blood glues were state-of-the-art for plywood applications and quoted their
use in preparing laminated wood structures for the Snark, his first aircraft designed
and built in 1932-1934; he also used casein-based assembly glues in the plane’s
construction.
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5.2.1.3. Casein Glues

During the First World War, due to lack of improvement in engine power, the
weight of aircraft had to be reduced to improve their speed and performance;
adhesive bonding was key in being able to achieve this The aerofoil section
became a truly bonded structure:

» The solid wooden spars were replaced by considerably lighter, hollow box spars,
generally made by bonding strips of spruce together to form the required box
section.

» The ribs were bonded into place; their position being held, until the glue set, by
applying a rivet at either end.

¢ The curved aerofoil surfaces were thin, pre-glued plywood sections which were
then bonded into place; any other curved structures were also produced from
bonded plywood.

In addition, the longerons, initially of ash and spruce, were screwed together
and wrapped in a cotton tape, which was then impregnated with the adhesive
solution to form an integrally bonded structure. When it became difficult to obtain
wood of suitable length to produce the longerons, two shorter pieces were first
glued together before being submitted to the treatment just described.

Amongst many others, the Sopwith airplanes are typical of this technique of
reducing the weight of the airframe whist still retaining its integral strength; the
Sopwith Triplane in Fig. 4 is a typical example.

Casein had been the basis of general-purpose wood glues, particularly in
Switzerland and Germany, since the early 1800s but now their use was adopted,
across the board, by the aircraft industry as assembly adhesives and glues for
plywood. Fig. 5 shows a post-war application in the construction of a fully bonded
rib; this would have mirrored the military approach of a few years earlier. The

Figure 4: Sopwith Triplane of 1916. (Copyright: John M. Dibbs at www.planepicture.com.)
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Figure 5: Casein bonded rib of a 1923 ANEC II.

two close-ups show the bonded box spars at the leading and trailing edge areas and
the reinforcing cross-members which are bonded in place; being initially held in
position, by a simple rivet at either end, until the glue set.

Casein, like gelatin and blood albumen, is essentially a protein. It is obtained
as a precipitate from skimmed milk, which has been treated with sulfuric,
hydrochloric or lactic acid. The glue is prepared by blending the precipitated
casein (which also contains several milk-product impurities) and alkaline salts
(generally of calcium, sodium or boron) in an aqueous medium. To “set” — i.e. to
achieve a solid state — the adhesive solution pH is adjusted to between 9 and 13.

Casein has a micelle structure, which consists of sub-micelles linked through
Cag(PO,4)¢ moieties as is shown in Fig. 6.

The advantage of these glues over their gelatin counterparts was that they could
be applied “cold”, i.e. at ambient temperatures. Further, the polypeptide chains in
the casein contained bound phosphorous in the form of mono- and di-esters of
phosphoric acid as well as pyrophosphates. The di-esters and the pyrophosphates
caused a degree of cross-linking to take place within the adhesive during the
setting process.

Steam forming is used to produce wooden structures with tight radii of
curvatures. Casein glues are capable of bonding these structures, which will have
high moisture contents. They are not, however, recommended in the manufacture
of very thin plywood as here the relatively high moisture content cannot be
tolerated and can lead to the “blowing” of the skins on de-pressing.

Their main disadvantages were that the pressing times were long but this
situation could be alleviated by submitting them to a hot cure. Further, the
gluelines in the bonded structures were readily attacked by acidic-, alkaline- or
enzymatic-hydration.
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Figure 6: Structure attributed to casein micelles.

This latter occurrence led to many observations of fungi spores being seen in
early aircraft and to the story that if the pilots could detect the smell of sour milk,
the aircraft structure was about to fail!

In spite of this, the use of casein-based glues to bond aircraft structures
continued until the middle of the Second World War; their use in general plywood
construction was phased out in the 1930s with the advent of P/F adhesives and, to a
certain extent, by the U/F systems.

5.2.2. Synthetic Adhesives

Although the use of glues based on animal products continued well after the
successful introduction of synthetic adhesives, the use of the latter products in
aeroplane construction became almost universal in the early 1940s.

5.2.2.1. Urea—Formaldehyde Adhesives

The most significant revolution in bonding wooden aircraft structures occurred
with the introduction of adhesives based on U/F resins. Although the basic
resin had been patented in 1920, it was not until 1937 that adhesives based on
this chemistry were produced by BASF in Germany and Aero Research
Limited at Duxford in the UK (Aerolite® range). Such was their impact that
they were in significant commercial production before the outbreak of the
Second World War.
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However, due to the considerable commercial pressure by the aluminium
companies, many aeroplanes, by that time, were essentially “wooden aircraft built
out of metal”. The use of U/F glues, therefore, was initially confined to marine
applications. With the outbreak of the Second World War and the potential
shortages envisaged for aluminium, the industry turned back to the use of wood
and to U/F adhesives.

U/F adhesives, as their name implies are made by the reaction of urea with
formaldehyde (Fig. 7). They are, essentially, two-component systems. In the initial
commercial products the U/F, resin was applied to one substrate and the hardener
to the other. A relatively rapid cure resulted when the joint was closed; this was
often accelerated by heating. Hardeners were either acids or compounds, which
would react with the U/F resin (usually the free formaldehyde) to release acidic
species. The resultant lowering of the overall pH of the system initiated the cross-
linking reaction and produced the hard infusible solid, which was the cured
adhesive.

The cured adhesive had excellent resistance to cold water and relatively good
resistance to high humidity. It was, though, susceptible to hydrolysis under
acidic conditions; such an attack was significantly accelerated under the influence
of heat.

The other problem, and this was a serious one, was that the adhesive had no gap-
filling properties. Any thick film of adhesive was extremely brittle and “crazed” very
easily. The first attempt to address this situation used the addition of fillers. This
slowed the crazing process down but did not eliminate it. However, when C Rayner of
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Figure 7: Reaction schematic for a typical urea—formaldehyde resin.
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Aero Research Limited discovered the efficacy of formic acid as a hardener [9], the
crazing problem was solved; the resultant adhesive was designated Aerolite 300.

Another approach to solve this problem, which in addition gave good gap-filling
properties and improved the long-term durability, was to add cellulosic fillers and
an aliphatic or alicyclic alcohol to the resin and cure with thiocyanic acid released
from the ammonium thiocyanate hardener.

In the UK, the considerable knowledge on using such systems in the preparation
of laminated wooden hulls and general bonding applications in marine craft was
available, in 1939, for the construction of wooden gliders.

The design of the Airspeed Horsa glider [10] is a good example of this. The
fuselage comprised six bonded “barrels” — plywood skins bonded with Aerolite
300 to solid wood frames (Fig. 8). The bulkheads were wooden sandwich
structures bonded with Aerolite and the wooden stringers were bonded along the
length of the fuselage. The same adhesive was used to bond the wing and tail
assemblies and to build up the laminated main spar.

One of the most famous examples of powered aircraft construction is that of the
de Havilland Mosquito which first flew in 1940 and was in service by mid-1941
(Fig. 9). The DH98 Mosquito was developed from the DH91 Albatross of 1932,
which was an all-wood airliner and mail plane; the Albatross contained structures
bonded using casein glues.

The Mosquito was constructed from plywood skins, laminated wooden spars
of birch and spruce and balsa wood [10]. The plywood was bonded with the
Tego phenolic film adhesive and the overall assembly was initially glued together
with a casein adhesive. The better properties, particularly the superior resistance
to biodegradation, and the shorter curing times seen with the U/F adhesives
(an estimated reduction factor of 60 times) soon saw Aerolite, amongst others,
replacing the casein. The construction proved to be an ideal exemplar for the
concept of reducing weight by bonding but not sacrificing strength as it easily
outperformed the then current marques of Spitfire.

Figure 8: Construction of the airspeed Horsa Glider.
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Figure 9: de Havilland DH98 Mosquito (courtesy of: Colin Davies at www.users.
bigpond.com).

The fuselage comprised an inner 3-ply plywood skin bonded to a laminated
wood frame. The balsa wood, acting as a sandwich material, was then glued in
place to fill the spaces between the skins. The outer 3-ply skin was then bonded on
top to complete the sandwich.

Bonded box spars were used in the wings together with laminated spruce booms.
To build up the rear spars, sections were joined using scarf joints and adhesive.

After the war the use of U/F adhesives persisted, particularly with gliders
[13] where similar construction techniques were used, but these adhesives also
entered the jet age with their extensive use in the de Havilland Vampire [10]
and limited use in the Gloster Meteor. The Vampire not only used a similar
fuselage construction to the Mosquito but the production of the air intakes, which
had an incredibly complicated multi-curvature design, was only possible through
the ability to be able to produce bonded wooden laminates. The Meteor used
bonded wood spacers in the trailing edges and control surfaces of the wing.

It is interesting to note that since it was first approved in 1937, Aerolite is still the
only repair adhesive specified by the Royal Air Force for wooden aircraft [9] and is
extensively used for both renovation of early aircraft and the construction of replicas;
as typified by the work of the Shuttleworth Collection at Old Warden in the UK.

This is, in part, due to its ability to repair successfully structures that were
previously bonded with casein glues. The residual casein in the joint to be repaired
gave a substrate, which was highly alkaline. The acidic hardener of the U/F
adhesive could first be used to neutralise the interphasial region and then further
applications could be used to cure the U/F resin.

5.2.2.2. Phenol-Formaldehyde Adhesives
The first patents for these resins appeared in 1904. The first P/F adhesive appeared
in 1929 and comprised cellulosic film impregnated with a spirit-soluble resole


http://www.users.bigpond.com
http://www.users.bigpond.com

Aerospace: A Pioneer in Structural Adhesive Bonding 227

resin. This was the hot-curing (typically 5 min at 150°C under a bonding pressure
of 17.5 MPa) Tego film adhesive of Theodor Goldschmidt that was used in the
Focke-Wulf TA 154 Moskito (Fig. 10); the German attempt at matching the DH98
Mosquito.

Tego film was an important innovation as far as plywood adhesives were
concerned. It eventually replaced casein as the universal adhesive for preparing
water-proof plywood structures in aircraft construction and plywood in general.

In the UK, Tego was declared to be a strategic material in 1936 and Micanite and
Insulators Limited, the UK agents for Theodor Goldschmidt AG of Essen, undertook
manufacture of this product for the home market [ 14]. To do this, they launched a new
company — British Tego Gluefilm Limited — which was part-owned by Goldschmidt!

As in Germany, two grades were offered: “Commercial” and “Aero” (equivalent
to the “Standard” and “Flugzeug” (“FZ”) grades in Germany). As its name
implies, the Aero version was used for plywood intended primarily for the aircraft
industry. The Aero grade gave stronger bonds than its Commercial counterpart
and cured more quickly. This would indicate that the phenolic resole used in this
version was more advanced and/or more highly catalysed. This conclusion is born
out by the fact that the shelf-life of the Aero film was quoted as being “rather less”
than the 3 years given for the Commercial grade; probably about 1 year at ambient
temperatures.

