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Foreword

Textbooks are the most basic learning tools for everyone. They give comprehensive coverage on
given topics from the first principles to steps for the subsequent levels of applications.

In the case of composite materials that suddenly burst into prominence for aeronautics in the
1960s, there were no textbooks to guide the engineers. New approaches and rules governing their
operations had to be established. Among them were netting analysis, quadrangle symmetric lami-
nates of 0°, +45°, and 90° plies, and carpet plots. Surprisingly they are still in use. Netting analysis
is used to correlate burst pressure of pressure vessels to fiber strength; Quad laminates remain the
current standard and subjected to a set of rules on symmetry, balanced, 10% rule, ply contiguity
of no more than four plies, and limit on inter-ply difference no more than 45° and carpet plots
can still be seen. These restrictions were more philosophical than science-based and have made
composite laminates unnecessarily complex and not possible to be optimized. Carpet plots are
deceptive because Quad laminates are discrete and cannot interpolate along continuous lines.
Percent of [+45°] plies can only be 20%, 40%, 60%, and 80% among 10% laminate increments.
Other self-inflicted complexities by the Quad laminates include stacking sequence, symmetric ply
drops, and blending.

In the past few years, we have taken an approach different from the traditional. New concepts
include the recognition of tensor invariants of stiffness matrices that led to a highly accurate
master ply for carbon/epoxy composites. One elastic invariant is there to distinguish one mate-
rial from another. Laminate stiffness components are merely geometric factors from ply stacking
multiplied by this stiffness invariant. Failure criterion can be similarly simplified with use of
Omni envelope, which has the overlapping core of all ply orientations. This envelope is isotropic
because it is ply orientation independent. Only laminate failure is needed, no need for ply-by-ply
analysis.

Instead of the traditional Quad one, a new family of laminates based on Double-Double (DD) in
[£® / £¥] will be so much simpler to work with. It is a field-based family replacing a collection of
discrete Quad laminates. A DD laminate is stacked with repeated four-ply Sub-Laminates. It can
be homogenized in its thickness as few as four repeats. It will be naturally symmetric, orthotropic,
and need no rules on 10%, ply contiguity, and inter-ply angle difference. Being homogenized with
repeated Sub-Laminates, DD laminate can be with fewer repeats for lightly loaded zones. Substantial
weight savings would be possible. Ply drops can be in singles rather than in pairs when in Mid-
plane symmetry. Such ply drops can be located on the exterior surfaces of laminate, thus clearing
discontinuities and wrinkles from laminate interior. Such laminates will be stronger and not likely
to trigger out-of-plane failures. Being homogenized across the thickness and across the entire com-
ponent, there will be no thermal warpage. High-quality laminates can be expected in every design
and actual production.

As we embark on a new approach to lamination, we expect more acceptance and greater confi-
dence in these composite structures in the years to come.

In this new edition of a truly innovative textbook, the basic concepts of our new horizon for
composite materials have been covered. They are done from the first principle onward and should
be learned and practiced.

In a modest way, Double-Double is like the Maxwell’s wave equations that can explain many
electromagnetic phenomena not possible without them. Composite laminates can be simpler and
more producible with DD principles, but not possible with the traditional Quad approach.
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Students are urged to pay attention to the hard work by the author and gain confidence in com-
posites to produce better airplanes and transportation systems.

Stephen W. Tsai

Professor Research Emeritus

Department of Aeronautics & Astronautics
Stanford University

January 2022



Preface

In a few decades, the field of composite materials has spread to all sectors of industry where new
materials, processes, and applications are constantly being developed. Such development has made
this field popular due to the breadth and universality of applications. The composite materials mar-
ket is growing by around 5% per year, with more than 10% for the carbon fiber, a growth due notably
to the transportation and wind power. The cost of composites is increasingly competitive compared
to sophisticated metal alloys. The quality and variety of semi-finished products are remarkable
and the manufacturing processes increasingly industrialized, with obvious consequences for the
evolution of the quality of parts. In a market dominated by thermosetting matrices, composites with
a thermoplastic matrix are gradually finding their place. Recycling issues are expected to further
promote this development. Legislation on the recyclability obligation now has a significant influ-
ence on composite activities. It leads to research and development activities on subjects relating to
the recovery of carbon fibers, use of natural fibers, biodegradable polymers....

The growth in the use of composites has been aided by the development of modern design and
manufacturing methods for industrial components, which allow functional optimization based on
multiple technical and economic criteria. A good knowledge of what already exists helps develop
and use reliable numerical simulations for in-service behavior as well as for implementation during
the manufacturing.

The development of simulation tools is an important component of industrial development in
general and in composite domains in particular. Without trying to replace testing, these tools allow
full exploitation of the experimental results in a much more complete manner, creating a powerful
synergy that saves time and cost.

This updated volume has been amended and enlarged to take into account this rapid evolution
as well as the emergence and development of additional areas such as recycling, ceramic-matrix
composites, and advances in manufacturing processes.

However, more fundamental aspects are currently emerging for the design of laminates. The
challenge is in particular to define laminates that are even more competitive both in terms of the
optimized design of parts with variable thicknesses and their automated manufacture.

Accordingly, this fourth edition reports a break characterized by new concepts that go in the
direction of history. We have to remember that when carbon laminates first appeared, slide rules and
charts were still in use. Later, in the early 1980s, computer utilities arrived. We know what it is today
where current resources allow the digital implementation of the laminate optimization process by
means of powerful calculation tools. This is how a new chapter devoted to quasi-orthotropic lami-
nates also called “Double-Double” here completes the heart of the work devoted to the methodical
design of structural parts. It presents the work initiated by Pr. SSW. Tsai assisted by an international
team of scientists to define and calculate more efficient and lighter laminates, much better suited to
current and future resources, both in terms of calculation and manufacturing with automated tape
laying. In addition, the notion of Tsai modulus introduced saves a large part of the experimental
characterization.

Useful information is given on the corresponding free utility. The reader will be able to down-
load this tool in open access as indicated in the book.

The chapters on composite beams of any cross-sectional shape and the chapter on transverse
shear behavior of multilayered plates still retain their original character, both with regard to
the proposed method and to the results. In particular, one will note a complementary study of
transverse shear in quasi-orthotropic laminated plates in connection with the new theory of Double-
Double laminates.

Also remember that the book is structured according to three levels of difficulty (even for the
applications). The technical level becomes more and more complicated from one section to another.
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The first section corresponds to the undergraduate level, while the second and third sections corre-
spond to the graduate and postgraduate levels. One can, however, work on each part independently.

Section IV, “Applications”, consists of 45 examples, including numerous cases of pre-sizing of
composite parts, processed from industrial cases reworked, so that the user can go directly to the
essentials. As Pr. SSW. Tsai underlines, these practical problems “are treated in a closed form. Thus
these solutions are useful for studying the parameters which may constitute the basis of optimiza-
tion. Such observations are not always easy to do with numerical solutions like those resulting
from finite element analysis. Another advantage of the closed solution is its speed in obtaining the
answers, and it has no problem of numerical convergence”. In any case, it is useful to note that most
of these applications provide usable results for numerical modeling, including tests for the valida-
tion of finite element computer software.

This book has had a run of three recent editions in English (since 2002) and six successive edi-
tions in French (since 1987), all of which out of print. It is addressed to engineers and technicians in
the field who deal with problems of mechanical behavior that require designs, compositions, thick-
nesses, and fasteners to be defined. It is addressed to teachers who want to structure a course on the
subject, or even simply talk about composites. It is also addressed to students pursuing undergradu-
ate and postgraduate degrees and can help PhD students do an apprenticeship before moving on to
specialized research.

This book does not focus on too detailed theoretical developments, which would not meet the
requirements of the targeted audience. In industry, there is little time for the consultation of books,
and the academic nature of initial training is often far from the daily concerns of the design office.
I have therefore adapted this presentation by taking into account readers who are always in a hurry
and who use the tools available to them or ones that they remember. The content of this book is
nevertheless anchored on solid scientific basis and will allow potential users to derive maximum
benefit from it.

Daniel Gay
May 2022
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Part |

Principles of Construction

This part of the book is important in terms of volume and content. First, it aims to succinctly present
the following points, while remaining as clear as possible:

* Interest in the use of composite elements

e Products currently manufactured

e Manufacturing methods

* Presentation and definition of semi-finished products (fibers and reinforcements) with their
characteristic properties

Second, it extends to the problems and solutions brought on when designing a composite compo-
nent, and particularly the concerns related to the resistance and deformation under loading, as well
as the connections of the part with its surrounding.
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Composite Materials
Interest and Physical Properties

1.1 WHAT IS A COMPOSITE MATERIAL?

1.1.1  BroaADp DErINITION

As the term indicates, a composite material is different from the conventional macroscopically
homogeneous material.

Currently, composite materials refer to materials containing strong fibers — continuous or
noncontinuous — embedded in a weaker material or matrix. The matrix keeps the geometric
arrangement of fibers and transmits to these fibers the load acting on the composite component.

The resulting composite material is capable of intermediate mechanical performance, that is,
superior to those of the matrix, but different and often lower than those of the fibrous reinforcement.
Generally, this material also presents some other properties that are specific.

Notes: Composite materials are not new. They have been used since antiquity. Wood, clay, and
mud reinforced with straw have been everyday composites. Composites have also been used to opti-
mize the performance of some conventional weapons. For example,

* In the Mongolian bows, the compressed parts are made of horn, and the stretched parts are
made of wood and cow tendons glued together.

* Damask sword or Japanese sabers have their blades made of steel and soft iron: the steel
part is stratified like a flaky pastry, with orientation of defects and impurities in the long
direction! (see Figure 1.1), and then formed into a U shape into which the soft iron is
placed. The sword then has good resistance for flexure and impact.

This period marks the beginning of the distinction between the common composites used univer-
sally and the high-performance composites.

1.1.2  MAIN FEATURES

Composite material, as defined, has the following features:

* Very heterogeneous.

* Very anisotropic. This notion of anisotropy will be illustrated in Section 3.1 and also in
Chapter 9. Simply put, this means that the mechanical properties of the material depend on
the direction of the loading.

Stress concentration

= S= @

Random defects Oriented defects
Poor tensile resistance Good tensile resistance

FIGURE 1.1 Effect of orientation of impurities.

DOI: 10.1201/9781003195788-2
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1.2 FIBERS AND MATRICES

The bonding between fibers and matrices is created during the manufacturing phase of the composite
material. This has fundamental influence on the mechanical properties of the composite material.

1.2.1 FiBERs

1.2.1.1 Definition

Fibers consist of several hundreds or thousands of filaments, each of them having a diameter of
5-15pm, allowing them to be processable on textile machines?; for example, in the case of glass
fiber, two semi-finished fiber products are obtained as shown in Figure 1.2.

These fibers are marketed in the following forms:

» Short fibers, with lengths of the order of a fraction of a millimeter to a few centimeters.
These are felts, mats, and short fibers used in injection molding.

* Long fibers, which are cut during the time of fabrication of the composite material, are
used as is or woven.

1.2.1.2 Principal Fiber Materials
Principal fiber materials include

e Glass

* Aramid or Kevlar® (very light)

e Carbon (high modulus or high strength)

e Boron (high modulus or high strength)

* Silicon carbide (high temperature resistant)

* High-density polyethylene

* Natural fibers (flax, hemp, sisal, etc.), the use of which is increasing

In forming fiber reinforcement, the assembly of fibers to make fiber forms for the fabrication of
composite material can take the following forms:

* Unidimensional: Unidirectional tows, yarns, or tapes
* Bidimensional: Woven or nonwoven fabrics (Non-crimp fabrics, felts, or mats)

e Tridimensional: Fabrics (sometimes called multidimensional fabrics) with fibers ori-
ented along several directions (>2)

Filaments

’ [l
\ Discontinuous
l

] d' fiber

¢

Continuous
fiber

/////////(/ ‘ Glass

' P Fibers
SRLLELELL | staple 7 f
A ‘ fiber - we%rving
Textile filament — i —
Roving
or Strand

FIGURE 1.2 Different fiber forms.
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Before the formation of the reinforcement, the fibers are subjected to a surface treatment or sizing to

* Decreasing the abrasion action of fibers when passing through the weaving machines
* Improving the fiber-matrix adhesion

Other types of reinforcements are also used as fillers: full or empty microspheres, powders?, and
nanoreinforcements*.

1.2.1.3 Processes for Obtaining Fibers
A few notes about the fabrication of fibers are as follows:

* Glass fiber: Continuous glass filaments are drawn by pulling the glass (silicon+sodium
carbonate and calcium carbonate; T > 1,000°C) through the small orifices of a heated plate
made of platinum alloy.

* Kevlar fiber: This is a DuPont trademark (US). Aramid fibers, which are yellowish in
color, are made of aromatic polyamides (PAs) obtained by synthesis at —10°C. They are
spun and stretched to obtain a high modulus of elasticity along the fiber direction.

e Carbon fiber: Filaments of polyacrylonitrile or pitch (obtained from residues of the
petroleum products) are oxidized at high temperatures (300°C) and then heated further to
1,500°C in a nitrogen atmosphere. Only the black and bright filaments of hexagonal car-
bon chains remain, as shown in Figure 1.3. The high modulus of elasticity is obtained by
stretching at high temperature. Figure 1.4 helps to become aware of the rapid development
of the carbon fiber industry>.

* Boron fiber: Tungsten filament (diameter 12 um) is used to catalyze the reaction between
boron chloride and hydrogen at 1,200°C. The boron fibers obtained have a diameter of
about 100 pm (the growth speed is about 1 pm/s).

* Silicon carbide: The principle of fabrication is analogous to that of boron fiber: chemical
vapor deposition (1,200°C) of methyl trichlorosilane mixed with hydrogen.

The principal physical and mechanical properties of the fibers are indicated in Table 1.3 later in the
chapter.

Carbon fiber

FIGURE 1.3 Structure of carbon fiber.
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FIGURE 1.4 Annual demands for carbon fibers.

1.2.2  MATERIALS FOR MATRICES

Many materials are used as matrix materials:

1. Polymeric matrix:

Thermoplastic resins: Polypropylene [PP], polyphenylene sulfone [PPS], polyamide

[PA], polyether ether ketone [PEEK], polyether ketone ketone [PEKK], etc.

b. Thermoset resins: Polyesters, phenolics, melamines, silicones, polyurethanes, and

epoxies. Their principal physical properties are indicated in Table 1.4.

2. Mineral matrix: Silicon carbide and carbon. They can be used at high temperatures (see
Sections 3.7, 7.1.10, 7.4, and 7.5).

3. Metallic matrix: Aluminum alloys and titanium alloys (see Sections 3.6 and 7.4).

a.

1.3 WHAT CAN BE MADE USING COMPOSITE MATERIALS?

The range of applications is very large. A few examples are listed here:

1. Electrical, electronics:

S e

Insulation for electrical construction
Supports for circuit breakers
Supports for printed circuits
Armors, boxes, and covers
Antennas, radomes

Tops of television towers

Cable tracks

Wind turbines

2. Buildings and public works:

500 0 o

Housing cells

Chimneys

Concrete molds

Various covers (domes, windows, etc.)
Swimming pools

Facade panels

Profiles

Partitions, doors, furniture, and bathrooms
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3. Road transport:
Body components
Complete body
Wheels, shields, and radiator grills
Transmission shafts
Suspension springs
Bottles for compressed gas
Chassis
Suspension arms
Casings
Cabins and seats
Highway tankers and isothermal trucks
. Trailers
4. Rail transport:
Fronts of locomotives
Wagons
Doors, seats, and interior panels
Ventilation housings
Structural parts
. Bogies
5. Maritime transport:
Hovercrafts
Rescue crafts
Patrol boats
Trawlers
Antimine ships
Racing sailboats
Pleasure boats
Canoes
able transport:
Cable cars
Gondola lifts
ir transport:
All-composite gliders
All-composite light aircraft and drones
Many aircraft components: vertical and horizontal tail plane, wing boxes, leading
edges, winglets, flaps, center wing boxes, keel beams, fuselages, radomes, doors, air-
craft brake disks, etc.
d. Many helicopter components: blades, main rotors, tail rotors, transmission shafts, cab-
ins, tails, etc.
e. Aircraft engines: propellers, blades, fairings, fan housings, thrust reversers, etc.
8. Space transport:

e PR om0 R0 o

-0 R0 T

6.

7.

O TP PBPITPOFR A 0 TR

a. Bodies
b. Tanks
c. Nozzles

d. Heat shields for atmospheric reentry
9. General engineering sector:

a. Gears

b. Bearings
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Housings and casings

Bodies of actuators

Robotic arms

Flywheels

Projectiles (shuttles) for looms
Pipes

Components of drawing tables
Compressed gas bottles

Tubes for offshore platforms

. Radial-ply tires

10. Sports and leisure:

Tennis and squash rackets
Fishing poles

Skis

Poles for pole vault
Windsurfing boards, sailboards, skateboards
Bows and arrows

Javelins

Protection helmets

Bicycles

Golf clubs

Oars and vessels for racing

-0 20

— e e P

Ao B0 om0 0 o

1.4 A TYPICAL EXAMPLE OF INTEREST

In the field of commercial air transport industry, the following may be placed in parallel: the major
concerns of manufacturers and the main characteristic properties of the composite material parts.
The concerns of the manufacturers are performance and saving. The characteristics of composite
components include the following:

* The subsequent weight reduction leads to fuel saving, increase in payload, or increase in
range that improves performances.

* The good fatigue resistance leads to enhanced life, which involves saving in the long-term
cost of the product.

* The good corrosion resistance means fewer requirements for inspection, which results in
saving on maintenance cost.

Moreover, taking into account the cost of the composite solution as compared with the conventional
solution, one can state that composites fit the demand of aircraft manufacturers.

1.5 SOME EXAMPLES OF CLASSICAL DESIGN REPLACED
BY COMPOSITE SOLUTIONS

Table 1.1 shows a few significant cases illustrating the improvement on price and performance that
can be obtained after the replacement of a conventional solution with a composite solution.
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TABLE 1.1

Some Significant Cases

Application Previous Construction Composite Construction

65 m? reservoir for chemicals Stainless steel +installation: Price=1 Price=0.53

Smoke stack for chemical plant Steel: Price=1 Price=0.51

Nitric acid vapor washer Stainless steel: Price=1 Price=0.33

Helicopter stabilizer Light alloys+steel: Mass=16kg; Price=1 Carbon/epoxy: Mass=9kg; Price=0.45

Support for helicopter hoist Welded steel: Mass=16kg; Price=1 Carbon/epoxy: Mass=11kg; Price=1.2

Helicopter motor hub Mass=1; Price=1 Carbon/Kevlar/epoxy: Mass=0.8; Price=0.4

X-Y table for fabrication of Cast aluminum: Rate of fabrication=30 Carbon/epoxy honeycomb sandwich: Rate of
integrated circuits plates/h fabrication=>55 plates/h

Drum for drawing plotter Drawing speed=15-30 cm/s Kevlar/epoxy, 40-80 cm/s

Head of welding robot Aluminum: Mass=6kg Carbon/epoxy: Mass=3kg

Projectile for loom Aluminum: Rate =250 shots/min Carbon/epoxy: Rate=350 shots/min

Aircraft floor Mass=1; Price=1 Carbon/Kevlar/epoxy: Mass=0.8; Price=1.7

1.6 MAIN PHYSICAL PROPERTIES

Tables 1.2—-1.5 take into account the properties of only individual components, reinforcements, or
matrices.