The Aero grade was made for two different end-users; the water-proof plywood
manufacturers and those companies making densified wood — laminated wood
where, due to the laminating pressure used and the actual construction of the
plywood, the final product had a density significantly above that of the timber
species used in its construction.

As has already been indicated, the water-proof plywood was used extensively
for the construction of aircraft and gliders and the densified wood was used in
propeller manufacture for such aircraft as the Avro Lancaster, the Handley Page
Halifax, the Supermarine Spitfire and the Hawker Typhoon.

Figure 10: Focke-Wulf TA 154 Moskito (photographer: unknown).
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During the early days of Tego film manufacture in England, it was found that the
key to good performance and reproducibility was the quality, and hence the method
of manufacture, of the cellulosic tissue which acted as the adhesive support/carrier.

Once this problem was solved then manufacture of the film proceeded apace
with rolls up to 84 in. wide (2.1 m), but more usually about 50 in. (1.25 m), being
produced. Production peaked in 1943 with 10,000,000 ft? (about 1,000,000 m2)
being manufactured per week. This type of formulation was so important and
successful that it remains the preferred choice for water-proof plywood
applications up to the current day.

In Germany, as already mentioned, Tego film was the adhesive of choice for the
bonded plywood used in the prototypes of the Moskito. The story of this aeroplane’s
development is an extreme example of the problems that can occur on choosing the
wrong adhesive [15]. The original bonded airframe performed well but a design fault
with the undercarriage caused numerous crashes, which delayed any major build.
However, when the Goldschmidt factory, which made the Tego film, was destroyed in
a RAF bombing raid, a new adhesive was introduced by Dynamit AG of Leverkusen.

Not only was this new adhesive weaker but it also actually degraded the wooden
substrates. This, fairly rapidly, led to the termination of the programme following
a spectacular crash where the wings disintegrated in flight.

Although few references exist, it is known that the Dynamit adhesive was also a
P/F system. However, it is believed that this must have been a cold-curing adhesive;
probably similar to a system developed by BIP in the UK. This would have certainly
utilised an acidic compound (probably p-toluene sulphonic acid) of very low pH to
accelerate the cure; it has since been shown that this type of adhesive does, indeed,
lead to a rapid degradation of wooden adherends.

The effect of acid catalysis/curing on the integrity of the wooden substrate was
not the only problem with these ambient-curing systems; the water boil test also
had to be altered to accommodate the presence of acidic species.

The original test for bonded plywood was 72 h in boiling water but for the acid-
cure systems (essentially assembly glues) the immersion time had to be dropped to
6 h as significant acid loss (for example p-toluene sulphonic acid) occurred if the
bonded joints were left any longer.

5.2.2.3. Resorcinol-Formaldehyde Adhesives

Although they were patented in 1930, resorcinol—formaldehyde (R/F) adhesives,
based on resorcinol novolac resins, started to appear in the mid- to late 1940s,
following the discovery of how to control their reactivity by ensuring that their
pH was close to, or just slightly above, neutral. However, their formulation is
somewhat complex and the pure R/F systems have, essentially, only been used in
marine applications. However, there is an exception as these systems do still have
one application in the aircraft industry. They are used in wooden propeller
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manufacture where the laminates are bonded together with Aerodux® R/F
adhesives [16].

To gain better control over assembly times these initial products were
reformulated to contain a blend of a pure R/F novolac and a P/F resole of high
formaldehyde content. As an unexpected benetfit, the resole acted as a diluent for
the system, which allowed longer assembly times, making the system easier and
more tolerant to use.

It is these hybrid systems (for example Aerodux 500), which are based on phenol
and resorcinol that have found extensive usage, up to the current day, in wooden
aircraft applications both for assembly and repair and for the manufacture of
plywood.

5.3. Early Structural Adhesive Bonding in Metallic
Aircraft Structures

Both towards the end of and immediately following the Second World War,
wooden structures in military, passenger and freighter aircraft were slowly
replaced by metals; more recently composites have begun to replace the metallic
structures. This meant that individual components and structures were required to
carry higher loads, due to more demanding aircraft performances, and this, in its
turn, demanded significantly improved adhesive systems.

The first of this new generation of structural adhesives, developed in the UK by
Norman de Bruyne and George Newell of Aero Research Limited, Duxford,
Cambridge, was Redux® (Research at Duxford), which was based on a formulated
P/F resin and was the first synthetic adhesive for bonding structural components
constructed from composite and metallic materials.

5.3.1. Redux and the Redux Process

It was the search for a suitable adhesive to bond Gordon Aerolite®, a structural
composite developed in 1936 and comprising a phenolic resin matrix reinforced
with flax fibres, which led to the development of Redux and the Redux Process.

Gordon Aerolite was the result of work on phenolic moulding materials for the
manufacture of variable pitch propellers for de Havilland. The use of continuous
flax fibres enabled de Bruyne to produce unidirectional prepregs instead of
producing reinforced mouldings.

These prepregs were laid up in sheets — either in the 0° direction or cross-plied
at 0°/90° — and cured to give a structural composite having, at an Sg of 1.36, nearly
half the density of the Duralumin then in use. It exhibited an ultimate tensile
strength of nearly 500 MPa and a Young’s modulus of nearly 50,000 MPa.
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Figure 11: Gordon Aerolite Blenheim Spar modelled on the Wing of the Vulture.

This novel concept of using synthetic structural composites was immediately
taken up by the Air Ministry who placed an initial order for a prototype 30-ft wing
spar for the Bristol Blenheim fighter-bomber; the design based on the metacarpal
bone of the vulture (Fig. 11).

With the outbreak of war, work was immediately commenced on producing a
prototype Supermarine Spitfire cockpit and fuselage out of Gordon Aerolite [17]

Figure 12: The Gordon aerolite spitfire prototype.



Aerospace: A Pioneer in Structural Adhesive Bonding 231

(Fig. 12). In the event, although a replacement for aluminium was not required for the
Spitfire, some 30 Miles Magister tailplanes were produced out of Gordon Aerolite.

From the start, de Bruyne and Newell realised that use of the available
adhesives (or glues) would not be suitable for joining non-porous substrates such
as Gordon Aerolite. As Gordon Aerolite was based on phenolic resole chemistry, it
was towards these systems that de Bruyne turned for his adhesive. Several years of
non-continuous research led to the discovery, on 24 February 1942 of an adhesive
system which could not only successfully bond Gordon Aerolite but also, for the
first time, gave a shear strength on aluminium substrates of over 2000 Ib/in®
(>13.8 MPa) (Fig. 13).

The liquid component of the adhesive (Liquid E) was a phenolic resole having
a controlled phenol to formaldehyde ratio of 1:1.57 and a relatively high alkaline
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Figure 15: Application of Redux liquid and powder adhesive to an airframe component.

content. It was painted onto the substrate to be bonded and was then covered
with polyvinyl acetal, a high molecular weight polymer in powder form.
Fig. 14 shows the chemical structure of the adhesive and Fig. 15 illustrates
the typical application process for Redux Liquid and Powder, which is still
valid today.

It is no small example of the trust that the aircraft manufacturers had in adhesive
bonding that bonded structural components using Redux were in operational
aircraft within 2 years of the product’s development.

Oddly, the first use of Redux was not in a metal aircraft or to bond Gordon
Aerolite components but in the essentially all-wood, long-range versions of the
Mosquito: the de Havilland DH103 Hornet and Sea Hornet; the latter was the
version intended for naval carrier use [11,18,19].

The design of both aircraft was such that the wings were expected to have to
carry very high tensile stresses in flight. Further, in the naval version, the wings
were folded when stowing the aircraft below decks, putting even greater stresses
on the “hinge” and the wing roots. To ensure that the wing was strong enough to
withstand these loads without increasing the overall weight of the aircraft,
aluminium (duralumin) stiffeners were Redux bonded to the wooden components
in the wing ribs, spar booms and stringers as is shown in Fig. 16.
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It is interesting to note that British Tego film had also been evaluated for
bonding aluminium-skinned sandwiches but this approach had never progressed
beyond the initial laboratory trials.

Stiffeners were also bonded into the fuselage to strengthen areas where internal
attachments were to be made and this culminated in the first structural metal-to-
metal bonding when integrally bonded metal reinforcements were built up on the
rear bulkhead at the points where the arrestor hook and the tail wheel were located.

From these beginnings have come the commercial ranges of structural
adhesives based, particularly, on phenolic, epoxy, polyimide and now cyanate
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Figure 16: (a) Redux bonding in the DH103 sea hornet — structure of the wing. (b) Redux
bonding in the DH103 sea hornet — reinforced spars. (c) Redux bonding in the DH103 sea
hornet — reinforced stringer.
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ester chemistries which have been tailor-made for the various applications within
the aircraft industry and, in the last few years, for space applications. These
adhesives impart, as required, a combination of toughness, thermal resistance and
durability to the bonded joint.

5.4. The Acceptance of Structural Bonding by the Post-war
Aerospace Industry

It is clear from the foregoing that the aircraft industry embraced the concept of
adhesive bonding from the very start in 1903; the step from gluing furniture to
gluing wooden structures in aeroplanes obviously was not seen as a major one.

However, following the end of the Second World War, structural bonding in the
burgeoning aerospace industry was no longer simply an extension of techniques
used for centuries in the furniture industry. To all intents and purposes, with the
advent of the all metal constructions, for example, the de Havilland DH104 Dove
(Fig. 17) (the first all-metal passenger aircraft; initial flight in 1945), the day of the
wooden commercial and military aircraft had begun to come to an end.
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Figure 17: de Havilland DH104 Dove.
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Figure 18: Fokker F-27 Friendship.

The industry, therefore, needed to reassess its commitment to adhesive bonding.
The extension of this acceptance to bond structures, which used permeable
substrates, to the concept of bonding non-permeable metal components is, at first
sight, not so readily understandable. There are probably three major reasons why it
happened.

Firstly, the immediate post-war industry was emerging from a major conflict,
which had driven the acceptance of innovation at a greater pace than in peacetime.
Secondly, the strong support of de Havilland was clear for all to see and
thirdly there were, in Europe, two passionate advocates for this approach. One was
Bob Schliekelmann who was head of the Production Research Department at
Fokker (then called N.V. Koninklijke Nederlandse Vliegtuigenfabriek Fokker)
who, from the very first, used Redux bonding in Fokker’s aeroplanes. This
commenced in the late 1940s with the Fokker F-27 Friendship (Fig. 18) and
continued to the present day with the F-28, F-50, F-70 and F-100.

The other was, not unnaturally, Norman de Bruyne who was effectively the
“father” of modern day structural adhesives and structural adhesive bonding.
De Bruyne had 11 compelling reasons why structural adhesive bonding was the
better option to bolting and/or riveting and, hence, why it would be beneficial for
the post-1945 aircraft industries [8]. These concepts were disseminated to aircraft
designers and engineers at series of “Summer Schools” which were run by de
Bruyne in the early 1950s. The reasoning is as valid today as it was in 1950.