The characteristics of composite materials resulting from the combination of reinforcement and
matrix depend on

* The proportions of reinforcements and matrix (see Section 3.2)
e The form of the reinforcement (see Section 3.2)
e The fabrication process

These characteristics can be observed in Figure 1.5, which shows the tensile strength for differ-
ent fiber fractions and different forms of reinforcement for the case of glass/resin composite, and
Figure 1.6, which gives an interesting view on the specific resistance of the major types of struc-
tural composites as a function of temperature. Here, the specific strength is defined as the tensile
strength divided by the density: (Gmpmre / p).

Other remarkable properties of these materials include the following:

* Composite materials do not yield: their elastic limits correspond to the rupture limit (see
Section 5.4.5).

* Composite materials have high strength under fatigue loads (see Section 5.1).

e Composite materials age under the action of moisture® and heat.

e Composite materials do not corrode, except in the case of contact aluminum with car-
bon fibers in which galvanic phenomenon creates rapid corrosion.

* Composite materials are not sensitive to the common chemicals used in engines: grease,
oils, hydraulic liquids, paints and solvents, and petroleum. However, cleaners for paint
attack the epoxy resins.

e Composite materials have medium- to low-level impact resistance (inferior to that of
metallic materials).

* Composite materials have excellent fire resistance as compared with the light alloys with
identical thicknesses. However, the smokes emitted from the combustion of certain matri-
ces can be toxic.
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NOTES

1
2

D B W

In folding a sheet of steel over itself 15 times, the final sheet is made of 2! = 32,768 layers.

The fibers have to be as thin as possible because

e Their rupture strength decreases as their diameter increases.

e Very small fiber diameters make it possible to bend fibers until they reach radii of curvature
on the order of half a millimeter. However, an exception is made for boron fibers (diameter in
the order of 100 pm), which are formed around a tungsten filament (diameter = 12 pm). Their
minimum radius of curvature is 4 mm. Then, except for particular cases, weaving is not possible.

See Section 3.5.3.

See Section 3.9.

Non-pandemic forecasts: The drop in demand from the main industrial sectors (aerospace and defense,

automotive, pipelines and tanks, and civil engineering) has temporarily led to a drop in demand for

carbon fibers.

The cured epoxy resin can absorb water by diffusion up to 6% of its mass; the fiber-reinforced epoxy

composite can absorb up to 2%. See Section 10.6.
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2 Manufacturing Processes

The mixture of reinforcement/resin leads to a composite part at the end of the last stage of
manufacturing that is the hardening of the matrix. After this phase, it is not possible anymore to
modify the material. The designer should not have in mind to change it later, as in the way he would
like to modify the structure of a metal alloy using heat treatment, for example.

In the case of polymer matrix composites, for example polyester resin, the latter has to be
polymerized. During the solidification process, it changes from the liquid state to the solid state
by copolymerization with a monomer mixed with the resin. The phenomenon leads to hardening.
This can be done using either heat or a chemical accelerator. The following pages will describe the
principal processes for the manufacturing of composite parts. Next, the recycling of composites is
discussed as well as the waste treatment methods.

2.1 MOLDING PROCESSES

Several processes use a tool that can be described as a mold and involve reinforcements of various
types and geometries. The forming by molding processes varies depending on the nature of the
part, the number of parts, and the cost. The impregnation of a reinforcement can be done before it
is placed in the mold or afterwards, during the compaction phase. The nature of the resin also influ-
ences the course of the process. The material of the mold can be made of metal (steel, aluminum,
invar), polymer, wood, or even plaster.

2.1.1 CoNTACT MOLDING

Contact molding (see Figure 2.1') is an open molding process (there is only one mold, either male
or female). The layers of fibers impregnated with resin and accelerator are placed on the mold.
Compaction is done using a roller to squeeze out the air pockets. The duration for resin hardening
varies, depending on the amount of accelerator and temperature, from a few minutes to a few hours.
This way, parts of large dimensions can be produced at the rate of about 2—4 per day and per mold,
depending on their complexity at lay-up stage.

* Note: Spray-up technique
This denotes the preceding process associated with short fibers. After application of the
mold release agent and gel coat and curing of the latter, the short-fiber/resin mixture is pro-
jected onto the mold with a spray gun and compacted with a roller before polymerization.
Depending on the part to be manufactured, one can combine plies such as mats and fabrics
arranged manually and short fibers.

Reinforcement: glass, Kevlar

Matrix: polyester resin

-

Release agent + gel coat

FIGURE 2.1 Contact molding.
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Counter mold

Reinforcement + Resin

Release agent + Gel coat

Mold

FIGURE 2.2 Compression molding.

2.1.2 COMPRESSION MOLDING

2.1.2.1 Process

With compression molding (see Figure 2.2), a countermold will close the mold after the impreg-
nated reinforcements have been placed in it. The whole assembly is placed in a press that can apply
a pressure of 1-2 bar. The polymerization takes place either at ambient temperature or higher.

The process is good for medium-sized series: several dozen parts a day can be manufactured (up
to 200 with heating, depending on their complexity at lay-up stage). This is used for automotive and
aerospace secondary parts.

2.1.2.2 Bladder Molding Process

The prepreg reinforcements are placed around an inflatable bladder and then put between mold and
countermold. The bladder is then pressurized, and its expansion compacts the prepreg against the
walls of the mold. Bladder evacuation after curing is not systematic.

2.1.2.3 Forming by Stamping

Also called thermoforming, such a process (see Figure 2.3) is only applicable to thermoplastic com-
posites. One uses preformed plates that are heated, stamped, and then cooled down.

2.1.3 VacuuM MoLDING PROCESSES

2.1.3.1 Vacuum Molding

This process of molding with vacuum is still called bag molding or depression molding. As in the
case of contact molding described previously, an open mold on which the impregnated reinforce-
ments are placed is used for this process. Some cores for sandwich materials (see Chapter 4) can
be placed in the mold. A sheet of soft plastic is used for sealing. It is bonded around the perimeter
of the mold by means of seal putty. Vacuum is applied under the sheet of plastic (see Figure 2.4).
The part is then compacted due to the action of atmospheric pressure, and the air bubbles are
eliminated. Porous felt absorbs excess resin. The whole material is polymerized in an oven.

Preheated plate Cooled matrix
(Mat ; Fabric) \

FIGURE 2.3 Stamp forming.
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Sealant tape

Breather =~ Vacuum
(felt for pumping)

Vacuum bag

Mold

Prepreg Perforated release film

FIGURE 2.4 Vacuum molding.

2.1.3.2 Autoclave Curing

Autoclaveisused forhigh-performance composites. The curing is done under pressure (see Figure 2.5),
until 7 bar in the case of carbon/epoxy to obtain better mechanical properties with temperature
cycling (see Figure 3.30). This process has applications for aircraft structures, with the rate of a few
parts per day (depending on their complexity at lay-up stage). Autoclave’s dimensions vary depend-
ing on the size of parts to be cured. They can be very important, for example, length up to 32 m with
a diameter up to 6m.

2.1.4 INJECTION PROCESSES

2.1.4.1 Resin Transfer Molding (RTM)

In this resin injection based process (see Figure 2.6), the reinforcements (mats, fabrics, plies) are
put in place as a dry preform between mold and countermold. The resin is injected. The clamping
pressure creating the locking force limits the resin injection pressure.

e Medium series: The molding pressure is low. The process can be fast with reactive resin
* Small series: For structural parts (high fiber content, high injection pressure)

Good surface condition on all sides
Shapes limited by undercut geometries

Pressure Vacuum

Autoclave

FIGURE 2.5 Autoclave curing.
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Clamping force ) Clamping force
Resin

4 Vent l 1+
[| [] I

Counter mold

Heating

7
Preform
FIGURE 2.6 Resin Transfer Molding (RTM).

2.1.4.2 Vacuum-Assisted RTM (VARTM)
This process has variants, also called Light RTM, or SCRIMP®2. It involves a lower mold and an
upper flexible bag (See Figure 2.7). There is therefore only one finished face on the mold side.

It is suitable for very large parts with high-volume contents of fibers (up to 70%) and cored parts
with all cores except honeycomb (shipbuilding, aircraft, and wind turbine parts).

The process requires a careful development adapted to each part geometry for impregnation
defects have very costly consequences (carefully placed ports for resin entering and vacuum extract).

* Note: Resin Film Infusion
A variant of this process consists in placing a dry preform on the lower mold between films
of high viscosity resin. Under the effect of heat and vacuum, the resin infuses into the pre-
form. The resin content is then uniform.

2.1.4.3 Injection Molding with Prepreg

The process of molding by injection of prepreg allows automation of the fabrication cycle (rate of
production up to 300 pieces per day).

e Thermoset resins: Can be used to make components of auto body. The schematic of the
process is shown in Figure 2.8.

* Thermoplastic resins: Can be used to make mechanical components with high tempera-
ture resistance, as shown in Figure 2.9.

Vacuum bag

Resin distribution fabric
i
Resin J | Vacuum N

iy
Yy

——7

Perimeter seal

Heating

Mold tool

Infusion mesh Laminate  perforated peel ply

FIGURE 2.7 Vacuum-Assisted Resin Transfer Molding (VARTM).
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Heated mold Mat + Thermoset resin

Heater
countermold

FIGURE 2.8 Injection of premixed.

Countermold Mold Mat + Thermoplastic resin
Heater

iR "2
—aghghy

000 0O0Oo

FIGURE 2.9 Injection of thermoplastic premixed.

2.1.4.4 Reaction Injection Molding (RIM/S-RIM)

Molding by foam injection (see Figure 2.10) allows the processing of pieces of fairly large dimen-
sions made of polyurethane foam reinforced with glass fibers. These pieces remain stable over time,
with good surface conditions, and have satisfactory mechanical and thermal properties.

With a dry preform previously placed in the mold, more resistant parts are obtained (Structural
RIM or S-RIM). The production rate is about 1 min. However, polyurethane-type resins have lower
mechanical properties than structural composites.

2.1.5 MoLbING oF HoLLow AXxiSYMMETRIC COMPONENTS

* The process of centrifugal molding (see Figure 2.11) is used for the fabrication of tubes
and pipes. It allows homogeneous distribution of resin with good surface finish, including
the internal surface of the tube. The length of the tube depends on the length of the mold.
The rate of production varies with the diameter and length of the tubes (up to 500kg of
composite per day).

Countermold  Mold Isocyanate
(low pressure
and temperature

Polyurethane
foam

Polyol + Cut fibers

FIGURE 2.10 Reaction Injection Molding (RIM).
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Fabric reinforcement
Mold

Resin

Heating

Short fibers
reinforcement

FIGURE 2.11 Centrifugal molding.

* The filament winding process as described in Figure 2.12 can be integrated into a continu-
ous chain of production and can fabricate tubes of long length. The rate of production can
be up to 500kg of composite per day. Such a process can be used to make various types
of tubes, for example, tubes for transporting petroleum and cylindrical shells for missile,
rocket, torpedo, and container.

For revolution pieces with any meridian curves, filament winding can be done on revolution mandrels
with adapted geometries. The composite is cured and the mandrel is removed (see Figure 2.13).
The fiber volume fraction is high (up to 85%). This process is used to fabricate components with
high internal pressure, such as reservoirs and propulsion nozzles.

2.2 OTHERS FORMING PROCESSES

2.2.1  SHeetr FORMING

The technique of composite sheet forming (see Figure 2.14) allows the production of plane sheets or
corrugated sheets showing increased stiffness. This process needs significant investments.

Heating
(polymerization)

FIGURE 2.13 Filament winding on complex mandrel.
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FIGURE 2.14 Sheet forming.

2.2.2 PuLTRUSION

The composite pultruded profile shown in Figure 2.15 is made by pultrusion through a shaped die.
This process makes possible the fabrication of continuous open or closed profiles. The fiber content
can be important for high mechanical properties (more than 60% by volume). The rate of production
varies between 0.5 and 3 m/min, depending on the nature of the profile’.

2.2.3 ApDITIVE MANUFACTURING

2.2.3.1 Principle

Additive manufacturing (also known as 3D printing technique) is a recent and rapidly evolving
process. It starts with the digital model of the part and produces this part by depositing successive
thin layers of material using a heated extrusion nozzle. It is thus possible to generate very complex
geometries, which cannot be obtained by means of other methods mentioned.

The resins are thermoplastic (PEEK, PA...see Table 1.4) associated with short or continuous
reinforcing fibers (carbon, glass, Kevlar).

2.2.3.2 Types of Additive Machines
Additive manufacturing machines can deposit short fibers or long fibers:

* Short fibers (of the order of mm): They are then integrated into the resin before extrusion.
* Long fibers: They can form a tape impregnated during extrusion with up to

V; =60% (Carbon).

Example: Machines with two extrusion nozzles: one for the current geometry of the part, with
short fibers previously mixed with the resin, and the other with long fibers to adjust, in the most
stressed areas the rigidity and the resistance of the part (see Figure 2.16). Markforged (US)* and
Desktop Metal (US) for small parts (print volume of 310x240x270 mm).

Example: Robotic 3D printing:

When the printing is done in successive layers on a plane table (x, y), strength of the finished
part is lower in the z direction, which is a general property of conventional laminate materials.

Cutter

g Polymerization oven

ALY
7’7 e ; -

impregnation ﬂ@ S U PullerJ

Heated die

FIGURE 2.15 Pultrusion.
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FIGURE 2.16 Rod cross section.

Nevertheless, possibilities of 3D laying can be considerably increased when the laying nozzle is
robotized, i.e., mounted on a robotic arm. One can then reinforce any directions in space for parts of
complex geometries: Arevo (US): 6-axis robot, and swivel table. High-performance parts are up to
Im?3. The laying nozzle heats up with a laser and compacts the filament with a roller during deposit.
Carbon/PEEK: V; = 50%.

Example: Composite fibers coextrusion (see Figure 2.17). Carbon fiber is pre-impregnated with
a thermosetting resin, and then extruded with a thermoplastic resin. Anisoprint (RU; LU) printing
volume: 297 x 210 x 145 mm, fiber diameter 0.34 mm.

2.3 AUTOMATED PREFORM MANUFACTURING
2.3.1  NECESSITY OF AUTOMATION

Some composite parts require numerous unidirectional layers or fabric layers (tens to hundreds). For
small- or medium-sized series, it becomes too risky and too costly to operate preforming manually:

* For following the form of a cutout template
» To respect the orientation specified by the design (see Chapters 5 and 15)
e To minimize waste of material

Fibers
Thermoplastic
resin

h |

« | = cutter
) .
Melting
chamber

—

Nozzle

Part

Table

FIGURE 2.17 Composite fiber coextrusion.
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This explains the use of automated machines for cutting and draping prepreg layers, with the fol-
lowing characteristics:

* A programmable trajectory of ply layer following several axis of movement

* A rapid cutting tool, such as an orientable vibrating cutting knife or a laser beam with the
diameter of about 0.2 mm and a cutting speed varying from 15 to 40 m/min, depending on
the power of the laser and the thickness of the part

* A productivity increased by a factor of 10 (carbon/epoxy laminates).

2.3.2  Types oF MACHINES

2.3.2.1 Fiber Placement Processes

There are two categories of fiber placement process depending on the characteristics of the lami-
nates and the surfaces of the parts considered:

* Automated Tape Laying (ATL)
e Automated Fiber Placement (AFP)

In both cases of ATL and AFP, the fibers are placed using an elastomer compaction roller. They are
successively put under controlled tension, cut, heated, compacted (see Figures 2.18-2.20).

For prepreg carbon fibers, Table 2.1 shows the performance ranges available from manufacturers
of laying machines>.

With ATL process, it is also possible to lay up fabrics and Non-crimp fabrics. For glass/resin, the
tape widths can be much larger.

2.3.2.2 Automated Tape Laying (ATL)

Examples:
* MAD Forest-Liné (FR), the draping is done in two steps by means of two distinct
installations:
e A cutting machine that produces a roller to which the cut pieces are attached (cassettes)
e A depositing machine that uses the cassette of cut pieces to perform the draping

These two operations are shown schematically in Figure 2.18.
* Machines operating according to the principle illustrated in Figure 2.19.

TABLE 2.1
Performance Ranges of ATL and AFP Processes
Steering Laying Weight
Tape Width Slit-Tape Number of  (Laying Radius) Speed per Hour

Carbon Fibers mm (Tow) mm Tapes m m/min kg/h
Automated Tape 60-75-150- 1-2-4 60-150 10-20

Laying (ATL) 300406

150 150

Automated Fiber 2.5-3.2-6.35— 6-16-32 6-30-60 2-6

Placement (AFP) 12.7

6.35 L5
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Removal of waste  New backing paper

Cassette of cutouts

Recovery of
backing paper

Recovery of

backing paper Lay-up machine

Speed: 15-30 m/mn g=

FIGURE 2.18 Two steps draping.

Prepreg tape with
controlled tension

Cutter
Compaction Backing paper
roller
Controlled Heat

(laser heater)

FIGURE 2.19 Automated Tape Placement head.

For example, the 11-axis high-speed ATL machine with ultrasonic cutters MTORRESLAYUP®
M.Torres (ES):

» Layer feed rate 15 to more than 60 m/min
e Tape width 75 mm up to 600 mm in multitape configuration
* Draping of large parts with low curvatures

2.3.2.3 Automated Fiber Placement (AFP)

The tape of carbon fibers is replaced by tows obtained from bundles of pre-impregnated carbon
fibers. Each tow is driven and cut independently. The independent control of the tows allows steered
lay-up to be made on non-developable surfaces with different paths lengths for each tape (see
Figure 2.20). A hybrid process is obtained between draping and filament winding: the possibilities
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Prepreg fibre tows

(controlled tension) Independant cutters

Controlled heat

Segmented compaction roller

FIGURE 2.20 Automated Fiber Placement (AFP).

are thus extended to the production of laminated preforms with complex geometries: double curva-

tures, locally reinforced zones.