5.4.1. Why Bond?

De Bruyne’s 11 reasons can be summarised as follows:
Reduction in weight: As for timbered structures, the weight of the final
metallic or composite structure can be significantly reduced by, for example, using
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essentially “hollow”, preformed stringers which are bonded into place, or
honeycomb sandwich structures (see below) instead of a solid constructions.
Further weight reductions can be achieved by the use of thinner gauge metal;
reinforcements can then be bonded into place only in areas of high load or stress.

Increase in fatigue life and improved sonic damping: Rivet and bolt holes act
as stress concentrators which can readily lead to failure — for example, the Comet
disaster where catastrophic fatigue crack growth occurred following unacceptably
high stresses around the rivets in the window construction.

As Fig. 19 shows, a bonded joint gives no such areas of high stress
concentration; a uniform stress distribution across the bonded joint is achieved.
The glueline also absorbs some of the acoustic energy associated with the
structure which leads to reduced high frequency noise propagation.

In Fig. 20, the fatigue curves for both riveted and Redux-bonded joints —
plotting cyclic load against number of cycles to failure — are shown. It is clear
that all of the bonded specimens failed outside the bonded area. Further, it can
be seen that the bonded joint can support about 6—7 times the fatigue load for
any given “cycles to failure” value or, to look at it in another way, at any given
cyclic load, the bonded joint can be seen to withstand many orders of magnitude
more cycles.

Simplification in design: In general, the designs associated with bonded
structures are simpler than those using rivets. For example, only simple design
criteria were used to produce the Redux bonded wing sections of the Fokker F-27
Friendship and the RJ 80 (Figs. 21 and 22, respectively).
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Figure 19: Stress concentrations in riveted and bonded joints.
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Figure 20: Fatigue curves for riveted and bonded joints.

Figure 21: Redux bonded wing assembly in the Fokker F-27.
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Figure 22: Redux bonded wing assembly in the BAE SYSTEM’s RJ 80 (formerly the
BAe 146).

Smooth external finish: When attachments are riveted to external skins, the
closing of the rivet tends to pull in the skin and cause local distortion, which can
lead to some disruption in the aerodynamic properties of the surface. If the same
area is bonded, distortion is reduced to an acceptable level and, as can be seen in
Fig. 23, bonding also improves the overall stiffness of the final structure when
compared with a riveted component of the same pitch between points of joining.

The ability to join thin substrates: If thin pieces of, for example, aluminium
are joined using rivets, the final component is susceptible to a tearing failure
through the substrate which emanates at the rivet and its associated hole in the
substrate. Any tensile load across the riveted joint (as seen in Fig. 19) is
maximised at the point where the rivet enters the skin. Thus, when the substrate
is thin, this can readily lead to crack and/or tear initiation and failure of the
structure. Using bonding technology within these components eliminates these
bearing stresses and minimises the chance of premature failure.
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Figure 23: Schematic of the effect of riveting and bonding on the aluminium skin.



Aerospace: A Pioneer in Structural Adhesive Bonding 241

Reduction in production costs and time: When adhesive bonding is used, as
opposed to producing a riveted structure, an entire component can be assembled
and bonded in one operation. Further, the jigging required is often simpler, which
means that assembly is quicker. The thinner gauge metal that can be used reduces
costs. As soon as the bonded component reaches a certain size, irrespective of all
the other benefits, bonding becomes progressively cheaper than automatic
riveting. This latter point can readily be seen from de Bruyne’s calculations
carried out in the early 1950s (Fig. 24). He evaluated the labour and monetary
commitments and showed that, at stringer lengths of over about 8 m, bonding was
more economic both in terms of time and overall costs.

Crack growth arrest. A crack growing in an external skin is neither stopped
nor is its rate of growth retarded in a riveted structure; the crack simply grows
round the rivet or through the rivet hole. Any crack meeting, for example, a
bonded stringer such as those represented schematically above, is turned back on
itself and cannot progress.

As an example, Fig. 25 shows the slow rate of crack growth in two samples of
Glare® (q.v.) — a bonded laminate — compared with the catastrophic crack
growth associated with aluminium alloy sheet. For an explanation of the Glare
designations see Section 5.5.1.6.

Joint sealing: As can be judged from Fig. 23, the integral bonding of
components in the main aircraft frame and, particularly in the fuel tanks, makes
internal pressurisation a much simpler process.

Increased strength: The strength of a riveted structure is essentially that of
the bearing strength of the rivet on the skin to which it is fixed. One simple
experiment showed that a riveted structure having an area of about 7000 mm?
failed at a shear load of about 3.5 kN. The same structure, when adhesively
bonded, failed at a load in the region of 55 kN.

New types of structure utilised: As far as the aerospace industry is
concerned, one of the most important, novel structures since the early 1950s
has been the honeycomb sandwich panel (Fig. 26). It could be argued that the
wood-skinned balsa sandwich panels used in the Mosquito or the metal
skinned version used by Chance Vought (Metalite® — q.v.) could have been
joined by some other method than adhesive bonding. However, it is nearly
impossible to argue such a case for the structures using aluminium, aramid,
glass or carbon honeycomb. It is the filleting effect of the adhesive (q.v.)
which enables the skins to be securely fixed to the honeycomb core.

The ability to join dissimilar materials: De Bruyne originally had in mind
the use of adhesives to join combinations of metal, wood and Gordon
Aerolite. However, it is just as valid today when considering the structural
bonding of the range of fibre reinforced composites that are now used in
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Figure 25: Crack growth in fibre—metal laminates compared with aluminium alloy
(courtesy of: Fibre Metal Laminates, Delft).

the aerospace industry: particularly glass, carbon and aramid fibre-reinforced
epoxy, phenolic, cyanate ester and polyimide matrices.

Having spent a significant amount of effort in both optimising the chemistry
and the structure of the matrix and prepreg and the orientation of the prepreg
in the final laminate to produce optimum properties, the last thing that many
designers want to do is to drill holes through it so that other components can
be attached. What is needed, therefore, is a range of adhesives which will join
components without affecting their overall properties.

Fig. 27 shows helicopter rotor blade sections where adhesive bonding is used to
produce components from carbon and glass composites, aluminium and Nomex®
honeycombs and simple “plastic” foams.

=2 P

Figure 26: Schematic of a bonded honeycomb sandwich.
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Figure 27: Bonded Westland helicopter rotor blade sections. (colour version of this
figure appears on p. Xv).

5.5. The Adhesive Joint

Any adhesive joint comprises two substrates, which may or may not be of the same
material, which are joined by means of an adhesive.

5.5.1. Substrates

Although aircraft structures comprise thousands of components produced from a
myriad of basic materials, the most common substrates for structural adhesive
bonding are wood, aluminium, titanium, stainless steel and the composite
materials such as bonded sandwich structures, fibre reinforced plastic (FRP)
laminates and fibre—metal laminates (FML) where the metal is usually aluminium.

5.5.1.1. Wood
In post-war applications, wood is nearly always used as bonded plywood.

5.5.1.2. Aluminium

The aluminium alloys most frequently encountered are the 2000, 7000 and,
occasionally, the 6000 ranges with 2024 and 7075 grades being the most common
aluminium—lithium alloys such as 8090C are also used in special applications.

5.5.1.3. Titanium

Occasionally, aerospace applications utilise commercially pure titanium but the
most commonly encountered substrate is an alloy of titanium which is designated
Ti 6Al4V that contains 6% aluminium and 4% vanadium.
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5.5.1.4. Stainless Steel
Stainless steels are alloys of iron with a low carbon content (usually < 2%) and a
minimum of 10.5% chromium. Dependant on the grade, stainless steels can also
contain nickel, manganese, molybdenum, titanium, copper and nitrogen. These
other alloying elements are used to enhance properties such as formability,
strength and cryogenic toughness. The main requirement for stainless steels is that
they should be corrosion resistant for a specified application or environment.

Typical stainless steels specified for aerospace use (many are covered by the BS
500 specifications) contain =0.15% carbon, 11-20% chromium, =2.0%
manganese, 4—10% nickel and 0-2% molybdenum. Other trace elements,
including titanium and niobium, can also be present as stabilisers.

A few structural applications, particularly in missile construction, utilise the so-
called carbon steels (mild steels); these are of high carbon and low chromium
content. These will be covered under the relevant application section.

5.5.1.5. Fibre Reinforced Plastics

FRPs are usually constructed of unidirectional or woven fibres imbedded in a
specifically formulated resin matrix. The fibres are usually of glass and/or carbon
although some specific applications call for aromatic polyamide (for example,
Kevlar™), quartz or even boron fibres.

The resin matrix is usually a formulated thermoset system (i.e. a reactive
matrix, which on the application of heat and pressure, chemically reacts to
form an infusible reinforced laminate). The thermosetting matrices are most
often based on epoxy chemistries although there are plenty of examples of
phenolic, bismaleimide and polyimide matrices (for example, the HexPly®
range from Hexcel Composites) and a few where the resin is based on cyanate
esters. Thermoplastic matrices are also encountered (i.e. matrices that can
change from a solidus to a liquidus form by the application of heat and
pressure and then revert to the solid state on cooling) which are usually, but
not exclusively, based on polysulphone, polyethersulphone or polyether ether
ketone chemistries.

In all cases, the substrates are prepared by the careful orientation of the
individual prepreg layers (to obtain the properties required) which, after being
cured under pressure at temperatures between 120 and 175°C, form the composite
laminates that become the adherends in the structure.

5.5.1.6. Fibre—Metal Laminate

FML materials are the most recent substrates to be used in aircraft construction.
The first products, initially designated Arall® (aramid fibre reinforced
aluminium laminates), Glare (glass fibre reinforced aluminium laminates) and
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Figure 28: Schematic of a typical glare (FML) structure.

Care® (carbon fibre reinforced aluminium laminates), were invented by Prof.
Boud Vogelesang of the Aerospace Faculty of the Technical University of
Delft. Development to full commercial product status took place from 1978 to
1989 for Arall and to 2001 for Glare.

The laminates consist of alternate layers aluminium (0.2—-0.5 mm thick],
which has been anodised and then primed with Cytec-Fiberite’s BR-127
corrosion-inhibiting primer, bonded together with fibre-rich, epoxy-based
“adhesive-prepregs” (about 0.125 mm thick]. The reinforcing fibre is usually
unidirectional in nature, although woven fabric is occasionally used. Generally
two or three sheets of adhesive separate each sheet of aluminium; this can be
in the 0° direction or laid up in a cross-plied orientation.

In all cases, a fatigue-resistant metal laminate is produced, which not only
resembles aluminium but can also be worked, machined and bonded in a similar
manner.