* Remarks:
e Quality of the laying
The quality of the path of the cut tows (start and end positions) depends on the lay-

ing speed. Productivity is reduced by at least half compared to that of the ATL process.

e Characteristics of AFP
The overlap of two ribbons is to be avoided. One admits a weak clearance (see

Figure 2.21). It should be noted that the clearance between the tows increases when the

laying radius decreases.

The tows can twist, come off, and get out of alignment.
If the laying radius is too small, one can observe the tow’s wrinkling. In practice and to avoid this

phenomenon, one should respect a minimum ratio as shown in Figure 2.226.

Tow gap with resin

el — O
[0-2,5mm]

FIGURE 2.21 AFP: Junction between two layers.

Tow buckling Tow pull up
R (Laying radius) R (Laying radius)
= > 240

FIGURE 2.22 AFP: Influence of laying radius on steered tows.
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2.3.2.4 Example: Robots and Software for AFP — Automatic
Fiber Placement Coriolis Composites (FR)

The fiber placement process is implemented on standard polyarticulated robots commonly used
in the automotive industry, combined with innovative fiber placement systems. The choice of
robots rather than fixed machines allows benefiting of proven technology, readily available and
relatively cheap.

The supply and fiber placement is obtained by means of a placement head of less than 50kg asso-
ciated with a simple and effective guidance solution for the fibers on nearly 3m in length from the
creel, which is located at the foot of the robot up to the head. The head that places fibers is compact
and lightweight and can operate with all types of molds with complex geometries (male, female of
concavity up to 1 mradius, etc.). The programming of the eight-axis robot and of the actuators of the
head is optimized in order to obtain response time and accuracy of placement suitable for produc-
tion rates of aircraft.

2.4 PRACTICAL CONSIDERATIONS ON MANUFACTURING
PROCESSES; ACRONYMS

Professionals use many abbreviations to describe the fabrication processes of composite products.
They are detailed here with the reference to the paragraph to which the corresponding processes refers:

e Bladder molding: Section 2.1.2.2.

* BMC: Bulk molding compound. Prepreg with thermoset resin, short fibers (6—12mm
and 10%-30% per volume), mineral fillers. Implementation process: pressure: 5—10 MPa.
Temperature: 120°C—150°C. See Sections 2.1.2.1 and 2.1.4.3.

e Centrifugation: Matrix: resins. Reinforcement: cut fibers, mat, fabrics; see Section 2.1.5.

e Compression molding: Matrix: resins. Reinforcement: fabrics or unidirectional layers;
see Section 2.1.2.1.

¢ Contact molding: Matrix: resins. Reinforcement: mat, fabrics; see Section 2.1.1.

e Continuous fabrication processes: See Sections 2.1.5, 2.2.1, and 2.2.2.

¢ Filament winding: Matrix: resins. Reinforcement: continuous fibers. See Section 2.1.5.

e Pultrusion: Matrix: resins. Reinforcement: mat, fabrics, continuous fibers. See
Section 2.2.2.

e R-RIM: Reinforced-reaction injection molding (there is expansion in the mold). Pressure:
0.5 MPa. Temperature: 50°C-60°C. See Section 2.1.4.4.

e RTM: Resin transfer molding. The resin is injected in a closed mold. Matrix: thermoset-
ting resins. Reinforcements: dry preforms with cut fibers or fabrics. Pressure: in vacuum or
with low pressure 0.1-0.3 MPa. See Section 2.1.4.1.

* RST: Reinforced stamped thermoplastics. Reinforcement content about 30% per volume.
Pressure: 15-20 MPa. Initial temperature = 200°C. See Section 2.1.2.3.

* RTP: Reinforced thermoplastics. Matrices: thermoplastic resins. Reinforcements: cut fibers
(content about 30% per volume). Pressure: 50—150 MPa. Temperature: 120°C—150°C. See
Section 2.1.2.3.

* SMC: Sheet molding compound. Prepreg made of fiberglass with resin and mineral filler.
Matrix: polyester resin. Reinforcement: mat (25-50 mm fiber length), unidirectional glass,
with content about 30% per volume. Pressure: 5—10 MPa. Temperature: 120°C—150°C. See
Section 2.1.2.1.

* Spray-up: Matrix: resins. Reinforcement: short fibers. See Section 2.1.1.

* S-RIM: Structural reaction injection molding (structural parts, particularly for automo-
biles). Liquid thermoset resins with two components of very high reactivity are injected, as
in the R-RIM process. See Section 2.1.4.4.
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 TMC: Similar to SMC but with higher amount of glass fibers (a few millimeters in
thickness).

* Vacuum molding, Autoclave molding: Matrix: resins. Reinforcement: fabrics or unidi-
rectional layers; additional pressure if using autoclave. See Section 2.1.3.

* VARTM: Vacuum-assisted RTM. Vacuum infusion of dry preforms that are compressed
by atmospheric pressure, with thermosetting resins. See Section 2.1.4.2.

e ZMC: Matrices: resins. Reinforcement: staple fibers longer than in the BMC process.
Pressure: 30-50 MPa. Temperature: 120°C-150°C.

* XMC: Similar to SMC but with specific orientation of the fibers.

The diagram in Figure 2.23 summarizes these different processes

2.5 RECYCLING OF COMPOSITES

2.5.1 RecycLNG Issues

2.5.1.1 The Problem of Waste

Industrial composites activity regularly shows significant growth, with an estimated market value’
shown in Figure 2.24. Increasing in proportion is the total tonnage, about 18 x 10° t in 2017 (see
Section 8.1.1).

Considering the importance of this tonnage today, composites industry is faced with environ-
mental aspect and with the problem of waste. Regulations for the fate of waste are becoming more
and more restrictive, with the risk of impacting the growth rate of composites, which, in some cases,
can be abandoned in favor of materials more easily recyclable.

The volume of waste thus comprises two parts that are growing rapidly each year:

e Production waste
e End-of-life products

Manufacturing Processes

Thermoset Resins Thermoplastic Resins
Continuous Fibers Short Fibers Continuous Fibers Short Fibers
Contact Mold?ng Spray-up Stamping Stamping
Bladder Molding BMC R .
Compression Molding SMC Autoclave Injection Molding
Vacuum Molding =00 .
: Injection Molding Additive Additive
RTM RIM Manufacturing Manufacturing
VARTM
Injection molding SRIM
Filament winding Centrifugal Molding
Sheet Forming Sheet Forming
Pultrusion Additive Manufacturing
Additive Manufacturing

FIGURE 2.23 Classification of manufacturing processes.
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Asia North
Pacific ope America

South
America

FIGURE 2.24 Global market estimated in 2024: $120 x 10°.

Example:
Europe in 2015: Production waste: 50,000 tonnes
End-of-life products: 250,000 tonnes
Production waste is easier to treat because it is better identified and generally not associated with
other materials.
For most of them, end-of-life products are difficult to identify and often associated with other
materials including metals.

2.5.1.2 Examples

* Aircrafts: A total of 80%—85% of the constituent elements are potentially recoverable
(aluminum alloys, titanium, steel, composite materials). The recent aircrafts contain a lot
of composites and the quantity of planes to be processed is increasing rapidly (12,000 civil
transport aircrafts in the next 20 years). In fact, the current life span of a commercial air-
craft is of the order of 26 years versus 31 years previously. This is because of the consump-
tion gains of new aircraft generations.

*  Wind turbines: Wind farms have an estimated lifespan of 20 years.

* Pleasure boats and yachts: The legislation is not precise for end-of-life boats.

* For sport and leisure equipment, wrecks are abandoned or placed in landfill.

The aim today is to place composites in a renewable economy, as part of the energy transition.

Currently, 20% of plastic and composite waste is still placed in landfills. However, since 2002,
the traditional method of burying in “technical landfill centers” is only considered as a solution for
so-called “ultimate” waste, i.e., that cannot be treated otherwise by technical way.

Ideally, composite recycling should be considered when designing products and subsequently
when it comes to production. Progress is real and visible: in 2016, recycling exceeded landfill.

We recall the main types of products mentioned in this book:

* Polymer matrix composites
* Metal matrix composites
e Ceramic matrix composites

Composites with polymer matrices are in the majority with nearly 70% of the total tonnage.
And they also correspond to the oldest products. In what follows, we will focus on the latter
category.

Note: In polymer matrix composites, the share of high-performance composites is largely in the
minority. To fix ideas, the tonnage of carbon fiber composites in 2016 was estimated at 100,000t.
On the other hand, the corresponding waste is of great value.
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2.5.1.3 Specific Problems to Composites

As can be seen in this book, composite materials involve complex and diverse products and treat-
ments, for example:

* Nature of the polymer matrix: Thermosetting or thermoplastic with a variety of products
(see Table 1.4), addition or not of fillers

* Nature of fibers: Short, long, of diverse materials (see Table 1.3), with various preforms,
surface treated (sizing) to create a fiber-matrix bond that recycling aims to break

* Incorporation into used and end-of-life products of other materials: Core materials
(see Table 1.5), metals, and inserts (see Section 4.4.3)

Notes: There is the problem of collecting used composite materials:

*  We know how to collect production waste. On the other hand, it is difficult to recover obso-
lete material. Unless we put in place incentive measures yet to be defined.
* Recycled composites with glass and carbon fibers (thermoplastic and thermosetting com-
pounds) can be found in the following industries:
Automobile
Civil engineering
Home furnishings and design
Aeronautics
Sports and leisures

2.5.2 REecYCLING OF PoLYMER MATRIX COMPOSITES

2.5.2.1 Main Processes
To recover composite waste, several methods are used:

* The thermal process:
e Incineration: Average calorific value of a thermosetting resin: 30,000 kJ/kg. Recovery
of energy, clinker (in principle usable for road construction).
e Pyrolysis: Allows fiber recovery.
* The mechanical way:
* Conventional grinding to obtain a powder used as future reinforcement: damage to the
fibers.
e Impact crushing to recover fairly long fibers after sieving.
* The chemical route: Recovering reinforcements, fillers, possibly elements of the matrix:
these are complex and expensive processes.
* The biological method: For certain biodegradable composites (see Section 3.8).

These main processes are illustrated in Figure 2.25.

2.5.2.2 Case of Carbon/Resin Composites

Carbon fibers are expensive. From a recycling point of view, they are therefore economically attrac-
tive. This is where the most significant R&D investments are found. In order to recover the fibers,
the following routes are explored and illustrated in Figure 2.26:

* Pyrolysis of the part (400°C-750°C): The fibers are recovered, and the polymer matrix is
recovered in the form of pyrolysis “coke”
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Waste Polymer Matrix Composites

Processing
Shredding and milling Solvolysis Pyrolysis Incineration
Powder Chemical Residue, Residue,
fillers compounds. clinker clinker
Fibers Fibers Fibers Heat
energy
FIGURE 2.25 Main processing methods for polymer matrix composites waste.
Waste Carbon/resin (CFRP)
Processing
Thermoplastic matrix Thermosetting matrix
T : Resin ; :
Shredding New resin L Solvolysis Pyrolysis
depolymerisation
n Initial Chemical Residue,
Thermoforming :
monomer compounds. clinker
Monomer Fibers Fibers Fibers Fibers

FIGURE 2.26 Recycling of carbon/resin composites (CFRP).

* Solvolysis (under temperature and pressure conditions) or acid catalysts to dilute a thermo-
setting matrix and recover fibers retaining their qualities

* Depolymerization of the resin to recover the initial resin monomer (under R&D)

* Vapothermolysis: Hot treatment with steam to recover almost intact carbon fibers (Alpha
Recyclage Composites (FR))

* Thermoforming of plates with thermoplastic resins after preliminary grinding

* Development of thermoplastic resins from which the monomer can be recovered

NOTES

1 On Figure 2.2, gel coat means a colored polyester resin to get a smooth surface of the required color.

2 This acronym stands for “Seemann Composites Resin Infusion Molding Process”, Seemann Composites
(US).

For example, carbon/epoxy pultruded profiles, Epsilon Composites (FR).

Code ISO 3166-1/alpha-2 for the representation of names of countries.

5 Including the following manufacturers: Automated Dynamics (US), Cincinnati (US), Ingersol (US),
M.Torres (ES), Forest-Liné (FR), and Coriolis (FR).

According to Coriolis (FR).

7 Pandemic not taken into consideration.
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3 Mechanical Properties
of Reinforcement-
Matrix Associations

It is essential for the designer to know precisely and understand the geometric and mechanical
characteristics of a mixture of reinforcement and matrix after curing, which is the basic structure of
composite parts. The description of these features is the focus of this chapter.

3.1 ISOTROPY AND ANISOTROPY

When studying the behavior of elastic bodies under mechanical loading (theory of elasticity), the
following basic properties are highlighted, by means of considerations and tools that are not neces-
sarily complicated:

* An elastic body subject to stress deforms in a reversible manner

* Ateach point within the body, the principal planes are the planes onto which only normal
stress acts

* The normal directions to these planes are called the principal stress directions

* Inside of the body, a small sphere of material surrounding a point becomes a small ellip-
soid after loading

The spatial position of the ellipsoid relative to the directions of principal stress enables to determine
whether the material under study is isotropic or anisotropic. Figure 3.1 illustrates this phenomenon.

Before stress application

O,
z

‘f Application of stress A

'y Y
Isotropic Ir‘lateri.al: axes F’f Anisotropic material: axes
the ellipsoid coincide with of the ellipsoid are different from
the principal directions the principal directions

of the stress state of the stress state

FIGURE 3.1 Schematic of deformation.
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FIGURE 3.2 Isotropic and anisotropic plate: comparison of deformation.

An easy way to see the effects of anisotropy on the deformation of a sample consists in load-
ing a plate-sample of anisotropic material in its own plane. Figure 3.2 illustrates the deformations
under load, respectively, of an isotropic and anisotropic plate. In the latter case, the oblique lines
on Figure 3.2 represent the reinforcement fibers. It should be recalled that a longitudinal loading
applied to the isotropic plate creates an extension in the longitudinal direction and a contraction
in the transverse direction. As seen in Figure 3.2, the same loading applied to an anisotropic plate
creates an angular distortion in addition to the classical longitudinal extension and transversal
contraction.

In the simple case of plane stress, as on the previous example, some elastic coefficients allow to
link the stress components to the deformations that they induce. The corresponding relations are the
so-called behavior relations, as written hereafter.

3.1.1 IsoTroPIC MATERIALS

The following relations are valid for a material that is elastic and isotropic.
The stress—strain relation can be written (see Figure 3.3) in matrix form as'

v

€, £ ]E G,
Y

€, = —— — 0 G,
y E E y
ny 1 ’ny

0 0 —

- G d

‘We can note three elastic constants: E, v, G. There is a relation between them as

_E
2(1+v)
The earlier relation shows that a material isotropic and elastic can be characterized by only two

independent elastic constants: E and v.

3.1.2 ANISOTROPIC MATERIAL

The matrix equation for the anisotropic material in Figure 3.4 is
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FIGURE 3.4 Stress—strain behavior of anisotropic material.
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We can note an apparent asymmetry of the matrix of elastic coefficients earlier and five elastic
constants:

* Two moduli of elasticity: E, and E,
* Two Poisson coefficients: v,, and v,,
* One shear modulus: G,,

In fact this matrix is symmetric?, and there are only four independent elastic constants’: E,, E,,
G,,, and v, (or v,,). The fifth elastic constant can be obtained from the others using the symmetry
relation.

3.2 CHARACTERISTICS OF THE REINFORCEMENT-MATRIX MIXTURE

The term ply is commonly used to describe the semi-finished product reinforcement + resin,
which presents as a quasi-2D thin layer*. This can be

* A layer of unidirectional fibers in a matrix
* A layer of woven fabric in a matrix
* A layer of mat in a matrix

These are examined in more detail in Sections 3.3-3.5.

3.2.1 FiBER MAss FRACTION

Fiber mass fraction is defined as

_ Mass of fibers
4 Total mass

And the matrix mass fraction is such as

_ Mass of matrix
Total mass

From which

M, =1-M,
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3.2.2 FiBER VOLUME FRACTION

Fiber volume fraction is defined as

_ Volume of fiber

e Total volume

As a result, the volume fraction of matrix is given as

_ Volume of matrix

m

Total volume

From which’
‘/m =1- Vf

Note that mass fraction can be obtained from volume fraction and vice versa. If p; and p,, are the
specific mass of the fiber and matrix, respectively, we have

M,
Pr Vipr
Vi M=
Pr P

Depending on the method of fabrication, the common fiber volume fractions are as shown in
Table 3.1.

3.2.3 Mass DensiTy oF A Py

The mass density of a ply can be calculated as

_ Total mass
Total volume

which can also be expanded as

_ Mass of fiber = Mass of matrix

= +
Total volume  Total volume

_ Volume of fiber Volume of matrix

Total volume Total volume

TABLE 3.1

Common Fiber Volume Fractions in Different Processes
Molding Process Fiber Volume Fraction (%)
Contact molding 30
Compression molding 40

Filament winding 60-85

Vacuum molding 50-80
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TABLE 3.2
Ply Thicknesses of Some Common Composites

M ; (%) h (mm)
E glass 34 0.125
R glass 68 0.175
Kevlar® 65 0.13
HR carbon 68 0.13

or
P=pVs 4PV

3.2.4 Py THICKNESS

The ply thickness is defined starting from the weight per unit area of fiber or grammage written as
my . The ply thickness, denoted as A, is then such that

mof

hx l(mz) = Total volume = Total volume X —
Fiber volume X p,

or

_ oy
Vi Xpy

One can also express the thickness in terms of mass fraction of fibers rather than in terms of volume

fraction:
1-M
b=, 1+1[f]
Pr P M f

Table 3.2 shows a few examples of ply thicknesses.

3.3 UNIDIRECTIONAL PLY

3.3.1 Erastic MobuLus

The mechanical characteristics of the fiber/matrix mixture can be estimated from the character-
istics of each of the constituents. The literature provides a number of theoretical or semiempirical
relations, the results of which do not always agree with the values derived from tests. One of the
reasons is that the fibers themselves show a more or less pronounced anisotropy. Thus, for example,
low values of the longitudinal modulus of elasticity in the transverse direction of both Kevlar and
carbon fibers® can be seen in Table 3.3. The glass fiber appears isotropic.

With definitions and writing conventions in the previous paragraph, we can retain the following
expressions to characterize the unidirectional ply (reinforcement+matrix):

e Elastic modulus along the fiber direction, E,
A fairly accurate value is given by’
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TABLE 3.3
Fiber Elastic Modulus
¢ Glass E Kevlar Carbon HR Carbon HM
Fiber longitudinal modulus in ¢ direction, E, (MPa) 74,000 130,000 230,000 390,000
Fiber transverse modulus in 7 direction, E, (MPa) 74,000 5,400 15,000 6,000
Fiber shear modulus, G, (MPa) 30,000 12,000 50,000 20,000
Fiber Poisson ratio, v, 0.25 0.4 0.3 0.35
Isotropic fiber Anisotropic fiber

Eg = Efo + Eme
or
E =E/V; +E,(1-V)

In practice, this modulus depends essentially on the longitudinal modulus of the fiber E/
because E,, < E; (for example, (Emm,in JE fss ) = 6%).