A typical Glare structure (glass fibre reinforcement) is given in Fig. 28 and
Glare product designations are given in Table 1; the designations for ARALL are
very similar.

The product designation, for example Glare 3-4/3-0.4, indicates, therefore, that
the laminate is produced from 0.4 mm thick 2024-T3 aluminium alloy and
comprises 4 layers of aluminium and 3 fibre layers; each fibre layer being two
sheets of adhesive prepreg orientated in the 0°/90° direction.

5.5.1.7. Sandwich Panels'
Bonded sandwich structures are vital in aircraft design as they enable significant
weight reduction without the loss of stiffness and strength. A sandwich panel

! More information will be given in the specific chapter “Sandwich panels” in a volume to be issued later.
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Table 1: Glare product designations.

Grade Sub-grade Metal sheet thickness Prepreg orientation
in mm, alloy in each fibre layer
Glare 1 0.3-0.4, 7475-T761 0/0
Glare 2 2A 0.2-0.5, 2024-T3 0/0
2B 0.2-0.5, 2024-T3 90/90
Glare 3 0.2-0.5, 2024-T3 0/90
Glare 4 4A 0.2-0.5, 2024-T3 0/90/0
4B 0.2-0.5, 2024-T3 90/0/90
Glare 5 0.2-0.5, 2024-T3 0/90/90/0
Glare 6 6A 0.2-0.5, 2024-T3 +45/—45
6B 0.2-0.5, 2024-T3 —45/+45

comprises metallic or synthetic surface skins integrally bonded to a central core. In
some instances, this core is balsa wood or, because of objections to using “natural”
products in structural components [20], a foamed “plastic”. Typical examples of
the latter are foams of polyvinyl chloride, phenolic and polyurethane.

It was the former, however, which, initially, proved to be of great interest to the
aircraft industry. The essence of an idea of de Bruyne was worked on by Chance
Vought, in the United States of America. They used Redux 775 Liquid and Powder
adhesive to bond thin aluminium skins to “end-grain” balsa wood sheets in order
to produce sandwich panels. These panels were called Metalite (Fig. 29).

This was first used in skinning the fuselage and wings of the relatively
unsuccessful F-6 — Pirate and the F7 — Cutlass. It is reported that Metalite was used

ALUMINIUM ALLOY SHEET

BALSA WOOD

Figure 29: Schematic of metalite-bonded sandwich structure.
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Figure 30: Chance Vought Regulus guided missile (image courtesy of: Lockheed Martin
missiles and fire control).

extensively in skinning the Chance Vought F4-Corsair [18], but no corroboration
can be found for this statement. However, Metalite did come into its own when the
skins of the wings and tail planes of the Regulus guided missile (Fig. 30) were
constructed from it, leading to significant weight reduction whilst retaining the
required stiffness.

However, the majority of sandwich panels now utilise a honeycomb core rather
than either balsa wood or plastic foam; the adhesive can be based on either
thermosetting or thermoplastic chemistries. The three basic components used in
honeycomb sandwich construction are discussed below.

5.5.1.7.1. Honeycomb core*
In 1938, de Bruyne was contemplating the use of a metallic “reinforcement” of the
Miles Magister tailplane, which was to be constructed of either Gordon Aerolite or
plywood. This reinforcement was to be a “honeycomb of hexagons” and would be
inserted between the upper and lower skins of the tailplane. Like the Blenheim
spar mentioned above, the idea for honeycomb had its roots in the natural world.
This time it was the lightweight cellular structure seen in the human skull (Fig. 31).
This concept is shown in his laboratory notebook (Fig. 32). A potential method of
manufacture was also patented in 1938 [21].

In 1938, when de Bruyne patented honeycomb, there were no suitable adhesives
to join the outer skins to the inner core, so he dropped the idea. Eventually it was

2 For more information about honeycomb and honeycomb sandwich panels, refer to the chapter “Sandwich
panels” in this Handbook.
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Figure 31: The structure of a human skull cellular bone between two solid outer surfaces.

Hexcel, in the United States, which started honeycomb production in 1946
supplying glass honeycomb sandwich panels for the construction of the wings of
the B 36 in 1949. In Europe, it was not until the early 1950s, with the introduction
of Redux 775 Film that de Bruyne’s original concept came to fruition with

Area of Hexagon = (length of side)? x 2.598

Honeycomb of hexagon

Miles Tailplane

45° Material [ or plywood]

| - oft > mm|
T
Lial | st Filled with —> B
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Figure 32: De Bruyne’s notebook for August 1938 — The use of honeycomb
“Reinforcement”.
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Figure 33: Schematic showing the manufacture of corrugated honeycomb.

the production of the so-called “corrugated” honeycomb which was sold as
Aeroweb®. Here thin foils (up to about 0.1 mm thick) were corrugated to give a
sheet of half-hexagons (Fig. 33). An adhesive, initially an epoxy-based Araldite®
formulation, was applied to the flat surface of the half-hexagon. Layers of
corrugated foils were stacked on top of each other until the required thickness was
achieved. Glass rods were inserted into the hexagonal apertures and the whole
assembly was clamped together, to apply pressure to the gluelines, and then heated
in an oven to cure the adhesive.

The resultant honeycomb had a perfect hexagonal structure which has never
been improved even by modern advances in manufacturing technology.

As can be seen in Fig. 34, the flat areas of foil which are coated with adhesive
are called the “nodes” of the resultant honeycomb cell and hence the adhesives
used are often referred to as node-bonding adhesives.
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Figure 34: Schematic showing the lay up of corrugated honeycomb.
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Although of very high quality, manufacture of the corrugated honeycomb was
both time consuming and labour intensive. The major advance, to improve the
situation, was the production of “expanded” honeycomb (Fig. 35). In this case,
stripes of adhesive (usually a formulated phenolic resole or epoxy) are printed
across the aluminium foil. The next step is the accurate cutting of the roll of
printed foil into sheets, which are then stacked so that the stripes of adhesive are
off-set by exactly half a cell’s width from one sheet to the next. The laid-up block
is put into a heated press (usually at about 150-160°C) to cure the adhesive.
“Hobes” are then cut from the block, dimensions dependant on the requirements,
and these are then expanded to give the resultant honeycomb slice. In some
instances, see below, the whole block, rather than the smaller hobes, is expanded.

Either process lends itself to the use of a significant variety of aluminium foils.
For example, the HexWeb® (originally Aeroweb) range of honeycombs uses
3003, 5052 and 5056 alloys — the aerospace grades having a corrosion-resistant
treatment (for example, HexWeb CR-PAA/CRIII 5052). The expanded process is
also particularly suited to a variety of non-metallic foil materials.

For these non-metallic honeycomb cores, the manufacturing procedure, as
given above, is augmented with one or two further steps. Once the basic block or
hobe has been expanded into the conventional honeycomb configuration, it has to
be pinned as it has as yet no integral strength. Then, for materials such as Nomex,
the structure is heat set by taking its temperature above its glass transition point.
The final step is to convert the so-called “green honeycomb” structure into a
product having the required density and mechanical performance properties. To
achieve this, aramid and paper cores are generally dipped, often several times, in
suitable baths containing simple or formulated phenolic resole or polyimide
systems. Once dried, the phenolic coating can be fully cured to give the final
honeycomb structure its required density and its well-known engineering
properties. Typical products are: Nomex® (for example, HexWeb HRH-10),
Kevlar® (for example, HexWeb HRH-49), the hybrid Korex® and cellulosic paper
(for example, HexWeb HRH-86).

OBE Block HOBE Slice mp

Adhesive

)

L

Expanded Sheet

Figure 35: Schematic showing the manufacture of expanded honeycomb.
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A similar procedure is carried out for fabric-based honeycombs. Here the
pinned honeycomb structure is immersed in an impregnating solution, which is
then dried and cured. Typical chemistries used are peroxide cured polyesters, for
glass fabrics, and phenolic resole formulations or polyimide systems for glass and
carbon. Typical products are: glass (for example, HexWeb HRH-327) and carbon
(for example, HexWeb HFT-G).

For particularly, but not exclusively, aluminium core, the conventional
hexagonal configuration can be varied with a range of other shapes:

“OX Core” where the core has been over-expanded in the “W” direction.
“Flex Core”, which enables exceptional formability of the core to take place
with tight radii of curvature being possible.

“Double Flex Core”, which has a large cell size and possesses high compression
properties.

“Reinforced Hexagonal Core”, which provides a honeycomb of higher density
for use at, for example, attachment points.

Fig. 36 shows these configurations, in comparison with the conventional
hexagonal core.

If the adhesive used to form the integrally bonded sandwich panel is of such a
chemistry that volatile matter is evolved during cure, then the potential pressure
built up inside the individual honeycomb cells can be alleviated by using perforated
honeycomb core; this is particularly relevant to aluminium honeycombs. During
processing, prior to applying the node bond adhesive stripes, the aluminium foil is
passed over a perforating roll, which punches small holes in the foil.

Finally, honeycombs made from titanium are also available (for example, from
Darchem Engineering). These are manufactured by a corrugation technique, the
nodes being laser spot-welded rather than adhesively bonded.

5.5.1.7.2. Skins

The potential skinning material for honeycomb sandwich panels can cover all the
other substrates mentioned above — in flat sheet form — and can be augmented
with decorative laminates, based on melamine—formaldehyde, P/F laminates or
any other suitable plastic. The latter are to be seen in aircraft interiors.

5.5.1.7.3. Adhesive

The adhesive can be of any chemistry and/or format; the latter includes liquid,
paste or film adhesives. It must rigidly attach the skins to the core and, generally,
should be of high modulus when cured. It is accepted that brittle adhesives, i.e.
adhesives showing relatively low peel strength — should not be used in very light
sandwich structures which are likely to be submitted to a significant degree of
abuse in use.
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Figure 36: Honeycomb core configurations.

It is of paramount importance that the adhesive should be capable of forming the
so-called “fillets” during cure. This means that during its cure cycle, the adhesive
will melt and flow away from the skin lying at the centre of the honeycomb, first to
the cell edges and then down the sides of the cell. This leaves a conical “fillet” of
adhesive on the cell walls and only a very thin coating on the skin. The adhesive
between the edge of the cell and the skin should form a butt joint between the two
materials.

It is common with many structural adhesives that the size of the fillet on the
bottom of the panel is larger than at the top. This is attributed to preferential flow
from the top fillet to the bottom one.
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Figure 37: Schematic of the adhesive filleting action in a bonded honeycomb sandwich
panel.

Fig. 37 illustrates the filleting phenomenon; the size of the fillet has been
deliberately exaggerated.

The combination of core (aluminium, aramid, paper, carbon, glass or balsa),
skins (aluminium, steel, titanium, FRP, melamine or wood) and adhesive (film or
paste, epoxy, phenolic, PUR, PI, cyanate ester, acrylic or thermoplastic) gives a
sandwich panel which is an integrally bonded, load-bearing structure.