¢ Elastic modulus in the transverse direction to the fiber axis, E,
In the following equation, E; represents the elastic modulus of the fiber in the direction
that is perpendicular to the fiber as indicated in Table 3.3:

1

E
1-V, )+ =2V,
(-7 g,

* Shear modulus, G,: An order of magnitude of this modulus (difficult to estimate by cal-
culation) is given by the following expression in which G, represents the shear modulus of
the fiber as shown in Table 3.3:

1

(1 —Vf)+ﬁvf
S

Gk‘t = Gm

* Poisson coefficient, v,: The Poisson coefficient represents the contraction in the trans-
verse direction ¢ when a ply is subjected to tensile loading in the longitudinal direction ¢
(see Figure 3.5):

Vy = Vfo + Vme
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FIGURE 3.5 Orientations in composite layers: (a) unidirectional ply and (b) unidirectional fabric.

* Modulus along any direction: It is possible to evaluate elastic and shear modulus along
any direction within the plane (£, )®. The longitudinal modulus along direction x, called
E., is presented in the following equation where c=cos 0 and s=sin 0 (see Figure 3.6). It
should be noted that this module decreases rapidly when x departs from the fiber direction

(i.e. as O increases): E, = —; " ! 1
R ol L2
E[ Et 2Gét Eﬂ
X
0
4
Ey
L,
- F ¢
0 90° >

FIGURE 3.6 Off-axis modulus.
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3.3.2 ULTIMATE STRENGTH OF A Py

The curves in Figure 3.7 show the significant difference in failure behavior between classical metal-
lic material and the unidirectional plies. Such difference can be summarized in the few points listed
here:

* A lack of plastic deformation in the unidirectional ply: this is a disadvantage

* A high ultimate tensile stress for the unidirectional: this is an advantage

* An important elastic deformation of the unidirectional, which can constitute an advantage
or a disadvantage depending on the applications: for example, this is an advantage for
springs, bows, or poles

When the fibers break before the matrix during loading along the fiber direction, we obtain the fol-
lowing for the composite:

E,
Otap. = O fupe. |:Vf +(1- Vf)E_}
f
Or approximately,
Crup = O XV

The ultimate strength along any direction® is given by the following relation where (see Figure 3.8)

Gy, 18 the fracture strength in the direction of the fibers
G, 18 the fracture strength transverse to the direction of the fibers
Tiiy, 18 the shear strength in the plane (¢, 7) of the ply

1

Xrupt. = 4 4
c s 1 1 5 2
: Tt T s
G/«mpt. Gtmp&. ﬂchmpl. G/«mpl,

With (see Figure 3.8) c=cos 6, s=sin 6.

o

Rupture

Rupture

Metal Unidirectional

Elongation Elongation

—
a) b)

FIGURE 3.7 Loading curves of (a) metal and (b) unidirectional composite.
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FIGURE 3.8 Off-axis rupture strength.

3.3.3 ExAMmPpLES

Table 3.4 gives the properties of the fiber/epoxy unidirectional ply at 60% fiber volume fraction!©.

The compression strength along the fiber direction is smaller than the tensile strength along the
same direction due to the microbuckling phenomenon of the fibers in the matrix (see Section 14.1.4
and Figure 14.6).

3.4 WOVEN PLY

3.4.1 Forms oF WoVEN FaBrics

The woven fabrics are formed by fibers arranged along two mutually perpendicular directions: one
is called the warp direction (the length direction of the roll of woven fabric) and the other is called
the weft direction. The fibers are woven together, which means that the weft yarns pass over and
under certain warp yarns, following a predetermined pattern. The way in which the warp yarns and
the weft yarns cross each other defines the type of weave of the fabric. The weaves in Figure 3.9 are
in ascending order for their ability to drape complex surfaces (see Figures 3.10 and 14.3), for their
strength, for their rigidity, and for their cost.

Figure 3.9a shows a plain weave fabric where each weft yarn passes alternatively over and
under the successive warp yarns. Figure 3.9b shows a twill weave fabric. Here, a weft yarn floats
over a warp yarn (1) and under the two that follow (2, 3); in the next pass, the shuttle of the loom
passes under warp yarns 1 and 2 and over the third one. Referring to Figure 3.9b, we see how the
shuttle shifts during subsequent passages. A twill or diagonal effect is then formed on the fabric
face. This is the simplest twill that can be made, so-called 3-harness twill. Figure 3.9c shows a
satin weave fabric: each weft yarn floats over four warp yarns before going under the fifth one. For
this reason, it is called a 5-harness satin.
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TABLE 3.4
Properties of Fiber/Epoxy Unidirectional Plies
At
¢

Vf =06 e

Glass Kevlar Carbon
Specific mass, p (kg/m?) 2,080 1,350 1,530
Longitudinal tensile strength 6., (MPa) 1,250 1,410 1,270
Longitudinal compressive strength, 65 (MPa) 600 280 1,130
Transverse tensile strength, o; (MPa) 35 28 42
Transverse compressive strength, Gyonrr (MPa) 141 141 141
In-plane shear strength, t,,,,. (MPa) 63 45 63
Interlaminar shear strength, 1.,,,,. (MPa) = 1..,,. (MPa) 80 60 90
Longitudinal elastic modulus, E,(MPa) 45,000 85,000 134,000
Transverse elastic modulus, E, (MPa) 12,000 5,600 7,000
Shear modulus, G, (MPa) 4,500 2,100 4,200
Poisson ratio, v, 0.3 0.34 0.25
Longitudinal coefficient of thermal expansion at 20°C, o, (°C" ) 0.4-0.7x107 —0.4x107 —0.12x107
Transverse coefficient of thermal expansion at 20°C, o, ("C’1 ) 1.6-2.0x107 5.8x107 3.4x107

Warp

FIGURE 3.9 Forms of woven fabrics: (a) plain weave, (b) twill weave, and (c) satin weave.

For approximate values of the fabric elastic properties (about 15%), one can consider them to
consist of two unidirectional plies crossing at 90° angle. The following notations can be used:

* e is the total layer thickness
* n,is the number of warp yarns per meter
* n,is the number of weft yarns per meter

n
k=—"
(m +ny)
* V,is the volume fraction of fibers
We can deduce the thickness of the equivalent
unidirectional plies (see Figure 3.11) as
Cuar = € X M —kx

(m +ny)
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FIGURE 3.10 Ability of a fabric ply to drape complex surfaces.

==

Z 3 J;
===
3

Warp

FIGURE 3.11 Notations for a fabric layer.

ny _

(m +m2) (I-k)yxe

Cyeft = € X

3.4.2 Eirastic MobuLus ofF Fasric LAYER

In order to obtain estimated values, the two layers of reinforcement can be taken into account either
separately or together.

* Separately: The fabric layer is replaced by two unidirectional plies crossed at 90°, with
the following thicknesses:

ewap =k Xe; ey =(1—k)xe

The average fiber volume fraction V; being known, then the mechanical properties
E,, E., G, and v, of these plies can be determined (see Section 3.3.1).
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* Together: The fabric layer is replaced by a single anisotropic ply with thickness e.
x-direction being the warp direction and y the weft direction (see Figure 3.9), we have then
approximately!!

E.=kxE +(1-k)XE,
E,=(1-k)XE, +kxE,
ny:Ggr

Vi

E,
k+(Q-k)—
( ( )Et)
Notes

» The stiffness obtained with a woven fabric is less than what would be observed by super-
imposing two cross plies of unidirectionals. This is due to the curvature of the fibers dur-
ing the weaving operation (see Figure 3.12). This curvature makes the woven fabric more
deformable than the two cross plies when subject to the same loading. (There exist fabrics
that are of high modulus where the unidirectional layers are not connected with each
other by weaving. Stitched fine threads of glass or polymer hold the unidirectional plies
together.)

* The fabric ply shows an upper tensile strength and a lower compressive strength, as com-
pared with the corresponding strengths obtained when superposing two cross plies'?.

Vy =

3.4.3 ExampLes oF BALANCED FaBric/Epoxy

The fabric is said to be balanced when there are as many warp as weft yarns, made in the same
material. Therefore, the warp and weft directions play equivalent roles with regard to thermome-
chanical characteristics. The corresponding plies are described in Table 3.5 with an epoxy resin
matrix.

Woven reinforcement
- V.\/z/ﬁ B

Matrix Warp Weft

a=——_n

Crossed unidirectional reinforcement

FIGURE 3.12  Cross section of a layer with fibers crossed at 90°.
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TABLE 3.5
Properties of Balanced Fabric/Epoxy Composites

“E” Glass Kevlar Carbon
Fiber volume fraction, V; (%) 50 50 45
Specific mass, p(kg/m3) 1,900 1,330 1,450
Tensile strength along x or y: 650 = o™ (MPa) 400 500 420
Compressive strength along x or y: o =g (MPa) 390 170 360
In-plane shear strength, t,,,,.,.. (MPa) 150 55
Elastic modulus, E, = E,(MPa) 20,000 22,000 54,000
Shear modulus, G, (MPa) 2,850 4,000
Poisson coefficient, v,, 0.13 0.045
Coefficient of thermal expansion, o, = o, (°C") —0.2x107 0.05x107
Elongation at break, A(%) 2.1 1.0

3.5 MATS AND REINFORCED MATRICES
3.5.1 Mars

Mats are made of cut fibers (fiber lengths between 5 and 10cm) or of continuous fibers making a
bidimensional layer. Mats are isotropic within their plane (x, y). They can therefore be characterized
by two elastic constants only, as specified in Section 3.1.

If E, and E, are the elastic moduli (longitudinal and transverse directions, respectively) of the
unidirectional ply, which would have the same volume fraction V, of reinforcement as that of the
mat ply, we have then

3 5 Ena
Emat = §E/ + 7Et; Gmat :

o mat oy =03
8 2(14+ Vinat ) '

For example, mats with cut fibers made of glass/epoxy have the following characteristics:

Fiber volume fraction, V; (%) 28
Specific mass, p(kg/m3) 1,800
Elastic modulus, E(MPa) 14,000
Tensile fracture strength, Giﬁl",ﬂ}fe (MPa) 140
Heat capacity, ¢ (J/g °C) 115
Coefficient of thermal conductivity, X(W/ m °C) 0.25

Linear coefficient of thermal expansion, o ("C'l ) 2.2x107
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3.5.2 ExampLE: A SUMMARY OF GLASS/EPOXY LAYERS

Figures 3.13 and 3.14 summarize the main features of the different types of plies (unidirectional,
fabric, mat) when the fiber volume fraction V; varies.

3.5.3  MICROSPHERICAL FILLERS

Microspherical fillers are reinforcements associated with polymer matrices (see Figure 3.15).
These fillers are made of solid or hollow microballs of glass, carbon, or polystyrene with diameters
between 10 and 150 pm.

 The filler volume fraction V; can reach up to 50%.
 The filler properties are such that E; > E,,.

K = Em 143 l—Vm Vf
3(1-2v,) 1+v, J(1-V)

The composite (matrix +filler) is isotropic, with the elastic constants E, G, and v given by the fol-
lowing relations:

9KG E, 15(1-v, )\ Vs 1(3K-2G
E= ; G= 1+— ;o V= —
3K+G 2(1+va)|  2\4-5v, )(1-V) 2\ 3K+G

Defining

70,000

E, («R» glass roving)

60,000

50,000

Modulus of elasticity (MPa)

40,000

E, («E» glass roving)

30,000

E (balanced fabric)
20,000 |

L
‘\
10,000 g L

0 )

T T T T T T T T
0% 20%  30%  40%  50%  60%  70%  80%
Fiber volume fraction, Vf

FIGURE 3.13 Elastic modulus of glass/epoxy layers.



48 Composite Materials
— <>
[
& 2250
g O¢ rupture
L4 “« »”
< (glass roving “R”)
oh 2000
=]
(&)
=
)
1%}
o 1750
@
§
I
1500 -
O¢ rupture
(glass roving “E”)
1250 -
O¢ rupture
1000 9| (Unidirectional
fabric)
750
Grupture
500 (balanced fabric)
250 -
0'rupture
(mat)
0 T T T T T T T T ‘>
10% 20% 30% 40% 50% 60% 70%  80%

Fiber volume fraction, Vf

FIGURE 3.14 Tensile strength of glass/epoxy layers.
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FIGURE 3.15 Spherical fillers.



Mechanical Properties 49

FIGURE 3.16 Form of flakes.

3.5.4 OTHER CLASSICAL REINFORCEMENTS

One may also use reinforcements in the form of milled fibers, flakes (see Figure 3.16), or powders
made of any of the following materials:

e Glass

e Mica (L=100 um)
e Talc (L=10 um)

e Graphite

* Some metals

e Alumina

Example: The mica flakes when embedded in a resin with fiber reinforcement adopt a geometric-
layered configuration as shown in Figure 3.17. It can then be observed the following impacts:

 First, an increase in the value of the resin’s modulus as'?

£ Gm Vmica
e E mica Vm

E = l:l — Ln(1+u):| X EpicaVaica + EnmV,n Where u =
u

In this, the average properties of mica are
Emica = 170,000 MPa and puic, = 2,800 kg/m’

e Second, a delay in the microcracking of resin (see Figure 3.18). It is also noteworthy that
this remarkable property occurs when, in the absence of classical macroscopic reinforce-
ments, the dimensions of the previously mentioned fillers decrease. We then get what is
called nanocomposites. Their case will be examined in more detail in Section 3.9.

S =—g'

I —

‘ O

ATA
=

—
_—
—_——

Y 3
Mica flake — {\‘,l

\

Unidirectional -

FIGURE 3.17 Mica flake arrangement.
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Flake Resin Matrlx microcracks
a

FIGURE 3.18 Cross section (a) with and (b) without mica flakes.

3.6 METAL MATRIX COMPOSITES (MMC)

3.6.1 MATERIALS

The area of MMC generally concerns highly loaded parts involving high added value.
It includes, in development or in service, a number of products consisting of:

e For reinforcements: aramid, carbon, boron, and silicon carbide (SiC)
e For matrices: aluminum, magnesium, titanium, casting, copper alloys (see also Chapter 7)

Depending on the application, the reinforcements take the forms shown in Figure 3.19.

3.6.2 SoME EXAMPLES

3.6.2.1 Aluminum-Reinforced Aramid (ARALL®) and

Aluminum-Reinforced Glass (GLARE®)'*
These composites consist of alternating layers of aluminum and glass/epoxy for GLARE (Glass
Laminate Aluminum-Reinforced Epoxy) or Kevlar/epoxy for ARALL (ARamid ALuminum
Laminate) (see Figure 3.20).

continuous fibers fiber / metal  short fibers (whiskers) particles

FIGURE 3.19 Reinforcement shapes

GLARE

1)

Fatigue Strength Damage Impact  Flame Weight
tolerance resistance resistance

FIGURE 3.20 Advantages of GLARE.
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e Aramid/epoxy (ARALL) —e= 0.2 mm
e Glass/epoxy (GLARE) —e=nx0.125mm (n<4)

Unidirectionals:

FIGURE 3.21 Layers of ARALL and GLARE.

The key advantages are as in Figure 3.20, and particularly better impact damage tolerance
because of:

a. Better resistance to failure due to thin metallic layers
b. Better resistance against the crack propagation from one layer to the other

Example: Table 3.6 gives some mechanical properties for “GLARE3-4/3-0.4”, i.e., with four
aluminum layers (each 0.4 mm thick) and three glass/epoxy layers (each 0°x 0.125 mm + 90°
X 0.125 mm = 0.25 mm thick).

TABLE 3.6
Mechanical Properties of GLARE3-4/3-0.4
\ Z
0°=X
=Y
Y90
Specific mass, p kg/m3 2,480
Longitudinal tensile strength, G, = Gy MPa 690 (yielding 365)
Longitudinal compressive strength, 6% " = 6y MPa 270
Longitudinal elastic modulus, E, = E, MPa 58,000
Transverse elastic modulus, E, MPa 13,000
Shear modulus, G,, MPa 12,200

Poisson ratio v,, = v,, 0,22
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FIGURE 3.22 SiC whisker.

3.6.2.2 Short Silicon Carbide Fibers (Whiskers)/Aluminum

This is called an incompatible composite because of the large differences between the thermome-
chanical properties of the constituents. This leads to high stress concentrations as well as debonding
between the fibers and the matrix. These types of composites are interesting for high-temperature
applications. In Figure 3.22, the diameter of the whisker is about 20 pm and the slenderness ratio
(L/p) = 5. The fiber volume fraction is about V; = 30%.

3.6.2.3 Boron/Aluminum

Unidirectionals in Table 3.7 have V; = 50% boron fibers. These types of composites are used in
aerospace applications (see Chapter 7). The manufacturing technology to obtain these materials

TABLE 3.7
Properties of Unidirectional Plies Made of Boron Fibers

_ A
Vi=05

Boron/Epoxy Boron/Aluminum

Specific mass, p (kg/m3) 1,950 2,650
Longitudinal tensile strength, 6§, (MPa) 1,400 1,400
Longitudinal compressive strength, 67 (MPa) 2,600 3,000
Transverse tensile strength, Gy (MPa) 80 120
Longitudinal elastic modulus, E,(MPa) 210,000 220,000
Transverse elastic modulus, E, (MPa) 12,000 140,000
Shear modulus, G, (MPa) 7,500

Longitudinal coefficient of thermal expansion at 20°C, o., (°C_l ) 0.5x107 0.65x107




Mechanical Properties 53

Boron fibers Aluminum powder . .
Boron/aluminum laminate

T=600°C, p =300 bar §

Recure by diffusion
under pressure

Aluminum sheets

FIGURE 3.23 Boron/aluminum composite.

TABLE 3.8
Properties of Unidirectional Plies with Aluminum Matrix
HR Carbon Alumina Silicon Carbide

Fiber volume fraction, V(%) 50 50 50
Specific mass, p (kg/m?) 2,300 3,100 2,700
Longitudinal tensile strength, 6% . (MPa) 800 550 1,400
Longitudinal compressive strength, G5orer (MPa) 600 3,100 3,000
Longitudinal elastic modulus, E,(MPa) 200,000 190,000 140,000

is summarized in Figure 3.23. Such composites allow high operating temperatures, in the order of
300°C for service temperature, while preserving significant mechanical properties (see Table 1.3
for the properties of boron).