Using bonded sandwich beams, of different core thicknesses (¢ and 3t), in place
of all metal components (a bonded metal beam of overall thickness ?), it is possible
to increase the stiffness and strength, with minimum weight penalty. This can be
seen in Table 2.

If, however, weight saving is the important criterion, rather than an increase in
strength or stiffness, then Table 3 shows what is possible by indicating the beam
thickness required to maintain a deflection of 1 mm under a load of 500 kg over a
span of 1 m.

5.5.2. Substrate Surface Pretreatment

To form a strong, integrally bonded, load-bearing structure, the surface of
the adherend should be pretreated before application of the adhesive; this is vital
if good environmental or thermal durability is required. Such a procedure ensures
that the surface is in as clean a condition as possible, removing weak boundary
layers which could adversely affect the performance of the resultant joint.



Aerospace: A Pioneer in Structural Adhesive Bonding 255

Table 2: Comparison of weight, stiffness and strength for bonded beams.

Bonded beam thickness = Honeycomb thickness Relative

Stiffness  Strength  Weight

t 0 1.0 1.0 1.0
2t t 7.0 35 1.03
4t 3t 39.0 9.25 1.06

This important topic is dealt with in the chapter entitled “Surface Pretreatment
for Structural Bonding”, in this volume.

5.5.3. Primers and Priming

In aerospace applications, once metallic adherends have been pretreated, it can be
several weeks before they are bonded. In view of the fact that most of the oxide or
“fresh metal” surfaces are stable for considerably less than 24 h, these surfaces
have to be protected during the time that the component is stored prior to bonding.
This is invariably achieved by priming the dried adherend immediately after
pretreatment; such techniques rarely, if ever, apply to fibre-reinforced composite
components.

The perceived drawback with primers, however, is that both the surface
protection and, particularly, the corrosion inhibiting systems can be very sensitive
to coating thickness. It is possible almost to halve the peel performance of some
adhesives when going from primer coating thicknesses in the region of 2—5 pm to
thicknesses above 8—10 wm.

Currently, the structural adhesive market essentially relies on two classes of
primer: surface protection primers and corrosion inhibition primers. There is a
further class of materials which are said to act as both surface pretreatment agents
in their own right as well as surface protection and, it is claimed, bond enhancing

Table 3: Bonded sandwich panels — potential weight savings over metal plate.

Beam material Beam thickness Beam areal weight
(mm) (kg/m?)

Steel plate 12.5 98

Aluminium alloy plate 18.3 49

Aluminium honeycomb sandwich panel 33.0 9
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primers: these are the organosilanes. By far the greatest numbers of commercial
products are now corrosion-inhibiting primers.

5.5.3.1. Surface Protection Primers

These are usually solvent-based systems of low solids content (ca. 10%). Their
chemistries should match those of the structural adhesives to be used in the
bonding application. To this end, in a commercial range of adhesives, each primer
offered is often a simple solution of its equivalent adhesive, where any insoluble
fillers, etc., have been removed.

This means, therefore, that the chemistries associated with the primers could
be as varied as the adhesives used with them. In aerospace applications, however,
the predominant surface protection primer chemistries, for structural bonding, are
those based on epoxy; phenolic-, polyimide- and polyurethane-based primers are
also encountered.

These primers are applied to the abraded or chemically pretreated substrate by
brush, roller or spray-gun. The wet coating is dried, usually in an extracted, air-
circulating oven at about 60—80°C, to remove the solvent(s).

There is, however, no hard and fast rule about the next step in the process. In
some applications, the primed substrates are then stored in a clean, dry area until
needed for component assembly and bonding. However, other applications call for
the primer to be cured, by oven-stoving, at the requisite temperature. These
components would then be similarly stored until required.

In the first case, the primer co-cures with the adhesive and in the second, the
adhesives wet and bond to the already cured primer coating. Irrespective of which
route is followed, the primer protects the integrity of the pretreated surface prior to
bonding ensuring that as high a quality bond as possible is formed.

It should, however, be remembered that surface protection primers essentially
donate nothing to the bonded joint apart from the protection of the pretreatment
applied to the substrate and acting as an adequate “key” between adhesive and
adherend. Enhancement of the mechanical performance of the adhesive being used
is rarely seen. Indeed, in a few cases a reduction in bonding strength occurs.

5.5.3.2. Corrosion Inhibiting Primers
These do the same job as the surface protection primers but also impart a degree of
corrosion resistance into the bonded joint protecting it against the attack of
moisture and electrolytic corrosion. As for the surface protection systems, the
primer can be dried or dried and cured following application.

Until recently the classic example of this type of primer has been Cytec-Fiberite’s
BR-127. This comprises an epoxy—phenolic system dissolved in a blend of solvents.
Corrosion inhibition is achieved through the addition of a significant loading of
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strontium chromate to the resin solution; this is present as a fairly unstable
suspension.

The mechanism of corrosion inhibition, with these heavy metal chromates,
hinges on the fact that they can passivate aluminium [22-24]. When such a
corrosion-inhibited bonded joint is attacked, a mixture of hydrated aluminium
oxide and chromic oxide (Cr,03) is formed (cf. the Alocrom process) This not
only seals the “oxide” film, repairing the damage caused by the ingress of the
electrolyte, but the presence of the stable chromic oxide also reduces the rate of
dissolution of the aluminium oxide. The longevity of such a protection is due to the
low solubility (~ 1.2 g/l at 15°C) of the chromate in water [25], which means that
the chromate remains “active” for a considerable period of time.

The possibility of using other inorganic compounds such as the oxides,
hydroxides, phosphates and borates of calcium, magnesium and zinc, to replace
the potentially carcinogenic chromates, has recently been investigated by many
companies including Hexcel Composites and 3Ms.

Another approach has been the evaluation of suitable “ion-exchanged silicas”. In
the presence of electrolytes, such materials give protection by releasing passivating
ions that can interact not only with the matrix but also with the electrolytic species
themselves and the substrate. This type of inhibitor is characterised by the fact that it
is completely insoluble in water and only works on demand, i.e. only when invading
electrolytic species are present. Fletcher [24] has given a schematic mechanism for
this method of corrosion inhibition, which is summarised in Fig. 38.

Research is now strongly centred on producing primers with low volatile
organic contents (VOCs) by using water as the primary solvent or dispersion
medium or actual water-based primers where the organic solvent content is zero.
Further, as indicated above, the move to chromate-free systems is also underway.

Na* H*
Cr, SO%
Ca \l/ Ca Release of anti-

corrosive species |nteraction

Primer ca Ga o 2 " with Pri
i [Ca?*, SiO ]l with Primer
film Ca E— SILICA " 2
Ca Ca
Ca Ca Ca % CaCaCa

Where X represents the invading ionic species

Figure 38: Schematic of the corrosion inhibition reaction mechanism for ion-exchanged
silicas.
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Figure 39: Typical monofunctional silanes.

This has culminated in the 2003 qualification by Boeing, to BMS 5-42, of a
water-based (low rather than zero VOC) phenolic primer from SIA Adhesives Inc.
(Aqualock® 2000); a polyacrylate and amorphous silica are used as toughener and
corrosion inhibitor, respectively.

5.5.3.3. Organosilanes”
Researchers in industry, governmental institutes and academe, have been
evaluating the efficacy of organosilanes for two to three decades. Pluedemann,
who is seen as the “father” of this class of compounds, has advocated their
use [26] both as methods of surface pretreatment as well as adhesive primers
and adhesion promoters in structural bonding applications.

The generic chemistry associated with most of the silanes used in these
applications can be represented as:

Where R represents a simple alkyl group, which is generally methyl or ethyl, R is
an alkyl chain which is often propyl, X is the end group which can be H but is more
usually a functional group such as: amino, epoxy, mercapto, ureido, isocyanato,
vinyl and methacryloxy.

Although some of the silanes encountered can be very complex, the two most
commonly employed (Fig. 39) are y-aminopropyl triethoxy silane (for example,
Silquest® A-1100) and +y-glycidoxypropyl trimethoxy silane (for example,
Silquest A-187).

* Editor’s note: For information on the silanes and their chemistry, refer to “Silicone Adhesives and Sealants” in
Volume 3.
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The theory behind their use is that the alkoxysilane groups will hydrolyse to form
silanol groups, which can then react with the metal oxide/hydroxide surface. Further
hydrolysation will form an organic—inorganic hybrid at the metal surface that can
lead to either a continuous or a randomly discontinuous film, as shown in Fig. 40.
This is very much akin to one particular aspect of the sol—gel pretreatment approach
(see Chapter 4).

The key to the use of silanes, whether as sole pretreatment systems or adhesion
promoting primers, is how they are prepared for application. Researchers have
found the following parameters to be critical:

Carrying medium (water or alcohol) silane concentration, solution pH and
temperature

Current indications are that low concentrations of silanes in water at a pH of
about 5 yield optimum performance.

However, although their structures have, over the years, multiplied in number
and complexity and although a considerable amount of work has been carried out
in this field, the use of silanes as an accepted pretreatment or primer, prior to
structural bonding in the aerospace industry is still relatively limited; 3Ms do,
though, market two silane bonding primers: EC 2333 and EC 3903. Certainly, they
are used as formulating ingredients in epoxy-based primers, paste adhesives and
film adhesives. However, many formulators admit, though, that they are not
included for any particular scientific reason; simply because “they don’t appear to
detract from the properties and might enhance them”!

More complex bis-silanes are now being considered not only as potential
replacements for conventional metal pretreatment but also as chromate
replacements in the formulation of corrosion inhibiting primers for metals in
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Figure 40: Films of monofunctional silanes on metal oxide/hydroxide surfaces.
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Figure 41: (a) Bis-(trimethoxysilylpropyl) amine. (b) Bis-(trimethoxysilylpropyl)
ethylenediamine.

many varied application areas [27]. van Ooij advocates, amongst others, the use of
both mono- and di-amino based bis-silanes (Fig. 41).

These bis-silanes can readily form continuous networks on the metal surface
(Fig. 42) potentially giving excellent protection. Their post hydrolysis film
thickness has been measured in the region of 400—500 nm.

In several instances, van Ooij et al. have found that mixtures of mono and bis-
silanes give the best corrosion protection.

As with their mono functional counterparts, these materials are not yet in
common use.
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Figure 42: Continuous network formations of “Bis-Silanes” on metal surfaces.
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5.5.4. Adhesives

The heart of any bond is, of course, the adhesive. Most bonding in the aerospace
industry relies on the so-called structural adhesives, i.e. adhesives based upon
monomer compositions which polymerise, or cure, to give high modulus, high
strength bonds between relatively rigid adherends, such as those discussed above,
so that a load-bearing structure is produced.

In order to achieve this state, many of these adhesives are reactive, i.e. multi-
component systems which, after application to the adherend, change their physical
format from liquidus to infusible solid by chemical reaction. These polymerisation
and cross-linking reactions, often thermally induced, are achieved using one or
more of the following reaction mechanisms:

¢ Condensation,

e Addition,

¢ Rearrangement,

¢ Polymerisation through the double bond.

5.5.4.1. Adhesive Ranges for Aerospace Applications

There are no “universal adhesives” for the diverse applications seen in the
aerospace business. Adhesives not only have to operate in space applications from
about — 100 to +120°C, in civil and military aircraft under “hot/wet” climatic
conditions, where relative humidities can approach 100% at temperatures up to
60-80°C, and close to aero engine assemblies where temperatures can reach in
excess of 220°C but also have to resist the numerous fluids which are present in
most modern aircraft: de-icing fluid (alcohols and phosphate esters), fuels, bilge
fluid, oils and lubricants, water and water-based electrolytes.

To meet these varied requirements a ‘“family” of adhesives generally has to be
offered to the end-user. These adhesives will vary in the actual role they have to
play, in their format, the chemistry used and the cure temperature employed to
achieve the required property levels. The end-users, drawing on advice from the
relevant adhesive producers, may, and probably will, use several adhesives from
this range to meet their design requirements.

5.5.4.1.1. Adhesive “Role”

Generally any structural adhesive range will include the primary adhesive itself
plus two different types of supporting products which have structural adhesive
properties in their own right; the chemistries and formulations of these supporting
products are often strongly related to that of the primary adhesive which they
accompany.
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The first of these supporting adhesives, the surface protection primers and/or the
corrosion inhibiting primers, have been dealt with in Section 5.5.3.

The second range of products contains the foaming and syntactic adhesives.
These are the materials, which can be used to splice sheets of honeycomb together,
to join honeycomb to metallic channelling or simply to seal the edges round
honeycomb sandwich structures. These adhesives are either formulations which,
during the thermal cure cycle, generate controlled gaseous products (usually, but
not exclusively, nitrogen) to yield an infusible structural lightweight foam or they
are lightweight pastes.

The lightweight syntactic paste adhesives are conventional, usually two-part,
adhesive formulations which contain a considerable loading of a lightweight filler
to reduce the cured Sg to well below 1; Sgs of 0.55-0.75 are typical. The
lightweight fillers are invariably the so-called “microballoons”. These are thin-
walled, generally, ceramic hollow spheres; in the case of glass microballoons, the
original solid glass density of 2.48 is reduced to a value in the region of 0.3.

In the case of the foaming adhesives, the formulation very often mirrors that of
the primary adhesive being used. Invariably anti-slump (thixotropic) fillers have
been added as well as calculated quantities of suitable foaming (or blowing) agents
which break down as shown in Fig. 43.

The choice of blowing agent will depend on the cure temperature being used;
the curative will also often have an unexpected influence. Thus, AZDN, although

?Hs N=C CH,
H3C—C|I—N=N —C|3—CH3 — 2| H,C—C° e
C=N CH,4 C|EN

o, o - Azodi-isobutyronitrile

N=C CH,
HC—C—C—CH,  + N, ?
CH, C=N

i I
2HN—C—N—7=N—-7TC—NH, + 2H,0 ——
Azodicarbonamide

o
|

I T
H,N—C —NH—NH—C—NH, + NQT + COzT + NH,

Figure 43: Reaction schematic for two typical blowing agents.
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its theoretical breakdown temperature is much higher, can be used in epoxy-based
foaming adhesives which are designed to cure at 120°C. The key to achieving this
is the hardener. Curatives such as dicyandiamide have been found to act as
powerful initiators/accelerators for the thermal decomposition reaction. For the
same reasons, the azodicarbonamide, which breaks down at >200°C, can be used
under 175°C curing conditions.

5.5.4.1.2. Adhesive formats
Essentially, all structural adhesives are offered in one of three formats:

¢ Solvent-based liquids: These are usually single-component systems, which are
dissolved and/or dispersed in a liquid medium which can be aqueous.

Although many non-structural adhesives can be solvent or water based, in
aerospace applications, this format is usually the preserve of the surface
protection and corrosion inhibiting primers. However, as indicated, there are
exceptions and these are often those adhesives which are based on phenolic
resoles (for example, Redux 775 Liquid) or on polyimides (for example, PMR®-2).

¢ Pastes: These can be single-component or two-component systems which contain
no solvent and whose physical state can vary from very low viscosity liquids, for
example, adhesives which can be injected into the glueline, to relatively high
viscosity, pasty materials which are often thixotropic. Primary adhesives,
lightweight syntactic and foaming paste adhesives fall into this category.

In the case of the two-component systems, one component is usually a
formulated resin system and the other a formulated hardener. The two-component
systems are often supplied in twin cartridges, which pump out the two parts of the
adhesive through an efficient mixing head. Thus the adhesive can be easily mixed
and applied to the substrate in one operation.

 Film adhesives: Film adhesives are supplied as foils and can be cut to the shape
and size of the area to be bonded. The matrices, therefore, are solid at room
temperature but, critically, will liquefy but do not cross-link on moderate
heating. Thus, on heating from ambient to cure temperature they will first melt,
then flow and displace the air in the bond and, in so doing, wet the substrates to
be bonded and finally cure to an infusible solid. This can be readily seen by
examining the dynamic viscosity traces for three typical film adhesives: Redux
312, Redux 319 and Redux 322 (Fig. 44).

It can be clearly seen that all three systems yield low viscosity resinous
matrices at temperatures well below their cure temperature (120, 175 and
175°C, respectively) and that there is an adequate window for flow of the
adhesive to displace any trapped air and hence ensure that an intimate wetting
of the substrate occurs prior to gelation taking place. The latter is indicated by
the asymptotic rise in matrix viscosity.
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Figure 44: Dynamic viscosity traces for three film adhesives.

Further, due to their ability to be easily cut, these adhesives can be supplied in
any desired width from over 1 m down to about 5 mm. Their very format means
that contact between operator and adhesive can be kept to a minimum. This
ensures that the adhesive can be easily maintained in a contamination-free

condition and, more importantly, virtually eliminates any chances of skin
irritation as far as the operator is concerned.

Primary adhesives and foaming film adhesives fall into this category.

5.5.4.1.3. Adhesive chemistries

There are many formulations, based on a large variety of backbone chemistries,
which can be used as adhesives. As indicated above, apart from a few
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thermoplastic adhesives such as polyethersulphone:

O

n
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and polyetheretherketone (Victrex® PEEK):

OO0

which are used in specialist applications, most aerospace adhesives utilise
“reactive” chemistries. These can be summarised as:

e Acrylic: anaerobics, conventional acrylics, cyanoacrylates, the so-called
“second generation”, toughened acrylics and adhesives having UV-activateable
or UV-curing capabilities

¢ Amino-formaldehyde

¢ Ceramic

e Epoxy

e Cyanate ester

¢ Phenolic: novolacs and resoles

¢ Polyimide: bismaleimides (BMI) and polyimides (PI — e.g. PMR-2)

¢ Polyurethane (PUR)

« Silicone

Of these, apart from the amino-formaldehyde systems used on wooden
structures, the aerospace industry currently concentrates on epoxies, phenolics and
polyimides for the majority of its structural bonding applications; it is the epoxies
that are the real “workhorse” for the industry. Acrylic and polyurethane
chemistries are used, but in very few applications of a structural nature. The
relatively novel chemistry based on cyanate esters, for example Arocy B 10
(dicyanate ester of Bisphenol A):

|
NEC—O@? O—C=N

CHs

is, though, now gaining a foothold, especially for space applications, due to its
proven low moisture uptake in service.
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Of the polyimide resins available, it is the specific family based on maleic
anhydride that is most commonly encountered; these are the bismaleimide-based
adhesives:

Va A}

[ N CH, N j
Q \ /CHz C/ \C
o O/

It is of interest to note that before the advent of the bismaleimides, and the
polyimides in general, high service temperatures were achieved using combi-
nations of solid Bisphenol A-based epoxies with conventional phenolic resoles;
the interaction between phenolic and epoxy often being promoted by the
incorporation of dicyandiamide. The first “toughener” for high temperature
matrices, namely finely divided aluminium powder, was also incorporated into
these formulations.’

Thermosetting polyimides are encountered for specialist, usually space,
applications. These are the adhesive and composite PMR systems which are
based on nadic anhydride and benzophenone tetracarboxylic dianhydride.
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5.5.4.1.4. Adhesive cure temperatures

With such a plethora of chemistries available, the adhesive formulator can
generally tailor the adhesive to meet any required cure temperature — usually in
the range of ambient (i.e. about 22°C) to as high as 230°C. Cure times can range
from several seconds, particularly with polyurethane-based systems and to a
certain extent with acrylic systems, to several hours, as is the case with
bismaleimide and polyimide adhesives. In this latter instance, cure, or more
usually post cure, temperatures as high as 300°C often have to be used to ensure
that the final rearrangement reactions go to completion.

5.5.4.1.5. Adhesive formulations

Similarly, by careful formulation using this significant range of resins and the large
number of curative chemistries as well as compatible polymeric modifiers which
are available, novel adhesives can also be tailored to meet the physico-chemical

3 A very large study of heat stable adhesive is provided in Volume 2 in the chapter “Heat stable adhesives” by
Guy Rabilloud.
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and mechanical requirements of any individual bonding application. The
following demands can readily be encompassed: adhesive format (liquid, paste
or film and, in the latter case whether it is supported or unsupported), shelf life,
gap-filling properties, volatility and out-gassing characteristics during cure,
shrinkage, service temperature (from sub zero to about 200 to 220°C), strength
requirements, environmental resistance and toughness.

Possible adhesive formulations, therefore, are legion, so it is not possible to give
examples to cover all potential adhesive ranges. However, as the workhorse of the
industry is the epoxy adhesive, it is valid to give the breakdown of a generic
formulation.

Thus a typical, epoxy-based structural film adhesive would comprise®:

¢ Liquid epoxy resin(s): the backbone of the adhesive giving the basic properties
required.

¢ Solid epoxy resin(s): primarily as a film former but also to modify the end
properties of the adhesive.

¢ Polymeric modifier(s): primarily as a toughener and in many cases to improve
the thermal resistance of the adhesive, it can also aid in film forming.

e Hardener: usually solid and of low solubility to give a degree of latency to the
adhesive and hence improve the shelf life.

¢ Co-hardener/accelerator: to adjust, if necessary, the cure temperature to that
which is specified.

e Formulation additive(s): this/these could include such components as flame
retardants for low fire, smoke and toxicity products, coupling agents and/or
surfactants to improve the wetting and bonding with the substrate, fillers —
thixotropic or otherwise — to control Sg, viscosity, flow and slump, and blowing
agents for foaming applications.

» Pigments/dyestuffs: essential for the manufacturer to aid in mixing and for the
operator to identify that adhesive had actually been applied to the substrate

» Support carrier: to impart better handleability and to give good control of the
final glueline thickness. Support carriers come in many formats and chemistries.
The most commonly encountered are made from glass, polyamide (usually
Nylon 6 or Nylon 6, 6), or polyethylene terephthalate (PET). Their format can
range from random mats to highly structured woven or knitted fabrics. Typical
examples of the latter are shown in Fig. 45.