3.6.2.4 Unidirectional Fibers/Aluminum Matrix

Table 3.8 shows the characteristics of some unidirectional reinforcements associated with an alumi-
num matrix A96061 (6061).

3.7 CERAMIC MATRIX COMPOSITES (CMCs)
3.7.1 CMCs: AN ARea OoF GROWING INTEREST

3.71.1 Significant Industrial Importance

For these composite materials, the following diagram shows the areas of activity concerned as well
as their relative economic importance (total 2018: $ 8E9):

defense
aerospace
automotive energy .
il electricity
an
power others

electronics
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Ceramic Matrix Composites, or CMCs, are intended to be used at high temperature
(1,000°C-1,200°C; the research development is carried out in the 1,400°C). The reinforcement and
the matrix are ceramic type.

3.7.2  FIBERS

3.7.2.1 Materials

Developments of CMCs as well as the widening of the application area have been strongly favored
by the emerging of long fibers on the market.
This has made it possible to greatly improve:

» Toughness and breaking strength
* FElongation at break

* Geometric stability

* Thermal shock resistance

The following materials lead to ceramic fibers:

e (C): Carbon

e (SiC): Silicon carbide

* (Ox): Aluminum oxide or alumina (Al,O;); mixed crystals of alumina and silicon oxide or
silica (Si0,) called “mullite” (3A1,0;, 2Si0,)

3.7.2.2 Reinforcements
Ceramic fibers consist of 500 and up to 300,000 monofilaments.

Some can be weaved with standard textile machines to produce conventional reinforcements:
weaving in two or three dimensions or more (see Section 3.6.5.2), braiding, winding.

* Fibers that can be weaved include carbon fiber, silicon carbide (SiC), and polyborosila-
zane (SiBN;C), in rovings from 500 to 12,000 monofilaments of diameter 6 — 15 um. The
following table shows an example:

Elastic Longitudinal Tensile
Reinforcement Diameter Temperature Modulus E Strength G
¢ (um) °C MPa MPa
Polyborosilazane fiber (SiBN;C) 8-15 1,800 200,000 2,000

These fibers allow obtention of 2D layers, satin for example, or of 3D reinforcements,
but also of layers obtained by winding and then stacked to obtain unidirectional layers or
bidirectional, or even multidirectional.

* Fibers that cannot be weaved include alumina monocrystalline fiber and silicon carbide
fiber (SiC) deposited on a tungsten core, the diameter of which is greater than 100 pm.
These fibers are exclusively implemented by winding to get layers that are then stacked as
described earlier for weavable fibers.

3.7.3 MATRICES

3.7.3.1 Materials

Matrices include carbon (C), silicon carbide (SiC), silicon nitride, alumina, mullite (Ox), and glass-
ceramic. Thus, the classification of CMC:s is as follows:
C/C, C/SiC, SiC/SiC, Ox/Ox.
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One can see their fast industrial development on diagram below'.

others

SiC/SiC

C/SiC
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2018
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3.7.3.2 Fatigue Resistance

This association of two fragile materials leads paradoxically to a composite material having an
apparent ductility thanks to long fibers insertion, by a phenomenon similar to that described in
Section 5.4.5 (see Figure 5.30) where the disembedding of the fiber from the matrix prevents the
crack propagation. Simply substitute the resin with a fragile ceramic matrix. The fibers resist in a
cracked matrix. The disembedding is achieved here by the presence of a third component, or inter-
phase between fiber and matrix, that plays the role of mechanical fuse. It consists in fiber sizing or
in porosities at the interface.

As a result, there is thus a fatigue resistance as can be seen on the following example:

Elongation Number of Loading Cycles
SiC/SiC Anax X80% >8x10°

Note: When the cracks develop in the part, only the fibers resist. As a result, the stiffness of the
part decreases.

3.7.4 ProbucTION PROCESSES

The process to manufacture ceramic composite parts generally follows three stages:

a. Production of a preform: The fibers are processed on textile machines (see Section 3.6.2).
b. Infiltration of the future matrix:

e Polymer infiltration (Liquid Polymer Infiltration and Pyrolysis or LPIP): Five to eight
cycles of infiltration and pyrolysis are required to fill the porosities because the pyroly-
sis takes place with a decrease in the volume of the polymer. Example: C/SiC obtained
by infiltration of liquid polymer (LPI).

e Gas mixture for Chemical Vapor Deposition (CVD): Pore closure is more successful
than in the polymer infiltration case due to better gas circulation in the porous matrix.

e Chemical reaction between a matrix already in place (powder, liquid) and another
material (gas, liquid) ensuring a low final porosity. Example: SiC-silicon nitride.

e Moderate-temperature sintering (1,000°C-1,200°C): Liquid charged with oxide
ceramic powder impregnates the oxide fiber preform (CMC Ox/Ox). The heat welds
the grains together without damaging the fibers. Example: mullite.

¢ Electrophoresis: The preform constitutes an electrode in a liquid medium. The electrically
charged ceramic particles fill the voids in the preform: a process still in the R&D phase.

c. Finishing of the part.
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3.7.5 THERMOMECHANICAL PROPERTIES

3.7.5.1 Laminates

Table 3.9 gives some characteristics of composites developed with the previous reinforcements and
matrices. The fiber volume fraction is close to V,=40%, with a density of approximately 2,500 kg/m?>.
It should be pointed out that this density is 8,000kg/m? for superalloys.

3.7.5.2 Multidimensional Fabrics

When using CMCs in thermal environments with strong temperature gradients, one has to replace
conventional multilayer laminates within which the plies would separate, with n-dimensional rein-
forcements with n > 2: multilayer weaving, 4D weaving (see Figures 3.24 and 3.25), needling, and
braiding.

* Example: A Four-Dimensional Architecture of Carbon Reinforcement'

TABLE 3.9
CMC Laminates
Elastic Longitudinal Tensile Elongation
Laminate [(0°/90°),], Temperature Modulus E Strength o e at Break
°C MPa MPa A (%)
2D C/SiC 20 90,000 350 0.9
1,000 100,000 350 0.9
1,400 100,000 350
2D SiC/SiC 20 230,000 200 0.3
1,000 200,000 200 04
1,400 170,000 150 0.5
2D SiC/glass-ceramic 20 270
(lithium aluminosilicate) 600 270
800 270

FIGURE 3.24 Orthogonal 3D reinforcement for C/C.
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" Pultruded

‘_' carbon sticks;

\ 1-3 mm

Cube diameter
(carbon/epoxy; V= 60%)

FIGURE 3.25 Four-dimensional architecture.

The reinforcement is assembled according to preset directions in space as seen in
Figure 3.25. The fiber volume fraction is on the order of 30%. The matrix comes to fill
the voids between the fibers!”. The key advantages of these types of composites are as
follows:

e The additional connection (compared to bidimensional plies) increases the damage
tolerance versus impact (resistance to delamination)
* Mechanical resistance is maintained — and even improved — at high temperatures (up
to 3,000°C for carbon—carbon)
* The coefficient of thermal expansion remains low
* These types of composites are thermal shock resistant
e The thermal conductivity of carbon—carbon is high
e The density is low
* The radio electrical waves travel easily through the silica/silica composites
* Example: Three-Dimensional Carbon/Carbon Components
Table 3.10 gives the characteristics of two composites made of tridimensional carbon/car-
bon. The mechanical properties are the same following any direction denoted as £ on the
figure in Table 3.10. Therefore, the composite is referred as transversely isotropic!s.

3.7.5.3 Ranges for Mechanical Properties

In Table 3.11, the wide range of variation for characteristics is due to the variety of reinforcements,
their spatial arrangement, the matrix preparation, and the type of bonding between reinforcement
and matrix (see above).

3.7.6  AppLicaTioN DomaiNs oF CMCs

3.7.6.1 Recall
CMCs have many areas of application as shown in the diagram in Section 3.7.1.1.

Their growing importance and industrial development appear to be driven by the following ben-
efits compared to previously used materials:

* A reduction in mass due to the lightening of parts
* More structural efficiency
* Increased service life

The uses of CMCs are summarized below. Some, which are pointed out, are detailed in later
chapters.



58 Composite Materials

TABLE 3.10
Properties of 3D Carbon/Carbon

Aerolor® 412 Sepcarb® 4b
Specific mass, p kg/m3 1,700-2,000 1,500-2,000
Longitudinal tensile strength, ofn, . MPa 40-100 95 and increasing,

up to 2,000°C

Longitudinal compressive strength, Gy MPa 80-200 65
Tensile strength in the z direction, Gl MPa >10 3
Compressive strength in the z direction, 673> MPa 80-200 120
Shear strength in (¢, z) plane, Tr,,. MPa 2040 10
Longitudinal elastic modulus, E, MPa 30,000 16,000
Elastic modulus, E. MPa 5,000
Shear modulus, G, MPa 2,200
Shear modulus, G, MPa 5,700
Poisson ratio, v, 0.17
Poisson ratio, v, 0.035
Thermal expansion coefficient, o, °C-!
At 1,000°C 0.7x10° 3x10°
At 2,500°C 3x10° 4x10°
Thermal expansion coefficient, o, °C!
At 1,000°C 6x10° 7x10°
At 2,500°C 6x10° 9% 10°
Coefficient of thermal conductivity, A W/m °C 300

2 Aerolor® is a product of Mersen Group, the former Carbone Lorraine Company (FR).
b Product of former European Propulsion Company, today Safran Group (FR).

3.7.6.2 Aerospace and Defense

Parts having to withstand high temperatures with abrasive environment and vibratory stresses are
as follows: braking systems (see Section 7.1.10), engine and gas turbine parts, and stator and rotor
blades (see Section 7.4).

3.7.6.3 Space Applications
Launcher and missile nozzles, ailerons, heat shield system parts (see Section 7.5).

3.7.6.4 Automobile

Pistons, bearings, coatings for exhaust pipes, clutch disks for Formula 1, and brake disks for Formula
1 and for sports cars (see Section 8.2).
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TABLE 3.11
Range of Mechanical and Thermal Properties

C/C C/Sic SiC/SiC Ox/Ox
Fiber volume fraction Vi (%) 40-60 10-70 40-60 30-50
Porosity volume fraction V, (%) 8-23 1-20 10-15 10-40
Density p (kg/m3 ) 1,400-1,700 1,800-2,800 2,300-2,900 2,100-2,800
Modulus of elasticity E(GPa) 10480 30-150 70-270 50-210
Tensile strength G rpiare (MP2) 14-1,100 80-540 150-360 70-280
Elongation A(%) 0.1-0.8 0.5-1.1 0.1-0.7 0.12-0.4
Coefficient of thermal expansion (x(°C" ) 0.6-8.4 0-7 2.8-5.2 2-7.5
Coefficient of thermal conductivity X(W/m °C) 10-70 10-130 6-20 1-4
Limit temperature for use Trax (°C) 2,000-2,100 1,350-2,100 1,100-1,600 1,000-1,100

3.7.6.5 Other Uses

* In burners, ovens, hot gas pipes, heat exchangers.

* For the nuclear industry: SiC/SiC coatings for reactors (three-dimensional reinforcement
with crystalline SiC fibers, stable at high temperatures).

* For steam plants pumps (water at 160°C, 20 bars): axial and radial bearings. The pumped
liquid is used as a lubricant.

e For machining: cutting tools.

3.8 BIOCOMPOSITE MATERIALS
3.8.1 NATURAL PLANT FIBERS

3.8.1.1 Natural Fibers

These are derived from plants and from animals and have long been woven, knitted, or braided to
make textiles. They were used also in the past for the reinforcement of matrices (cob for building,
cotton/phenolic, hemp/phenolic for technical parts).

Today, because of the significance of the environmental impacts, the development of composite
reinforced with natural fibers is rapidly emerging.

The vegetable fibers take the form of bundles of tens of elementary fibers (20—50) bonded with
tacky substances. The degumming of these bundles is necessary to release basic fibers. These fibers are
composed largely of cellulose fibrils. The fibrils follow helical curves around the axis of the fiber, with
a helix angle of a few degrees called the microfibrillar angle. The cellulose has an almost crystalline
structure. Its longitudinal modulus of elasticity is 135,000 MPa, compared with that of the “R” glass
(86,000 MPa). It thus appears possible to obtain mechanical performances comparable to these of glass.

3.8.1.2 Pros

* They are biodegradable

* They are neutral with respect to emissions of carbon dioxide

* They have a low energy cost (however, fiber processing requires a lot of water, and it is a
polluting industry)

* They are light, and many of them have interesting values of specific modules combined
with excellent damping and shock-resistant properties

* Some, such as flax and hemp, are native plants. This ensures the supply and offers a signifi-
cant and valuable perspective for agricultural industry
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3.8.1.3 Cons
The use of natural fibers requires prerequisite solutions for the following problems:

*  While conventional fibers have well-controlled reproducible characteristics, the quality of
natural fibers depends on the environment in which they are produced: the season, where
they were planted and harvested, characteristics of the soil on which they have grown, or
location from which they originate in the plant (peripheral part or internal part of the stem,
leaf, etc.). All these cause the disadvantage of a dispersion of characteristics: varying diam-
eter along fibers, various lengths and degrees of polymerization, and shape defects caused
or amplified by the handling and implementation.

* Natural fibers are hydrophilic. The possibility of moisture absorption for composites rein-
forced by these fibers is thus large (up to 8% or 10%), accompanied by a degradation of the
fiber leading to a reduction in performances of the material over time.

* Natural fibers are not resistant to high temperatures. They lose their stiffness to 160°C and
degrade at a temperature of approximately 200°C. Applications with thermoplastic matri-
ces thus exclude the use of high-performance types such as PEEK resins (see Section 1.6).

* The tensile strength is not very high. They can be used for rigid parts rather than resistant.

e The risk of microbial contamination must be taken into account.

3.8.1.4 Examples

* Flax fibers
They are taken from the plant on the outskirts of the stem. After selection, cleaning, and
separation, the fiber looks generally like a six-sided polygonal cylinder with faces remark-
ably smooth. It is composed of a hemicellulose matrix, of lignin, with a reinforcement of
cellulose fibrils in crystalline form (V, = 70%) that are oriented at a microfibrillar angle
about 10° with the axis of the fiber.

* Hemp fibers
The growing (cultivation) of the hemp requires neither pesticides nor herbicides. The average
fiber yield is about 250 kg/ha. The fiber, composed of a bundle of a few tens of elementary
fibers, is located on the outer periphery of the stem to ensure structural stiffness of the latter.

Table 3.12 shows the characteristics of some natural fibers used as reinforcements. The significant
variations for a same type of fibers should be noted, due to the reported parameters earlier in com-
bination with the specific treatment received.

Note: Failure values on industrial rovings are much lower than in Table 3.8. For example, a fail-
ure value to the tune of 60 MPa for the flax (up to 85 MPa on rovings) and 35 MPa for hemp.

3.8.2 NATURAL VEGETABLE FIBER—REINFORCED COMPOSITES

3.8.2.1 Mechanical Properties

The mechanical properties of this type of composite depend on the volume fraction of fibers, ori-
entation of these fibers, and quality of bonding between fiber and matrix. It so happens that the
cellulose is scarcely compatible with the polymer matrices. For technical fibers, therefore, a prior
surface treatment is a clear need in view of improving the fiber—matrix linkage:

* For flax fibers: combination with polyester and epoxy resins
* For hemp fibers: combination with polyurethane and polyvinyl chloride (PVC) resins

The flax and hemp can be used as technical fibers in the form of unidirectional, woven reinforce-
ment, mat (nonwoven), and short fibers (compound).
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» Example: Characteristics of a Pultruded Unidirectional Flax/Polyester

Fiber Volume Tensile Longitudinal Coefficient of
Fraction, Density, Elastic Modulus, Thermal Conductivity,
V; (%) p (kg/m?) E (MPa) A(W/m °C)
Flax/unsaturated 60 1,400 35,000 0.3

polyester resin

3.8.2.2 Biodegradable Matrices

After manufacturing, it becomes impossible for a composite to dissociate reinforcement and matrix.
So for a complete recycling, the use of natural fibers as part of a composite respectful of the environ-

ment must be associated with a biodegradable matrix, that is to say a biopolymer.
Some examples of biopolymers (biodegradable resins) today are as follows:

* Biopolyethylene high density (HDPE)

* Biodegradable polyester: polycaprolactone (PCL)
» Biodegradable polyester: polylactic acid (PLA)

e Thermoplastic starch derived: Mater-bi®

Example: Biodegradable Composite Hemp/Resin

Table 3.13 shows the mechanical characteristics of the resins given earlier, pure and reinforced

by short hemp fibers.

3.8.3 MANUFACTURING PROCESSES'?

3.8.3.1 With Thermosetting Resins

* Contact molding (polyester)

* SMC (flax/polyester)

* Compression molding (cotton/polyester)
* Filament winding (jute/polyester)

e Pultrusion (jute/vinylester)

* RTM (hemp/phenolic resin)

TABLE 3.13
Mechanical Characteristics of Biodegradable Composite Hemp/Resin
Biodegradable Composite Tensile Longitudinal Elastic Modulus Tensile Strength

V, = 0% V, =30% V, =0% Vv, =30%
Volume Fraction of Hemp (Pure Resin) Multiplication (Pure Resin) Multiplication
(Short Fibers) E (MPa) Factor Grupture (MP) Factor
Resin
HDPE 750 x2.8 22 x1.13
Biodegradable polyester: PCL 375 x5.7 17 x1.43
Biodegradable polyester: PLA 3,250 x2.3 70 x1.06

Thermoplastic starch derived: Mater-bi® 225 x7.7 12

x1.83
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3.8.3.2 With Thermoplastic Resins
* Injection molding (hemp/acrylonitrile-butadiene-styrene “ABS” resin)
e Pultrusion (flax/PP resin), TRE (flax/PE resin)
e Extrusion (hemp/PVC resin)
* Examples
e Nonwoven mats (50% of hemp fiber+50% of polymer fiber): They are made up by the
needling of nonwoven laps and are then thermoformed
e Compounds reinforced with hemp fiber (30% of hemp fibers+70% of polymer): They
are used in injection molding

There are numerous applications in the areas of building, infrastructure, furniture, navigation,
sports and recreation, and especially in the automotive industry (see Chapter 8).

3.9 NANOCOMPOSITE MATERIALS

These terms refer to composite materials with polymer matrices for the most; they are mechani-
cally more resistant than the matrix but offer other significant benefits in terms of resistance to fire,
electrical, optical, and surface properties.

3.9.1 NANOREINFORCEMENT

A material is called nanocomposite when at least one of the dimensions of the reinforcement is less
than 100nm: it is then called nanoreinforcement.