5.5.4.1.6. Typical commercial range of structural adhesives
The tables and text below show the make up of a typical range of commercially
available structural adhesives (Redux from Hexcel Composites [28]) and their

4 Detailed information on epoxy adhesives and their formulation will be provided by the chapter “Epoxy
adhesives” in Volume 5 of this Handbook.
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(a) B2

Figure 45: Typical woven and knitted carrier structures: (c) conventional weaving; (a), (b)
and (d) various knitting styles.

supporting primers, syntactic pastes and foaming adhesives The whole range is
considerably larger — to meet the demands of other industries such as road and
marine transport, electrical and electronics etc. — but here only the key products
for the aerospace market are shown. Table 4 shows the chemistries employed and
Table 5 gives the different formats in which this range is supplied.

Tables 6 and 7 indicate the different cure cycles which need to be applied to
obtain optimum properties for each of the adhesives shown above.

It can be seen that several of the range have the ability to be cured under two, or
more, completely different regimens which gives them the so-called “dual cure”
capability. This is particularly important with room-temperature curing paste
adhesives where the extended cure at ambient cannot always be contemplated by
the end user. Dual cure capability with foaming adhesives is also important as this
allows the bonding shop to use only one foaming adhesive with a large range of
structural adhesives.
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Table 4: Chemistries employed in the Redux range of structural adhesives.

Role Chemistry
Phenolic  Epoxy Cyanate Bismaleimide
ester

Primer Redux 101 Redux 112, Redux 119, Redux HP655P
Redux 122

Foam Redux 206, Redux 212,
Redux 219, Redux 260,
Redux 840

Light-weight Redux 830

syntactic

Primary Redux 775 Redux 312, Redux 319, Redux A54 Redux AP 655

adhesive Redux 322,

Redux 330, Redux 340SP,
Redux 810, Redux 850

Table 5: Adhesive formats employed in the Redux range of structural adhesives.

Format Chemistry
Phenolic  Epoxy Cyanate ester Bismaleimide
Solution Redux 101 Redux 112, Redux 119, Redux HP655P
Redux 122
One-part paste Redux 840
Two-part paste Redux 810, Redux 830,
Redux 850
Film Redux 775 Redux 206, Redux 212, Redux A54 Redux HP655

Redux 219, Redux 260,
Redux 312, Redux 319,
Redux 322, Redux 330,
Redux 340SP

Curing pressures range from minimal contact pressure (about 70 kPa) to about
350 kPa for the epoxies and the cyanate esters, about 415 kPa (at 130°C) for
the bismaleimides and about 700 kPa for the phenolic adhesives to counterbalance
the condensation products evolved during cure.”

* Editor’s note: For detailed information about the chemistry and formulation of epoxy adhesives, please refer
to the chapter “Epoxy Adhesives” in Volume 5 of this handbook.
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Table 6: Typical cure cycles for the Redux range of primers and structural film and paste

adhesives.
Chemistry  Products Cure cycles Service
temperature (°C)
Phenolic Redux 101 15 min at 45°C (to dry)
+ 30 min at 150°C or
co-cure with the adhesive
Redux 775 30 min at 150°C 75
Epoxy Redux 810 5 days at ambient, 1 h 100
at 70°C, <30 min at 100°C
or <10 min at 120°C
Redux 850 16 h at ambient + 1 h post cure 100
at 120°C, 16 h at 60°C or 1 h
at 120°C
Redux 112 20 min at 70°C (to dry)
+ 30 min at 120°C or
co-cure with the adhesive
Redux 312 30 min at 120°C 100
Redux 119 and 30 min at 70°C (to dry)
Redux 122 + 60 min at 175°C or
co-cure with the adhesive
Redux 330, 60 min at 175°C 135/150/175/175,
Redux 319 respectively
Redux 322 and
Redux 340SP
Cyanate ester Redux A54 120 min at 175°C 160
Bismaleimide Redux HP655P 30 min at 70°C (to dry)
+ co-cure with the adhesive
Redux HP655 4 h at 190°C + 16 h free-standing 230

post-cure at 230°C

For the structural paste and film adhesives (Table 6) some indication as to the
maximum service temperatures obtainable, under these cure cycles, are given. In the
case of the syntactics and foams (Table 7), the cured Sg or expansion ratio is given.

A more detailed examination of several products within this range not only
reaffirms why a range, rather than a “universal” adhesive, is needed but also
reinforces the versatility of structural adhesives and their “tailoring” to specific end

applications.

Redux 312: A cure temperature of 120°C gives the ability to bond more delicate
components whilst, at the same time, being more energy efficient. The service
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Table 7: Typical cure cycles for the Redux range of syntactic and foaming adhesives.

Chemistry Products Cure cycles Foaming
ratio/(cured Sg)

Epoxy Redux 830 5 days at ambient or 5 h at 50°C (0.66-0.68)

Redux 840 30-60 min at 120°C, 1:1.5-1:2.1
30 min at 150°C or 20—-60 min dependant on
at 175°C generally co-curing cure cycle
with the adhesive

Redux 206 30-60 min at 120°C co-curing 1:3-1:4
with the adhesive

Redux 212 30-60 min at 120°C co-curing 1:1.5-1:2

with the adhesive

Redux 260 60 min at 120°C or 60 min at 175°C 1:24
co-curing with the adhesive

Redux 219 60 min at 175°C co-curing 1:1.9-1:2.0
with the adhesive

temperature of 100°C is sufficient for most civil aircraft applications and its
performance in honeycomb structures is excellent (Fig. 46). It is, therefore, a good
general purpose adhesive for structural bonding in many airframe applications.
Redux 319 and Redux 322: A cure temperature of 175°C ensures a good elevated
temperature performance for these two adhesives. The two adhesives are
complementary with excellent toughness, as evidenced by good peel strength,
being seen with Redux 319. Optimum high temperature performance is shown by
Redux 322, which has a service temperature of 175°C with thermal excursion up
to about 200°C being possible.

Applications in military aircraft and in areas closer to engine structures are,
therefore, possible with these two systems; the choice being whether toughness or
very high temperature performance is required by the design. The comparative
shear performances can be seen in Fig. 47. Fig. 48 shows the peel properties.
Redux HP655: This adhesive utilises bismaleimide chemistry and, therefore, a
more demanding cure cycle is required to extend the structural adhesive’s service
temperature to well above 200°C. Apart from the use of polyimides based on
benzophenone tetracarboxylic dianhydride, Nadic anhydride and diamino
diphenyl methane, for example PMR-2 (see above), the formulated bismaleimide
adhesives offer the best resistance to extreme thermal oxidative conditions.
Redux 810: Redux 810 is a good example of two-component, high strength, high
peel, general purpose paste adhesives used in structural applications, particularly in
the aerospace industry. It is capable of bonding a variety of metallic and
non-metallic substrates utilising cure cycles, which can range from days at room



272 J. Bishopp

50
45
40

35 \
30
25
20
15
10

5

O T T T T T T T
-60 -40 -20 0 20 40 60 80 100 120

Temperature [°C]

Lap-Shear Strength [MPa]

1000

900

800 \\

700 \
600 \
500 \
400 \
300 v
200
100

0 T T T T T T T T
-60 -40 -20 0 20 40 60 80 100 120

Temperature [°C]

H/C Peel [N/76 mm]

Figure 46: Lap-shear and honeycomb peel performance of Redux 312.

temperature to minutes at elevated temperatures up to 120°C. The system rheology
is carefully controlled to ensure easy mixing and, on application, a thixotropic (non
slump) behaviour. These rheological properties are also important in allowing the
adhesive to be supplied in cartridges enabling the adhesive to be metered, mixed by
a static mixer in the dispensing head and dispensed directly into the glueline.

Excellent mechanical properties are augmented by a corrosion-inhibiting
performance and the incorporation of solid glass beads having a specific particle
size distribution, builds in an automatic glueline thickness control.
Redux 850: This two-component, essentially hot-curing, paste adhesive is a good
example of the formulator co-operating with the end-user.

One of the research teams within the Airbus consortium (TANGO — Technology
Acquisition of Near-term Goals and Objectives) was examining the possibility
of producing the wing sections for the Airbus A.380 airliner out of carbon fibre
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Figure 47: Lap-shear performance of (a) Redux 319 and (b) Redux 322.
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Figure 48: Honeycomb peel performance of Redux 319.
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composite. Of the various means of joining such a structure, adhesive bonding was
clearly a significant possibility. With the design engineers from Airbus working very
closely with the adhesive chemists from Hexcel Composites, a novel composite-
bonding and shimming paste adhesive was tailor-made for the application giving
the desired rheological and handling characteristics, pot life, cure cycles and
performance at elevated temperatures on both metallic and composite adherends.

Finally, to gauge the complexity of gaining acceptance for any new structural
adhesive by the aerospace market, all the data that have to be generated to meet
relevant specifications in both Europe and the United States of America are shown
for Redux 319 and Redux 319A (supported version).

The data sets are split into: standard metal-to-metal tests, honeycomb sandwich
tests, effect of multiple cures, fatigue and creep, thermal oxidative testing and
finally immersion testing. Where necessary, an explanation of the tests being used
is given with each individual table (Tables 8—13). Until recently, few physico-
chemical tests were carried out for qualification purposes. Thus, for Redux 319,
the only tests performed were: Flow (53.7%) and Volatile Content (0.99%).

Table 8: Specification data for Redux 319: physical properties and standard
metal-to-metal properties.

Test Redux 319 Redux 319A
temperature (175°C cure) (175°C cure)
°C)

Mean Range Mean Range

Physical properties

Flow (%) 53.700
Volatiles (%) 0.99
Standard metal-to metal properties
Lap shear (MPa) 22 40.5 37.2-47.0 35.7 29.2-39.3
135 32.8 19.2 17.8-22.9
150 20.7 17.2-25.0 16.4 13.4-23.6
Blister detection (MPa) —-55 31.3
22 28.8
135 22.1
Floating roller peel 22 178 133-223 178
(N/25 mm)
BS 5577 peel 22 75 157
(N/25 mm)
MMM-A-132 T-Peel 22 80 61

(N/25 mm)
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Table 9: Specification data for Redux 319: standard honeycomb sandwich
properties.

Test Redux 319 Redux 319A
temperature (175°C cure) (175°C cure)
(0O
Mean Range Mean Range
Honeycomb peel (N/76 mm) —55 820 666-974
22 594 320-790 487
135 546 390 320-460
150 264
Beam shear (kN) —55 10.7
22 10.5
135 8.8
Honeycomb flatwise -55 10.7 10.0
tensile (MPa)
22 82 49-11.8 9.0 8.1-10.2
135 6.5 36 43-29
150 5.5 3.3-90 2.9

Table 10: Specification data for Redux 319: effect of multiple cures on metal-to-metal and
honeycomb sandwich panels.

Test temperature (°C) 175°C cure (mean)
Redux 319 Redux 319A

Lap shear (MPa)

Control 22 44.0 37.3
135 22.9
150 25.0

Second cure 22 46.0 36.7
135 19.4
150 22.5

Third cure 22 45.5 40.9

(Continued)
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Table 10: Continued.

Test temperature (°C) 175°C cure (mean)
Redux 319 Redux 319A

135 21.6
150 24.2

Fourth cure 22 36.7
135 17.1

Fifth cure 22 34.7
135 16.4

DTD 5577 peel (N/25 mm)

Control 22 242

Second cure 22 240

Third cure 22 234

Honeycomb peel (N/76 mm)

Control 22 481
135 460

Second cure 22 378
135 396

Third cure 22 392
135 371

Fourth cure 22 182
135 331

Fifth cure 22 369
135 416

Flatwise tensile (MPa)

Control 22 8.8
135 2.9

Second cure 22 7.7
135 3.2

Third cure 22 7.1
135 3.5

Fourth cure 22 8.0
135 34

Fifth cure 22 7.5

150 39
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Table 11: Specification data for Redux 319: fatigue and creep.

Test Redux 319A
temperature (°C) (175°C cure)
Mean
Fatigue
Lap shear at 50 Hz <10° cycles
(Smax = 5.2, Smin = 0.5 MPa)
Creep
Lap shear: 8 days at 22°C 22 0.013
under 11 MPa (mm)
Lap shear: 8 days at 22°C 135 0.090
under 5.5 MPa (mm)
Beam shear: 8 days at 22°C 22 0.14
under 4.4 kN (mm)
Beam shear: 8 days at 135°C 135 1.14

under 3.5 kN (mm)

Table 12: Specification data for Redux 319: thermal oxidative ageing.

Test temperature Redux 319 Redux 319A
0 (175°C cure) (175°C cure)
Mean Range Mean
Lap shear (MPa)
42 days at 135°C 135 31.8 23.7
90 days at 150°C 22 28.0
183 days at 150°C 25.6
42 days at 150°C 150 20.8 15.1-25.7
90 days at 150°C 18.5
183 days at 150°C 15.8
Honeycomb peel
(N/76 mm)
8 days at 150°C 22 246
21 days at 150°C 264
42 days at 150°C 192

Beam shear (kN)
8 days at 135°C 135 8.9
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Table 13: Specification data for Redux 319: immersion resistances to fluids.

Test Redux 319 Redux 319A
temperature 175°C cure 175°C cure
0O
Mean Range Mean Range
Lap shear (MPa)
JP4 at 22°C
7 days 33.1
30 days 41.4
90 days 22 39.0
365 days 38.3
30 days 16.2
90 days 150 17.6 35.0
365 days 14.8 11.0
Kerosene fuel at 22°C
30 days 36.6
42 days 43.3
90 days 22 39.7
365 days 38.3 34.0
30 days 16.9
90 days 150 13.1
365 days 13.4 13.0
Silcodyne “H” at 22°C
30 days 37.2
42 days 41.6 39.9-434
90 days 22 38.6
365 days 39.7 34.0
30 days 16.2
90 days 150 17.9
365 days 14.5 12.0
Hydraulic oil at 22°C
7 days 35.7
30 days 37.9
42 days 22 42.0
90 days 26.9
365 days 36.9 35.0

(Continued)
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Table 13: Continued.

Test Redux 319 Redux 319A
temperature 175°C cure 175°C cure
(O
Mean Range Mean  Range
30 days 18.6
90 days 150 17.6
365 days 17.9 13.0
Standard test fluids at 22°C
7 days 36.5
30 days 42.5 39.0-46.1
90 days 22 38.6
365 days 40.0
30 days 244 20.3-28.5
90 days 150 18.3
365 days 14.1
De-icing fluids at 22°C
7 days 36.2
30 days 393
42 days 22 415 38.7-443
90 days 39.0
365 days 39.7 36.0
30 days 14.1
90 days 150 14.8
365 days 15.2 13.0
Synthetic ester-based lubricant at 22°C
30 days 37.9
42 days 413 39-43.7
90 days 22 39.3
365 days 40.0 35.0
30 days 16.9
90 days 150 16.6
365 days 15.9 12.0
Skydrol 500A at 22°C
30 days 34.8
42 days 384 359-422
90 days 22 39.7
365 days 38.6 39.0

(Continued)
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Table 13: Continued.

Test Redux 319 Redux 319A
temperature 175°C cure 175°C cure
0
Mean Range Mean Range
30 days 18.6
90 days 150 14.8
365 days 13.0
Skydrol 500A at 70°C
30 days 29.0
90 days 22 33.8
365 days 28.3
30 days 16.2
90 days 150 15.5
365 days 11.7
Water/Methanol at 22°C
30 days 33.8 352
42 days 40.6 38.2-43.1
90 days 22 16.6 35.2
365 days 10.3 33.8
30 days 12.4 12.1
90 days 150 5.9 10.3
365 days 0.0 5.9
Distilled water at 22°C
30 days 34.1 34.1
42 days 39.5 37.2-415
90 days 22 32.1 34.8
365 days 324 31.0
30 days 14.8 12.4
90 days 150 9.0 10.3
365 days 34 7.6
Tap water at 22°C
30 days 22 36.6 34.2
90 days 27.6 324
365 days 31.0 32.8
30 days 150 19.7 9.7
90 days 134 10.3
365 days 3.4 7.6

(Continued)
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Test Redux 319 Redux 319A
temperature 175°C cure 175°C cure
(°C)
Mean Range Mean  Range
Salt spray at 35°C
30 days 334 32.8 31.8-33.8
90 days 22 30.7 33.8
365 days 0.0 33.8
30 days 12.8 12.7
90 days 150 9.7 11.0
365 days 0.0 2.1
100% relative humidity at 49°C
30 days 32,5 29.3-358 31.6 30.1-33.1
90 days 22 30.0 30.3
365 days 32.8 31.7
30 days 146 12.8-164 11.7
90 days 150 4.8 6.2
365 days 1.0 4.8
98% relative humidity at 70°C
30 days 29.7 26.5
42 days
90 days 22 214 27.6
365 days 9.3 18.6
30 days 150 8.3 3.8
90 days 2.8 2.4
365 days 14 2.8
Honeycomb peel (N/76 mm)
100% relative humidity at 49°C
8 days 22 420
21 days 480
42 days 252
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Lap Shear: Conventional single overlap specimens.

Blister Detection: Large area metal-to-metal bonding to ascertain adhesive
flow characteristics during bonding. Conventional lap shear specimens are
machined from the bonded sheet and are tested. The specimens are examined for
evidence of air entrapment (“blistering”).

Floating Roller and BS 5577 Peel: Fig. 49 shows a typical peeling rig for the
floating roller peel test. The differences between this test and the BS 5577
specification are the peeling angle, which is about 70° for the floating roller or Bell
peel test and 90° for the BS 5577 test, and the aluminium alloy used; BS 5577 uses
a much softer alloy.

T-Peel: No jig is used for this test. Both adherends are the same thickness and
the peeling angle is 180°.

Honeycomb Peel: A conventional thin-skinned honeycomb sandwich panel is
tested in peel using the so-called climbing drum peel rig (Fig. 50). Applying a
measurable torque to the drum forces it to “climb” the specimen and, hence, peel off
the bonded skin; enough specimens are tested to be able to assess the adhesive bond
to both top and bottom skins in the sandwich.

Rigid
adherend

Flexible
adherend

Figure 49: Schematic of the floating roller peel test.
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Figure 50: Schematic of the honeycomb sandwich climbing drum peel test.

Beam Shear: Here the bondline in a thick-skinned honeycomb sandwich panel
is subjected to shear stresses utilising 3- or 4-point loading (Fig. 51).

Honeycomb Flatwise Tensile: 50 X 50 mm specimens are cut from similar
sandwich panels as are prepared for the beam shear test. These are then bonded to
rigid blocks, generally using a paste adhesive having a cure temperature at ambient
or, at least, lower than that used to cure the adhesive under test. The whole is then
loaded in such a manner as to subject the bond between honeycomb and skin to
tensile stresses (Fig. 52).

Fatigue and Creep Tests: Conventional single overlap lap-shear and beam
shear specimens are used.

Heat Ageing: Conventional single overlap lap-shear, honeycomb climbing
drum peel and beam shear specimens are exposed to the requisite temperature in
an air-circulating oven.
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Figure 51: Schematic of the beam shear test. (a) 3-Point and (b) 4-Point loading.

(b)

adhesive failure

/core failure

Figure 52: Schematic of the flatwise tensile test. (a) Test jig. (b) Ruptured specimen.
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Immersion Testing: Conventional single overlap lap-shear and honeycomb
climbing drum peel specimens are immersed in the requisite liquid or vapour for
the requisite time.

5.5.4.2. Adhesive Manufacture
5.5.4.2.1. Primers

Simple stainless steel, glass-lined or even mild steel vessels, fitted with a suitable
stirrer, are more than adequate for the production of solvent-based primers. These
vessels will often be fitted with internal or external heating elements and water-
cooled condensers so that for example, polymeric ingredients can be more readily
dissolved at temperatures close to the reflux temperature of the solvent or solvent
blend. This procedure is also valid for solvent-based structural adhesives.

If water-based primers are being manufactured then the situation is slightly more
involved. The use of water means that only glass-lined or stainless steel vessels can
be used for the final stage of mixing. In many instances, solid raw materials will not
be supplied as a water-based solution or dispersion and, hence, the first stage of any
manufacturing process requires suitable solution/dispersions to be made. This is
often achieved using a conventional bead mill (Fig. 53) where bead size, bead
volume, temperature, pump rate, solids content, pH, etc. all have to be optimised.

This is best carried out using statistical experimental design techniques [29,30],
optimising the process conditions against the critical parameter of resultant
particle size distribution. Once the variables to be studied have been identified, an
experimental design can be created. This is usually a standard quadratic model,
which can fit non-linear data. The experimental designs produced allow several
variables to be studied at once, which enables a wide area of experimental space to

—

90 0n @ oo oo
SN NESENEEEEEEEEEEEN||N

@ CHILLER
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Figure 53: Schematic of a typical bead mill.
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be mapped. This enables interactions to be identified, and areas of optimum
performance to be found.

The resultant matrix of experiments comprises a series of trials with each
chosen variable set at high, low or intermediate values; replication of some trials is
used to assess error; other parameters are held at a constant value.

Data analysis then fits a polynomial equation to the collected data. The
magnitudes of the coefficient estimates in the equation indicate the importance of
the variables. This equation can be simply viewed as a multidimensional French
curve to illustrate the relationship between variables and responses. Those
coefficient estimates with statistical significance are highlighte