3.9.1.1 Nanoreinforcement Shapes
Figure 3.26 illustrates the typical geometrical shapes of nanoreinforcements.

Using the term nanocomposite material to describe any addition of adjuvants in a polymer
should be avoided, although some may be of nanosize. In fact, in a nanocomposite, the association
matrix + nanoreinforcement is specific: the interest is to make the best of atoms of the nanoparticles.

For example, consider a compact spherical cluster of atoms, of radius r, as described in Figure 3.27.
The surface/volume ratio of this cluster is

2

A Y
(3
— |Ttr
3
100 nm
i 100 nm
(a) (b)

© 9

FIGURE 3.26 Geometrical shapes of nanoreinforcements: (a) grain (nanoparticle), (b) tube (nanowire or
nanofiber), and (c) lamellae or layer (nanoplatelet).
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Atoms

Nanoparticle

FIGURE 3.27 Spherical cluster of atoms.

=

Polymer
+

Nanoreinforcement

Partial dispersion:
classical composite material

Complete dispersion:
nanocomposite material

FIGURE 3.28 Dispersion of nanoreinforcement.

We see therefore that this ratio increases when the cluster size decreases, which means that an increas-
ing number of atoms of the cluster are exposed to the external environment. Thus, when the size of the
cluster is of the order of the nanometer, the number of cluster atoms exposed exceeds 90%.

It then comes to take full advantage of the connection of this available atom surface with a
matrix, polymer, for example. We can see in Figure 3.28 that the quality of this bonding is char-
acterized by a degree of dispersion of the nanoreinforcements. When this dispersion becomes
complete, the interactions at the atomic level become more complex than for the interfaces matrix-
reinforcement of conventional composites. Such a mechanism can significantly improve some of
the properties of the created products.

Although we are most interested in structural applications of nanocomposite materials, we will
also consider the other types of applications, important and diverse.

3.9.1.2 Properties of Nanoreinforcements
* Grains or nanoparticles

They are often of spherical shape (solid or hollow spheres) of a few nanometers to 100 nm
in diameter.
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The use of such particles is not recent. As old nanoparticles can be considered silica,
carbon black, and nanocalcium carbonate, which is classical mineral filler in many appli-
cations, where it is often associated with PVC matrix. This allows to increase the modulus
of elasticity, the flexural strength, and to strengthen the dimensional stability. The chemi-
cal compounds available today leading to nanoparticles are numerous (about 150) and are
involved in a broad variety of applications. As seen before concerning the advantages of
exposition of the nanoparticle atoms to the external environment, it is of interest to be able
to define an outer mean surface area of nanoparticles expressed in m?/g. To evaluate
such a surface, one of the techniques consists of measuring a specific surface area referred
as B.E.T.?° Some of these measurement values are given in Table 3.14.

e Lamellae or nanosheet or nanoplatelet

e Silicates: They include nanosheets of clay, nanosheets of mica (aluminum silicate,
potassium silicate) having the form of lamellae of a few nanometers in thickness, with a
ratio in both others directions greater than 25. For example, the most used is the mont-
morillonite, a lamellar aluminosilicate characterized by nanometer-sized thickness.

e Graphene: Consisting of carbon atoms, it is the unique case of 2D crystal. Its atoms are
arranged in hexagons like a honeycomb and form a planar molecule of the thickness
of a single carbon atom, that is, 0.1 nm. As an example, when sheets are stacked one
on top of the other, we obtain the graphite of a pencil lead. Figure 3.29 shows a gra-
phene sheet. The available processing methods provide stacks of sheets, for example,

TABLE 3.14

Some Values of B.E.T.-Specific Surface Area

Nanoparticle B.E.T.-Specific Surface Area (m?/g) Average Grain Size (nm)
Carbon black 24

Carbon particles 60-100 45
Titanium silicate 95 20
Titanium dioxide 50-250 6-30
Alumina silicate 215

Alumina 20-70 7-13
Tin-silver alloy 5 <150
Calcium carbonate >25 80-100

~20,000-30,000 nm

Thickness=0.1 nm

FIGURE 3.29 Graphene sheet.
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TABLE 3.15
Some Mechanical Properties of Nanosheets

B.E.T.-Specific Longitudinal Modulus ~ Shear Modulus Poisson Tensile Elongation
Surface Area of Elasticity (in the (in the Plane of Ratio, Strength, at Break,
(m¥/g) Plane of Sheet), E (MPa) Sheet), G (MPa) \Y O rpurc (MP2) — A(%)
Aluminosilicate 800
(montmorillonite)
Graphene sheet 2,600 1,000,000 40,000 0.16 130,000 20
Stack of graphene 640 500,000 100,000
sheets (<5)

from two to several tens of sheets. It is worth noting that the absence of defects on the
sheet of the crystal makes the latter the most resistant of all materials, as can be seen
in Table 3.15.
¢ Nanotubes, nanowires, nanofibers
e Nanotubes: They include carbon, alumina, clay, and tungsten disulfide. The presence
of carbon nanotubes improves
e The electrical and thermal conductivity
e The mechanical properties
* The thermal withstand and the fire resistance
Figure 3.30 shows the structure of a single-wall carbon nanotube.
e Nanowires: Carbide silicon, silicon nitride, and carbon
e Nanofibers: Polyester, silicon with diameter <l100mm and slenderness (length-
to-diameter ratio) ¢ / ¢ > 100, and fibrous clays

A few geometrical characteristics of nanofibers can be found in the following:

Diameter Length B.E.T.-Specific Surface
(nm) (um) Area (m?/g)
Aluminum nanofiber 10 160
Single-wall carbon nanotube 1-2 1-1,000 1,000
Multiwall carbon nanotube 8-50 1-1,000
High-strength carbon fiber (HR) (see Section 1.6) 7,000

Table 3.16 compares the mechanical and thermal properties of carbon nanotubes to other types
of reinforcements already cited in Section 1.6.

3.9.2 NANOCOMPOSITE MATERIAL

Nanocomposite materials with polymeric matrices (thermoplastics, thermosets, and elastomers)
are reinforced by small amounts of nanoparticles (less than 5% by mass) having a high shape

FIGURE 3.30 Carbon nanotube.
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TABLE 3.16
Comparative Mechanical and Thermal Properties of Carbon Nanotubes
Longitudinal Poisson Tensile Elongation Coefficient of
Density, Modulus of Ratio, Strength, at Break, Thermal Conductivity
p(kg/m’) Elasticity, E(MPa) Vv Gupue(MPa)  A(%)  20°C, (W/m °C)
Single-wall carbon  1,300-2,000 1,000,000 0.25 100,000 10 2,000
nanotube
Multiwall carbon 700,000 100,000 2,000
nanotube
High-strength 1,750 230,000 0.3 3,200 1.3 200
carbon fiber (HR)
High-modulus 1,800 390,000 0.35 2,500 0.6 200
carbon fiber
(HM)
Glass (R) 2,500 86,000 0.2 3,200 4 1
Glass (E) 2,600 74,000 0.25 2,500 3.5 1
Kevlar® 49 1,450 130,000 0.4 2,900 2.3
Steels 7,800 205,000 0.3 400-1,600 1.8-10
Copper 8,800 125,000 03 200-500 380

factor (¢/ h)>300. The optimum interaction between polymer matrix and nanoparticles may
result in an increase of mechanical properties similar to what one would observe with a mass
content M, ten times higher with conventional fillers such as talc or mica, as shown in Table 3.17.

TABLE 3.17
Comparative Mechanical Properties of Nanocomposites
Increase in Increase in  Increase in
Volume Fraction of ~ Mass Fraction of Longitudinal Tensile Elongation
Nanoreinforcement, Nanoreinforcement, Modulus of Strength, at Break
Vi (%) M (%) Elasticity, E(%)  Onp. (%) (A(%) (%)
Nanosheets 2-5 70 (at 23°C); 40 (at 23°C);
aluminosilicate/ 220 (at 120°C) 20 (at 120°C)
polyamide matrix
Nanosheets 2.5 60
aluminosilicate/ 6 80
polypropylene matrix
Nanosheets 2.5 40 0
aluminosilicate/poly 5 38 0
(methyl) methacrylate
matrix
Nanosheets 3 14 0 35
aluminosilicate/
polyethylene matrix
Carbon nanotubes/ 4 100 50
epoxy matrix 0.1 3 14
Nanosheets graphene/ 0.1 30 40

epoxy matrix
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Today, the polymer matrix nanocomposites are the most common because their manufacturing
processes are under better control. A few examples of applications in use or in development are
shown hereafter.

3.9.3 MECHANICAL APPLICATIONS

3.9.3.1 Improvement in Mechanical Properties
These include stiffness, mechanical strength, abrasion resistance, and impact strength.

* Since a long time ago, the gum of the tires is strengthened by the addition of black carbon
and for more than 15years by the addition of nanoparticles of silica SiO,, about 2kg per
tire: what is known as green tire.

* Aircraft parts (secondary structure).

Example: The fighter aircraft F-35 Lightning II/Lockheed Martin (US) uses wing
tips of epoxy resin reinforced by carbon nanotubes (price divided by 10 compared to that
of the original carbon fiber reinforcement).

¢ Electric conductors are made of extra-reinforced materials for nondestructive coils, allow-
ing the production of high-pulsed magnetic fields close to 100 Tesla and of long dura-
tion. The Lorentz forces on electric conductors generate mechanical stresses, able to lead
to yielding or even to rupture of the coils. Nanocomposite conductors made of niobium
nanofilaments with copper matrix have a high mechanical resistance, high electrical con-
ductivity, and a very good deformability: Gy = 1,900 MPa at 77°K for an electrical con-
ductor of 5mm? section that contains 30% of niobium distributed in the form of 52 x 10°
of 140 nm diameter fibers. This strength value reveals a significant difference compared to
the results of the law of mixtures (see Section 3.3.2), which is due to the nanosize of fibers.

* Aeronautical-panels-reinforced carbon: In addition to the enhancement of mechanical
properties such as the improvement of impact resistance, the dispersion of carbon nano-
tubes in a polymer matrix allows that a low current applied heats the nanotubes. This is
allowing the use of a thermographic camera to detect a defect.

* The introduction of carbon nanotubes in an adhesive provides monitoring of conduction in
the nanocomposite material. To do this, the principle of percolation is involved. The mate-
rial is defined statistically as a system consisting of a network of a large number of objects
that can be linked together. The conductance is either possible or impossible depending on
the number of objects and connections: There is a precise transition threshold (or percola-
tion threshold) between those two regimes.

* To detect excessive deformation of wind turbine blades, sensors located in sensitive regions
use the same resin as that of the blade, with addition of carbon nanotubes. The continuity
of the deformable network of nanotubes provides a conductance sensitive to deformation,
analog of a piezoresistive property.

e Improvement of the mechanical resistance of bonded joints is achieved by dispersing
nanoparticles of alumina in epoxy resins.

* Improvement of the mechanical resistance of ceramics is obtained by dispersion of nanore-
inforcements: they become stronger and more ductile than traditional ceramics.

3.9.3.2 Further Examples of Nonmechanical Applications

* As noted earlier, one may improve the electrical conductivity of a matrix. Insertion of
carbon nanotubes can render it conductive. Another example of its application is as follows:
» Electrostatic paint: dissipation of static electricity of some equipment
* Improvement of coating properties using dispersion of carbon nanotubes:
e Coatings absorbing radar waves (stealth technology)
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* Improvement of chemical properties: Dye affinity

* Improvement of thermal properties such as thermal conductivity, heat resistance, or
fire resistance (fireproof quality): in case of fire, the introduction of nanosheets of clay in
a polymer matrix decreases the rate of heat release and reduces the speed of propagation
of the fire

* Improved barrier properties: Ability to retain some molecules (liquids or gases) by add-
ing small amounts of clay in the starting material:
¢ Reduction in the permeability of film coating for food packaging
e Coating of tennis balls

* Improvement of optical properties such as light absorption capacity, fluorescent emis-
sion, and transparency: nanoparticle introduction provides nanocomposite polymer/min-
eral fillers, which are transparent to visible light. This eliminates the light scattering and
can also bring new properties to the thus achieved transparent material:
e The inclusion of clay in thermoplastic films increases their transparency
¢ Luminescent nanoparticles are used in the production of certain types of screen
e Metallic pigments added in paints or in pottery (is quite well known from ancient times)

* Improvement of the UV resistance: nanoparticles of titanium and zinc oxides are used as
anti-UV additives because they have a large absorption range of the UV spectrum without
affecting the transparency from the polymer matrix

* Titanium dioxide is also used for the manufacture of self-cleaning surfaces

3.9.4 MANUFACTURING OF NANOCOMPOSITE MATERIALS

While manufacturing a nanocomposite material, it is essential to ensure a homogeneous distribu-
tion of the nanoparticles in the material, that is, to avoid particles to congregate in clusters, which
would result in loss of all the expected properties. Manufacturing techniques vary depending on the
nature of the matrix (polymer, ceramic, metal) and on that of nanoreinforcements. The following
can thus be found:

e Direct mixture of nanoreinforcements with the starting material that has been melted in
advance (ex situ manufacturing)

* The incorporation of nanoparticles in a matrix that has been priorly dissolved in a solvent

e Direct growth of the nanoreinforcements within the matrix by chemical reactions (in situ
manufacturing)

For polymeric matrices, the manufacturing processes require action at the level of the polymer/
nanoparticle interfaces to ensure the dispersion of nanoparticles: grafting of compounds onto
the surface of the nanoparticles; introduction of ions, so-called organophilic; and introduction of
graft polymers. Nanocomposites with polymer matrices are marketed as semi-finished products
called nanocomposite compounds. They can be formed as classical composite compounds (see
Chapter 2). The parts are obtained by injection, extrusion, and blow molding.

Note: Toxicity of nanocomposite materials

The nanometric size of reinforcements provides them the ability to

» Reach the deep ramifications of the respiratory tract (see Figure 3.31)

* Cross biological barriers, such as cell membranes

* Increase the reactivity of some usually inert materials, which can thus become chemically
active

Numerous studies are underway in order to assess relevant physicochemical factors (chemical, size,
surface, shape, potential contaminants, etc.) and control the risks.
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FIGURE 3.31 Sizes of particles.

3.10 TESTS

The relations cited on the previous sections in order to evaluate elastic moduli and Poisson coef-
ficients of composites allow obtaining only an order of magnitude for these mechanical properties.
Some of these relations are not quite reliable, particularly for the shear modulus. Also, these proper-
ties are very sensitive to the fabrication conditions. It is therefore essential for the design office to
have access to the results provided by the suppliers concerning the reinforcements and the matrices
or even better to the results obtained after carrying out laboratory tests on coupon specimens. They
provide the moduli, Poisson ratios, and strength values. The field of composite testing is vast and
obeys many standards: tensile test, bending test, shear test, shock test... Only three examples are
cited below for illustrative purposes.
Examples:

* Tensile test
The tensile test (ASTM D3039, NF T51-034) on the specimen in Figure 3.32, instru-
mented with electrical strain gauges, allows the measurement of the strength and the elon-
gation at break.

Bonded tabs of duralumin

e>2 mm I
b>10 mm

£>200 mm y

Traction grips

FIGURE 3.32 Tensile test.
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FIGURE 3.33 Short beam shear test.
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FIGURE 3.34 Stiffness evolution during curing.

* Delamination test
The test (NF T57-104) is performed with a specimen having a low slenderness, that is, a
short beam, working in bending (see Figure 3.33). The breakage is caused by delamination
under the effect of bending stresses and particularly of interlaminar shear stresses. One can
thus obtain the interlaminar shear strength?!.
* Control of fiber volume fraction
Further testing is very useful for the manufacture of high performance composites. This
is the case in particular for the control of fiber volume content in the matrix. Indeed, during
the phase of polymerization under pressure of a fiber/resin composite (see Chapter 2), the
resin flows in an absorbent fabric in varying amounts depending on the adopted working
pressure cycle compared to the temperature cycle over time. The fiber volume fraction V;
varies accordingly, as well as the dimensional characteristics of the part (thickness). To
avoid these leaks of resin, one is brought to assess by means of testing the optimum point
in time for pressurization of the installation. This is done by measuring the evolution over
time of the bending stiffness of a sample (see Figure 3.34).

NOTES

1 In these equations, €,, €,, and Y, are also the small strains (two normal strains and a distortion) that
are obtained in a classical manner from the displacements u, and u, as €, = (aux / 8x); g, = (auy / ay);
Yo = (Ou, /0y +uy /Ox).

2 To obtain more development about this point, refer to Section 9.2 and Application 19.2 “Poisson
Coefficient of a Unidirectional Layer”.

3 Refer to Section 13.2.
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This conditioning is available as is on the market. It is called prepreg. It is also the case of the SMC. In
addition to this type of conditioning, nonpreformed mixtures of short fibers and resin can also be found.
They are called premix or BMC. See Section 2.3.

In fact, the reinforcement/matrix mixture also includes a small volume of voids not occupied by the
matrix, characterizing a certain porosity of the composite. It would thus be more logical to write
V. +V; +V, =1, in which V, denotes the porosity volume fraction, with V, <1 (see Application 19.11
“Determination of Fiber Volume Fraction by Pyrolysis™).

This is due to the stretching of the carbon and Kevlar fibers during fabrication. This orients the chains
of molecules.

Chapter 10 details the calculation leading to these estimations of the moduli E,, E;, G, V.

The calculation of these moduli is shown in detail in Chapter 11.

Detailed calculation is shown in Section 14.3.

The values assigned in Table 3.4 can vary significantly depending on the manufacturing process.

For the calculation of these characteristics, see Section 12.1.2 and also Application 20.12 “Sailboat Hull
in Glass/Polyester”.

Compare, for example, the tensile and compressive strengths in Table 3.6. Compare these values also on
Tables 5.1, 5.6, and 5.11 of Section 5.4 by selecting proportions of 50% at 0° and 50% at 90°.

For more details, see Bibliography: Riley V.R./1990.

AkzoNobel/DELFT University (NL), Fokker Aerostructures (NL), Structural Laminates Company®
(US), Alcoa (US).

Noninclusion of pandemic in this diagram.

Product of Safran Group (FR).

See Section 2.2.4.

This notion is shown in detail in Section 13.2.

For the meaning of acronyms, see Section 2.4.1 and Figure 2.23.

B.E.T. is the acronym of Brunauer-Emmett-Teller surface characterization (1938).

This is by using a simplified formula whose precision is insufficient in view of the complexity of the
actual state of stresses due to the presence of concentrated forces that are closely spaced. For interlami-
nar shear stresses, see Chapter 18.



4 Sandwich Structures

The sandwich structures occupy an important place in the manufacture of composite parts. They
appear in almost all application areas. Historically, these were the first composite structures both
lightened and efficient'. In most cases, they must be designed for a specific purpose. However,
some types of sandwich materials are commercially available in the form of semifinished products.
In this chapter, emphasis is given on the identification of key properties and the precautions for use
of sandwich materials.

4.1 WHAT IS A SANDWICH STRUCTURE?

A sandwich structure results from the assembly by bonding — or welding — of two thin facings or
skins on a lighter core that maintains a predetermined spacing between the two skins (see Figure 4.1).

4.1.1 THEIR PROPERTIES ARE SURPRISING

Particularly, noticeable are the following:

* A very light weight. As a comparison, the mass per unit area of the dome of Saint Peter’s
Basilica in Rome (45-m diameter) is 2,600 kg/m?, whereas the mass per surface area of a
similar dome made of sandwich steel/polyurethane foam (Hanover) is only 33 kg/m?.

e A very high flexural rigidity due to the distance between the surface skins, which
increases the flexural moment of inertia.

e Excellent thermal insulation properties.

m However, be careful:
* properties (no acoustic insulation).
* Some categories of cores have low fire resistance.
e The risk of buckling by core crushing is to be verified by appropriate sizing methods.

Core (materials with wealk
mechanical properties)

Skins (materials with strong
mechanical properties)

L Cp €c

FIGURE 4.1  Sandwich structure: 10 <e. /e, <100.

DOI: 10.1201/9781003195788-5
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Facings Core
Metal
Laminate
Wood +— Expanded materials
Thermoplastics
Metal Ribbed plate in metal
Laminate or laminate

. Wood plate
Lam(ljnalted <+— impregnated carton
wood plate (honeycombs)
Aluminum Stretched aluminum
Laminate (honeycomb)

FIGURE 4.2 Constituents of sandwich materials.

4.1.2 CONSTITUENT MATERIALS

The skin materials can be from very diverse nature, while the core materials must be selected as light
as possible. Figure 4.2 mentions some pairs of compatible materials to build a sandwich structure.

A Be careful: Polyester resins attack polystyrene foams.

Assembly of the skins and the core is achieved by bonding with adhesives or directly with the
resin impregnating the fibers of the skins. In some exceptional cases, the skins are welded on the
core. The bonding quality is of course fundamental to obtain the best performance and durability
of the sandwich part. In general,

0.025 mm < adhesive thickness < 0.2 mm

4.2 SIMPLIFIED FLEXURE
4.2.1 STRESS

In Figure 4.3, we highlight in a simplified manner the main stresses that arise when a sandwich
beam is subject to bending?. The beam is clamped at its left end and subjected to a transverse load
T at its right end. We isolate an elementary slice dx of the sandwich beam and we magnify the
deformation. Thus, we can observe on any cross section a shear stress resultant 7 and a moment
resultant M according to the classical notations of strength of materials.

The shear force T 'is the result of a shear stress distribution T. The bending moment M is the result
of a normal stress distribution G.

In order to evaluate ¢ and 1, the following simplifications can be suggested:

* The normal stress ¢ is assumed to occur only in the skins and is uniform across the skin
thickness due to the thinness of the latter.
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do
— -o Compression
M (Bending
o T moment)
- i (shear force)
ongation

Simplified stresses
FIGURE 4.3 Flexure representation.
* The shear stress T is assumed to occur in the core only and is uniform across the core
thickness?.

We obtain, therefrom, immediately the approximative expressions shown in Figure 4.4 for ¢ and ©
regarding a thin-skinned sandwich beam of unit width.

4.2.2 DISPLACEMENTS

4.2.2.1 Contributions of Bending Moment M and Shear Force T
Figure 4.5 illustrates a sandwich beam subjected to bending. Here, the deflection A is the consequence of

e The deformation due to the normal stress ¢
e The deformation created by the shear stress T

» -0
00, o2 r
P M 0T T
Gl L o= ——— I
2 Ixece, <8 15,
=5 &) Rl

FIGURE 4.4 Stress in sandwich structure.

In practice:

Support ==

L :

FIGURE 4.5 Sandwich beam under flexure.
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To evaluate the deflection A we can, among other methods*, use the Castigliano theorem:
1 (M? 1 [k
——J;——dx+-—j———T%&
2 J(EI) 2 J(GS)

contribution contribution

of bending of shear

elastic
encrgy

_ OW (energy)
OF (load)

deflection

Where the following notations’ are used for a beam of unit width
M is the bending moment

T is the shear force

E, is the modulus of elasticity of the skins material

G. is the shear modulus of the core material

(ec+ep)2. ko 1
EpepxIx=— * (GS) G (ec+2e,)x1

(EI) =~

4.2.2.2 Example: A Cantilever Sandwich Structure

The cantilever sandwich structure in Figure 4.6 is treated as a sandwich beam hereafter.
Elastic energy is as follows:
‘
1 J‘ F* (¢
0

=F2[ ¢ +ka
2 \ 3(EI) (GS)

dx+ J.—F2 dx
2

Polystyrene Aluminum 5056A
foam e,=2.15mm
P
e E, = 65,200 MPa
Pe1m Gp: 24,890 MPa
(Width: 0.1 m) F
T=F e,=80.2 mm
E,=21.5MPa
M=F(~-x) G,=7.7 MPa
X —»

FIGURE 4.6 Cantilever beam.
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where
(EI')=475x10? (Nx mz); <GTS> =650 x 10% (N)

The end displacement A can be written as

Then, for an applied load of I N,

A=0.7x1072 mm/N +1.54 x 102 mm/N
—— —_—

flexure shear

Note: The share of displacement A due to shear appears much higher than that due to bending,
whereas in the case of classical homogeneous beams, the shear displacement is very small and
usually ignored. Thus, this is a specific property of sandwich structures. This notable difference in
behavior has a considerable influence over the estimate of the bending deflections as well as on the
stability as mentioned later.

4.3 SOME SPECIAL FEATURES OF SANDWICH STRUCTURES

4.3.1 CoOMPARISON OF MASS FOR THE SAME FLEXURAL RIGIDITY (ET)

Figure 4.7 compares the mass of different sandwich structures for the same value of the flexural
stiffness {( EI’}. According to the note in Section 4.2.2.2, remember that this term only partly reflects
the deformability under bending.

4.3.2 DETERIORATION BY BUCKLING OF SANDWICH STRUCTURES

The compression resistance of all or part of a sandwich structure is limited by the so-called criti-
cal values of the applied load, above which the deformations become large and uncontrollable.
This phenomenon is called buckling of the structure (see Figure 4.8). Depending on the type of
loading, one can distinguish different types of buckling, which can be global or local.

LS LS LS

Steel sheet; Aluminum sheet; Beech plywood;
mass=16 mass = 10 mass=>5

3 Plies of satin fabric 3 Plies of satin fabric 2 Plies of satin fabric

Lot dind ot LS

Sandwich: Sandwich: Sandwich: Sandwich:
nida-aluminum skins nida nomex-glass skins ~ nida-Kevlar skins nida-carbon skins
Mass=1 Mass=1.12 Mass =0.86 Mass =0.69

FIGURE 4.7
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Fisitical E

critical

FIGURE 4.8 Buckling of sandwich structure.

4.3.2.1 Global Buckling
Following the geometry of the deformed shape, the critical buckling load F ., is given® by

n* (EI)
(EI)

[ Sty
s

Eﬁtical =K

—
~—

e W= e o —""

= K=2.04 K=0.25

4.3.2.2 Local Buckling of the Skins

The skins are subject to buckling due to the low stiffness of the core. Depending on the type of
loading, one can find the following modes of deformation:

* Asshown in Figure 4.9, the critical compression stress in the skins is given in the following
equation, where v, is the Poisson coefficient of the core (c identifies the core and p identifies

the skins):

0w =ax(E,xE2)" with a=3{12G3-v, P (1+v. )} "

e As shown in Figure 4.10, the critical load Fi;4q shown causes local damage by local
buckling of a skin.

=t -

FIGURE 4.9 Local buckling of skins.

Delamination
critical
Ec e )1 /2
) Feyiticar ~ 1.64 €,x 1 X E, % 14
Crushing pec
L

critical

FIGURE 4.10 Damage by local buckling.
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4.3.3 OTHER TyPes oF DAMAGE

* Local punching: This is the punching of the core material at the location of the load appli-
cation (see the following figure).

Local punching

e Compression failure: It should be pointed out in this case that the weak compression
strength of Kevlar fibers’ leads to a compression breaking strength about two times
less than for sandwich panels with analogous skins made from glass fibers (see the
following figure).

2

Glass Kevlar

4.4 MANUFACTURING AND DESIGN PROBLEMS

4.4.1 ExampLe oF CORE MATERIAL: HONEYCOMB

These widely available core materials are made up of hexagonal cells regularly spaced like that of
a honeycomb of hive (by chance, some went as far as to adopt the same color!); hence, the name
honeycomb. Such geometry is the result of a relatively simple manufacturing principle: thin sheets
or foils are partially glued and stacked. Then, they undergo an expansion as shown in Figure 4.11.

The honeycomb material can be metal (light alloy, steel) or nonmetal (carton impregnated with
phenolic resin, polyamide sheets, or impregnated glass fabrics):

* Nonmetallic honeycombs are corrosion proof and are good thermal insulators.
e Metallic honeycombs are less expensive and more resistant but heavier than nonmetallic
honeycombs.

Table 4.1 shows the mechanical and geometrical characteristics of a few current honeycombs, using
the notations of Figure 4.11.

Expansion

.

D (inscribed circle diameter)“.>ﬁ 4

x Expansion

FIGURE 4.11 Honeycomb.
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TABLE 4.1
Properties of Some Honeycombs
Bonded Sheets of Light Alloy Light Alloy
Polyamide: Nomex®? AA5154A (5154A) A92024 (2024)
Inscribed circle diameter, D (mm) 5 4 6
Thickness, e (mm) 0.08 0.05 0.04
Specific mass (kg/m?) 64 80 46
Shear strength, 1..,,,,. (MPa) 2.5 32 1.5
Shear modulus, 70 520 280
G, (MPa) = 1.5X Gy X (e/D)
Shear strength, T, (MPa) 1.1 2 0.9
Shear modulus, G,, (MPa) 35 250 140
Compression strength, 6. (MPa) 3.8 4.4 2

* Nomex® is a product of Du Pont de Nemours (US).

4.4.2 SHAPING PROCESSES

4.4.2.1 Machining

The machining of honeycomb-shaped panels is done with a diamond disk (peripheral speed in the
order of 30 m/s). The honeycomb is held on the machine table by an aluminum sheet to which it is
bonded. The aluminum sheet is kept on the table by a vacuum (see Figure 4.12).

4.4.2.2 Deformation

To achieve the deformation of the honeycomb, it is important to keep it firmly in place, because the
natural deformation behavior is complex. For example, a honeycomb panel under cylindrical bend-
ing shows two reverse curvatures as illustrated in Figure 4.138.

4.4.2.3 Some Other Considerations

» The shaping process is facilitated by the overexpansion ability of the honeycomb, which
changes the shape of the hexagonal cells as shown in Figure 4.14.

* For the limitations of the curved shape, see Figure 4.15, where R is the radius of the curve
and e is the thickness of the sheet that constitutes the honeycomb.

e The schematic for the processing of a structural part of sandwich honeycomb is as in
Figure 4.16.

* For moderate loadings (e.g., interior walls or bulkheads), it is possible to bend a sandwich
panel following the schematic in Figure 4.17.

4.4.3 INSERTS AND ATTACHMENT FITTINGS

Their role is to transfer loads locally introduced to the overall structure. Depending on their
level, it is convenient to distribute them over one or several inserts, as indicated in Figure 4.18°.

Low angle ~ 14° Milling cutter for

%_—_J honeycombs

FIGURE 4.12 Machining of honeycomb.
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FIGURE 4.13 Deformation of honeycomb.

FIGURE 4.14 Overexpansion of honeycomb.

a <50 mm

e < 0.05 mm

R>15x%a

I~

FIGURE 4.15 Curvature of honeycomb.

Adhesive film

FIGURE 4.16 Processing of a sandwich structural part.
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Epoxy resin

TN, =~ I

Ll

FIGURE 4.17 Bending a sandwich panel.

FIGURE 4.18 Inserts and attachment fittings.

Resin

/ m}:/ T L l[r'
R |

Welding Chemical machining

[mn

Metallic counter plate

FIGURE 4.19 Some links for sandwich structures.

The filling resin of epoxy type, shown in Figure 4.18, can be made lighter by incorporation of
phenolic microspheres with resulting density for the lightened resin of 700-900kg/m? and crush
strength =35 MPa (see Figure 4.19).

4.4.4 RepAIR OF LAMINATED FACINGS

For sandwich materials of the type honeycombs/laminates, the repair of local damages is relatively
easy. It involves the patch-type repair of the laminate. Depending on the care taken, and the speed
in the execution, the configuration of the repaired area appears as in Figure 4.20.
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ﬂ Neat repair

Epoxy resin Laminated

FIGURE 4.20 Repair of a sandwich panel.

4.5 NONDESTRUCTIVE INSPECTION

4.5.1 MAIN NONDESTRUCTIVE INSPECTION METHODS

Apart from using the classical methods for controlling the surface defects (e.g., dye penetrant test),
which allow the identification of external delaminations of laminated facings, the following tech-
niques allow the detection and identification of internal defects as a result of fabrication process or
due to damage in service. These defects take commonly the following form:

* Imperfect bonding
* Delaminations
* Inclusions (foreign objects or voids)

The main Nondestructive Inspection methods are illustrated in Figure 4.21.

4.5.2 Acoustic EmissioN TESTING

When a composite structure (e.g., a reservoir under pressure) is subjected to loading, various micro-
cracks occur within the piece. Microcracking in the resin, fiber fracture, and disbond between fiber
and matrix can occur even within the admissible loading range. These ruptures create acoustic
waves that propagate to the surface of the piece. They can be detected and analyzed using acoustic
emission (AE) sensors (see Figure 4.22).

The number of peaks as well as the duration and the amplitude of the signal can be used to indi-
cate the integrity of the piece. In addition, the accumulated number of peaks may be used to predict
the fracture of the piece (see the change in slope of the curve in Figure 4.23).
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FIGURE 4.21 Main nondestructive testing methods.
(Continued)
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FIGURE 4.21 (CONTINUED) Main nondestructive testing methods.
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FIGURE 4.22 Acoustic emission (AE) testing.
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FIGURE 4.23 Plotting of AE events.

NOTES

1
2

A~ W

O 0 1 O\ W

See Section 7.1.

For a more detailed study concerning the bending of this type of structure, see Chapter 16 and Section
18.7.2. See also Applications 20.1, 21.5, and 21.11.

See Section 18.7.2 and Applications 20.1, and 21.5, for more accurate estimates of the stress distribution.
See Equation 16.16, which leads to consider this type of beam as a classical homogeneous beam. This
enables to use the conventional notions of the strength of materials.

See Application 20.1 or Chapter 16.

See Application 21.4.

See Table 3.4.

This phenomenon is due to the Poisson effect, particularly noticeable here (see Section 12.1.4).

See Sections 6.2.4 and 6.3.



5 Conception

Design and Drawing

A different approach: As every mechanical component, a composite part has to fulfill the product
specification. Beyond that, the composite design approach has to extend over a wider range than for
a component made of predetermined classic material. In fact, the following applies:

* For isotropic materials, the conventional approach of the designer consists of the selection
of an existing material and then of the sizing of the part thus constituted.

* For a composite part, the designer builds the material according to the needs defined by
the functional requirements. The designer defines the following:
e Reinforcement
e Matrix
e Forming process

Then follow, being the object of this chapter:

* The definition of the architecture of the part, that is, the arrangement of plies
* The pre-sizing and drawings

5.1 DRAWING A COMPOSITE PART

5.1.1  SpeciFic PROPERTIES

The following properties must always remain present in the mind of the designer:

* Fiber orientation enables the optimization of the mechanical behavior along a specific
direction

e The material is elastic up to rupture. It cannot relax following a local yielding as it would
be the case with a classical metallic material

» Fatigue resistance is excellent

Note: A very good fatigue resistance.

Specific fatigue strength is defined as the ratio (6/p), o being the loading stress and p the density.
For composite materials, this specific strength is three times higher than that of aluminum alloy
and two times higher than that of high-strength steels and titanium alloys. This results from the fact
that fatigue strength is equal to 90% of the static tensile strength for a composite instead of 35% for
aluminum alloys or 50% for steels and titanium alloys (see Figure 5.1).

* Coefficients of thermal expansion are not the same as that for metals (attention should be
paid when joining metal to composite)

* Complex forms can be achieved by molding

» It is possible to reduce the number of parts and limit the machining

* The classical techniques must be adapted for the assemblies and fittings containing com-
posite parts and must take into account their induced problems: local weakening, bearing,
fatigue, and thermal stresses

DOI: 10.1201/9781003195788-6
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FIGURE 5.1 Comparison of fatigue behavior between (a) aluminum and (b) composite.

5.1.2 GuiDE VALUES OF PRE-SIZING

5.1.2.1 Material Characteristics
Material characteristics, which are compared in Figure 5.2, allow appreciating the potential benefit
of a composite at the preliminary project stage.
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Alummum Steel
Comp031tes
and thermoplastics

100 F
Concrete  Titanium
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10} L
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- Composites —
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d
“Th i =Wood gConcrete %ﬂ * ~

Thermoplastics
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' = Steelsand =z N
aluminum alloys Titanium
[=Thermoplastics =7 ]
] Composites  pr————
Glass Carbon , Kevlar Boron

FIGURE 5.2 Comparison of characteristics of different materials: (a) density (kg/m?), (b) tensile fracture
strength (MPa), (c) modulus of elasticity (MPa), and (d) price per unit mass.
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FIGURE 5.3 Specific characteristics of different fibers.

The graph in Figure 5.3 allows comparing the main specific properties of the fibers that
constitute the plies, namely, the specific modulus and the specific strength whose definitions are
shown. The reference to density makes it possible to bear in mind the performance-lightness
correlation.

5.1.2.2 Design Factors
The design factors are defined to take care of uncertainties on

* The magnitude of mechanical characteristics of reinforcement and matrix
* The stress concentrations

e The imperfection of the hypotheses for calculation

* The fabrication process and the associated quality control level

e The aging of materials

The orders of magnitude of the design factors commonly used are as follows:

High-Volume Composites

Static loading Short duration 2
Long duration 4
Intermittent loading over long term 4
Cyclic loading 5
Impact loading 10
High-Performance Composites 1.3-1.8

5.2 LAMINATE

The laminates result in the superimposition of several layers, or plies, or sheets, made of unidirec-
tional layers or fabrics or mats, with for each ply its own orientation. This is the result of the drap-
ing or lay-up operation.
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5.2.1 UNIDIRECTIONAL LAYERS AND FABRICS

5.2.1.1 Unidirectional Layer

Unidirectional layer in its original packing is shown in Figure 5.4.
The advantages of unidirectional layers are the following:

* After curing, they provide a high stiffness along the fiber direction.
* They allow the lay-up of long lengths: continuity of loads transmission is thus ensured.
e There is less offcuts.

The disadvantages of unidirectional layers are as follows:

* The lay-up sequence may be long, depending on its complexity.
* The lay-up cannot follow shapes with tight curves (risk of wrinkles)?.

Example: Carbon/epoxy unidirectionals with a width of 300—1,000 mm, pre-impregnated with
resin; usable over several months when stored at cold temperature (—18°C)

5.2.1.2 Fabrics

Fabrics are in the form of rolls, dry or pre-impregnated with resin (Figure 5.5).
The advantages of fabrics are

* Reduced lay-up time
* Possibility of manufacturing complex shapes using the deformability of the fabric
* Possibility to combine different types of fibers in the same fabric

The disadvantages of fabrics are

e Lower modulus and strength than for unidirectionals
* Larger amount of waste material after cutting
* Need of connections when manufacturing large parts

5.2.2 CORRECT PLY ORIENTATION

One of the fundamental advantages of laminates is their ability to adapt and control the orientation
of fibers, so that the material can best resist to the loadings. It is therefore important to know how
the plies contribute to the laminate resistance, taking into account their relative orientation with
respect to the loading direction.

Preimpregnated fibers

Separators

FIGURE 5.4 Unidirectional layer.
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Satin fabric

Separators

FIGURE 5.5 Fabric layer.

Note: A reminder about Mohr’s circle
With the conventions as follows,

+

\ Normal
/ stresses

Shear stresses

We obtain, for example, for the stress state illustrated below, the corresponding Mohr’s circle:

y

Figures 5.6-5.9 show the favorable situations and those that should be avoided. In Figure 5.7,
Mohr’s circle for stresses shows that the 45° fibers support the compression 6; =—71 (T being the
shear stress arithmetic value), while the resin supports the tension 6, =T, with low fracture limit.
The fibers in Figure 5.8 support the tension 6, =T, whereas the resin supports the compression
6, =—7. In Figure 5.9, the fiber orientations are 45° and —45°. Taking into account the previous
remarks, the 45° fibers can support the tension 6, =T, whereas the —45° fibers can support the
compression 6, = —T. As a result, the resin is less loaded than previously.

5.2.3 THE QUADRANGLE SYMMETRIC (QUAD) LAMINATE

5.2.3.1 Standard Orientations

In accordance with working modes of plies described in the previous paragraph, the most frequently
used orientations are as in Figure 5.10. The so-called 0° direction corresponds to either the direc-
tion of main loading, or a preferential direction of the concerned part, or one axis of the chosen
coordinates system.
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@ Tension-compression

Good

Fibers support the
tensile load, giving rise
to high tensile strength
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shear strength

— S ———

FIGURE 5.7 Bad design.
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FIGURE 5.8 Poor design.
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FIGURE 5.9 Good design.

M 7z

20 +45°

-

FIGURE 5.10 Standard orientations of a Quadrangle symmetric laminate.

Note: The cases of more general orientations of the [+® / +'¥] type are the subject of a specific
study (see Chapter 15).

5.2.3.2 Laminate Middle Plane

This is the term used to define the plane that separates the laminate thickness into two half
thicknesses. In Figure 5.11, the middle plane, or Mid-plane, is the (x, y) plane. In this plane, the
z-coordinate value is z = 0.

5.2.3.3 Description of the Stacking Order: Drawing Code

The description of the stacking of plies is done by beginning with the lowest ply on the side z < 0
and then moving toward the uppermost ply of the side z > 0. In so doing, each ply is noted by its
orientation:

* The successive plies are separated by a slash “/”
* The grouping of too many plies of the same orientation must be avoided®. However, when
this occurs, an index number is used to indicate the number of these identical plies
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Upper plies

FIGURE 5.11 Quadrangle symmetric laminate and its middle plane (x, y).

HEE

Lower plies Midplane

5.2.3.4 Mid-plane Symmetry

A laminate has the Mid-plane symmetry property, or the mirror symmetry property, or is Ssym-
metric, when the stacking of plies on both sides starting from the middle plane is the same.

* Example:

. . C tional
Ply number Orientation onventona Symbol
notation

._.
1)
©
<

2

2
Mid +45°
8’<____P_la_l’le-__:}§°___ (90/0,/-45/45), 4(40%)

—45° 2

A N o O
|
S
53]
S

=N W R O
(=}
s

e Example:

. . C tional
Ply number Orientation onventiona Symbol
notation

i
o
O
Q

)
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|
S
95
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FIGURE 5.12  Effect of laminate lay-up on deformation.

Note: Why the need for Mid-plane symmetry

During the manufacturing of a laminate, the successive impregnated plies are stacked at ambient
temperature. Then they are placed within an autoclave for curing. At the high curing temperature,
the thermal expansion of the whole laminate takes place without bending or warping. However,
during cooling, while the resin is polymerized, the plies have a trend to contract differently depend-
ing on the fiber direction or the direction perpendicular to it (transverse direction). The occurrence
of thermally related residual stresses follows from this. When Mid-plane symmetry is carried out,
it leads to the Mid-plane symmetry of these stresses and thus prevents the overall structure to be
deformed as, for example, the twisting or warping shown in Figure 5.12.

5.2.3.5 Specific Case of Balanced Fabrics

Some laminates are made partially or totally of layers of balanced fabric. The designer then needs
to describe the drawing of the composition of the laminate.

¢ Example:

Midplane

One layer One layer One layer
(balanced fabric) (balanced fabric) (balanced fabric)

The laminate shown above is made up of three layers of balanced fabric. A woven fabric layer is
equivalent to two unidirectional layers crossed at 90°, and due to the weaving, we can consider that the
layer also has Mid-plane symmetry. Thus, this laminate is considered to have Mid-plane symmetry.

Note: If this hypothesis is well established for a plain weave or a taffeta (see Section 3.4.1),
and even for a twill fabric, it becomes less and less accurate when the weave harness number is
increasing (for the plain weave, two-harness; for twill fabric, three-harness; for satin, four-harness,
five-harness, etc.). If we suppose that this number is indefinitely growing, the woven fabric becomes
then the superimposition of two unidirectional layers crossed at 90°. It does not have any more the
Mid-plane symmetry*.
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As indicated in Section 3.4.2, we can consider the resulting laminate in two different ways>:

a. Each layer of the fabric is replaced by two identical plies crossed at 90°, each with thick-
ness equal to half the thickness e of the fabric layer and each with known elastic proper-
ties. This representation is convenient for the determination of the elastic properties of the
laminate. The equivalencies are shown in Figure 5.13.

b. Each layer of the fabric is replaced by one anisotropic ply with thickness e for which one
knows the elastic properties and failure strengths. This representation is useful for the deter-
mination of the failure stress of the laminate. Such an equivalency is shown in Figure 5.14.

5.2.3.6 Technical Minimum

e Typically, a minimum amount of plies from 5% to 10% must be used for each direction,
namely, 0°, 90°, +45°, and —45°.

e The minimum thickness of a laminate should be of the order of one millimeter?, for exam-
ple, eight unidirectional layers or three to four layers of balanced fabric of carbon/epoxy.

5.2.4 ARRANGEMENT OF PLIES

5.2.4.1 Proportion and Number of Plies

The proportion and number of plies along each of the directions (0°, 90°, +45°, —45°) must take into
account the mechanical loading on the laminate in the area. A common case consists in the loading
of the laminate in its own plane. This is called an In-plane loading’. In such case, the mechani-
cal loading can take the form of overall plane stress components 6,,0,, and T,, in Figure 5.15a or
In-plane stress resultants N,, N,, and T, in Figure 5.15b. Each stress resultant is the product of the
overall stress value by the thickness & of the laminate.

Generally, the designer has to decide the arrangement of plies following three objectives:

e Support the loading without deterioration of the laminate (even incomplete)

e Limit the deformation of the loaded part
e Minimize the material weight involved

50%
0%

t
I <:> %—e x or 0° <:> 50%
0%

0%
¢
t 50%
45° .
X | < e (D
50%
33%

+ x + | +X+ & .

17%

FIGURE 5.13 Laminate with balanced fabrics; representation 1.
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FIGURE 5.15 Stresses and stress resultants: (a) overall stress components and (b) In-plane stress resultants.

All these criteria do not work in a same direction. For example, searching for minimum thickness
may not be compatible with high rigidity. Searching for high rigidity may not be compatible with
minimum weight. We will see in Section 5.4 guide values for proportions that help to define a
laminate with minimum thickness allowing withstanding without damage the specified mechani-
cal loading.

Once a laminate is defined (number of layers and orientations), the designer must respect to the
extent possible the following arrangements:

* When the predominant In-plane resultant is oriented along the 0° direction: 90° plies
draped on the laminate external surface, then 45° and —45° plies, then 0° plies
* No more than four consecutive plies along the same direction

It should be done without forgetting the technological minimum indicated in Section 5.2.3.6.

5.2.4.2 Example of Pictorial Representation

In Figure 5.16, the symbols indicating the composition of the laminate are shown on top view.
The plies drop-offs must be designed in order to obtain a gradual change in thickness (no more than
two plies for each 6 mm length increment).

5.2.4.3 Case of Sandwich Structure
The description of the sandwich material is done as in Figure 5.17.
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FIGURE 5.16 Pictorial representation.

Material

Surface treatment
Orientation of honeycomb - === === -

(bonding primer)
before expansion Material
(when necessary) ateria
s Adhesive layer
L Material

FIGURE 5.17 Description of a sandwich material.

5.3 FAILURE OF LAMINATES
5.3.1 DAMAGEs

It should be pointed out that further details about the different phenomena characterizing damage
of composite parts are provided in Chapter 14, Section 14.1.

5.3.1.1 Types of Failure

Figure 5.18 shows schematically different types of failure leading to damage of a laminate®.
When the loads exceed critical levels, the main modes of damage for the laminate are illustrated
in Figure 5.19 (see also Figure 14.5).

Fiber rupture

Delamination

FIGURE 5.18 Different types of failure.
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FIGURE 5.19 Modes of damage.

5.3.1.2 Note: Classical Maximum Stress Criterion Shows Its Limits

Figure 5.20 shows a unidirectional laminate loaded successively in two different manners. In the
two cases, the maximum normal stress has the same value denoted as ¢. In the loading case (a), the
unidirectional specimen will rupture when

o> Grupture along ¢

This is a maximum stress criterion.

In loading case (b), the maximum normal stress occurs in a direction that is different from that
of the fibers (one can obtain this by tracing Mohr’s circle as discussed previously). Then the failure
strength will decrease as we have seen in Section 3.3.2. It is weaker than that of case (a). The unidi-
rectional laminate therefore fails when

o< Gmplure along /

This phenomenon is more evident if the unidirectional laminate is loaded in a direction transverse
to the fibers 7. In this case, the laminate failure strength is that of the matrix, which is much less
than that of the fibers.

Thus, taking into consideration the evolution of the failure strength with the loading direction,
the designer cannot use a simple maximum stress criterion as for the classical metallic materials.

—h Tor‘
O 9 O
‘(‘Ur"o

(a) Omax = O¢ rupture (b) Omax < O¢ rupture

FIGURE 5.20 The strong influence of orientation.
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5.3.2 FReQUENTLY UseD CRITERION: Tsal-HiLL FAILURE CRITERION?

5.3.2.1 Tsai-Hill Number

This criterion shall apply successively to each ply of the laminate, i.e., for each one of the four orienta-
tions (0°, 90°, +45°, —45°) that have been considered (Quadrangle symmetric laminates). As already
discussed in Chapter 3, the axes of a unidirectional ply are denoted as ¢ for the direction along the
fibers and ¢ for the transverse direction. The stress components are denoted as G, in the fiber direction,
o, in the direction transverse to the fibers, and t,, for the shear stress in plane (Z, 7) (see Figure 5.21).
The Tsai-Hill number is the number o« such that
Qo O, O 00 _ T

-2 2 2 2
G Lrupture Gfruplurc o {rupture T (trupture

* If a<1, no ply failure occurs.
e If a>1, failure occurs in the ply under consideration. Generally, this deterioration is due
to the resin failure'®.

The mechanical properties (modulus of elasticity and failure strength) of a broken ply become
almost negligible, except for those along the fiber direction'!.

5.3.2.2 Notes

e Caution: The failure strength 6w (called also allowable value) does not have the
same value in tension and in compression (see, e.g., Section 3.3.3). It is therefore neces-
sary to put at each denominator (except for shear) of the previous Tsai-Hill expression
the allowable value corresponding to the type of loading (traction or compression) that
appears in the numerator.

» Using this criterion, when the failure of one of the plies of the laminate occurs (more pre-
cisely the failure of the plies along one of the four orientations), this does not necessarily
lead to the failure of the whole laminate. In most cases, the degraded laminate continues to
withstand the applied stress resultants. In increasing these stress resultants, the recalculation
criterion can show in which ply orientations can a new rupture occur. This may lead — or
not — to complete rupture of the laminate. If complete rupture does not occur, the allowable
stress resultants!? can still be increased. In this way, a design factor can be applied on the ini-
tial critical loading, reflecting the gap between the first-ply rupture and the ultimate rupture.

* Asaconsequence of the previous remark, it appears possible to allow a laminate to remain
in service even if it is partially degraded. It is up to the designer to decide whether the par-
tially degraded laminate is appropriate — or not — for the considered application.

* A parallel somewhat crude can be made with the working areas of classical metallic alloys
as represented in Figure 5.22.

FIGURE 5.21 Ply stresses.
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FIGURE 5.22  Stress—strain curves. Comparison of behavior until failure.

FIGURE 5.23 Overall stresses on the laminate.

5.3.2.3 How to Determine the Stress Components ¢, 6,, and 1., in Each Ply

Consider, for example, the laminate shown in Figure 5.23 consisting of identical plies and on which
we know, beside the mechanical properties of the basic ply:

» The proportions (percentages) of plies in each of the directions 0°, 90°, +45°, and —45°
* The values of the overall stresses applied, here, for example, ¢, and T,,

We can consider this loading case as consisting of the superposition of two simple loading cases:

First o, only, and then T,, only. For each of these elementary load cases, we look for the stress
values of 6, G,, and T, in each ply. Manual calculation is usually far too long'?. It should be replaced
by computerized calculation.

The resulting tables that provide these stress values can be found in Appendix A for carbon/
epoxy plies with 60% fiber volume fraction.

Then, always for each ply, the stress values 6, due to each of the simple loadings 6, and 7, are
added together. We obtain in the same way the stress value G,, then, respectively, the stress value
T,. We are then able to calculate the Tsai-Hill number to verify the integrity of each of the plies.
Application 19.6 shows an example with the aim of determining the thickness of a laminate subject
to such a type of combined loading.

5.4 PRE-SIZING OF THE QUADRANGLE SYMMETRIC LAMINATE
5.4.1 MobuLrus of ELasTiCITY; DEFORMATION OF THE LAMINATE

5.4.1.1 Varying Proportions of Plies

For varying proportions of plies in the directions 0°, 90°, +45° and —45°, the charts that follow
allow the determination of the deformation of a Quadrangle symmetric laminated plate subject to
the applied overall stress components. For this, we have used a stress—strain relation similar to that
described in Section 3.1 for an anisotropic plate, which is repeated below:
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E., E,, G, vy, and v,, are the moduli of elasticity and Poisson ratios of the laminate,' €, and
€, are normal strains, and v, is the angular distortion in plane (x, y).

5.4.1.2 Example of Using Tables

What are the elastic moduli and thermal expansion coefficients of a glass/epoxy laminate (V, = 60%)
with the following ply configuration?

10%
15%

60% ——(0°)
15%
Answer: Chart 5.14 indicates the following values for this laminate:
E. =33,100 MPa

E, =17,190 MPa (This value is obtained by permuting the proportions of 0° and 900)
v,, =034

v, =0.17

Chart 5.15 shows G,, = 6,980 MPa.

When the overall stress values are known, we then obtain the strains €,, €,, and v, using the matrix
relation mentioned above.

Regarding coefficients of thermal expansion, Chart 5.14 shows o, =0.64x107 and
o, =1.21x 10~ by permuting the proportions of 0° and 90°.

5.4.2 CAsEe ofF SiIMPLE LOADING

The laminate is subjected to only one single overall stress: 6, or ¢, or T,,. For a particular set of
proportions in the four directions, we would like to know the order of magnitude of the stress that
can cause a first-ply failure in this laminate.
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* Example:
% & "
For which value of 6, (known as o, ,,...)
will this laminate start to deteriorate?
* Example:

For which value of 1, (known as 1., ;)

will this laminate start to damage?

Charts 5.1-5.15 indicate these maximum stress values as well as the elastic characteristics
and the coefficients of thermal expansion for quadrangle symmetric laminates with the following
characteristics:

* Materials: Carbon, Kevlar®, and glass/epoxy with V; = 60% fiber volume fraction.

* All the plies are of same nature (same unidirectional, same thickness).

e The laminate is balanced (same number of 45° and —45°plies). The Mid-plane symmetry
is performed.

» The percentages of plies along the four directions (0°, 90°, +45°, —45°) are adjustable in
steps of 10%.

Note: The following tables are established from the properties of unidirectionals shown in Table 3.4
(see Chapter 3). Not all reinforcements marketed can be detailed in this book; thus, concerning the
carbon/resin plies, one can find about 15 marketed plies (thermosetting or thermoplastic resin) with
volume contents of fibers varying from 60% to 70%. To use these other marketed reinforcements,
a free dedicated utility can be easily downloaded. This is the LAM SEARCH tool. It was created
within the association THINK COMPOSITES whose objective is to promote composite materials
in industry and education. The LAM SEARCH tool is fully open and available free to interested
parties, manufacturers, and academics. For references about this tool, see Section 15.8.4.

is done based on the Tsai-Hill

Calculation of maximum overall stress values o and T

failure criterion'.

Xmax > G}'max > XYmax

* Example:
Which maximum tensile stress along the 0° direction can be applied to a Kevlar/epoxy
laminate containing 60% fiber volume with the orientation distribution as shown in the
figure below?
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10%
10%

X
70% —=(0°)
10%

Answer: Chart 5.6 indicates the maximum stress in the 0° direction (or x). For the
percentages given, we read Gy " =308 MPa.

Xmax
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of 90° plies
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Note: Maximum stress 6, ..., (MPa) as a function of the ply percentages in the direc-
tions 0°, 90°, +45°, and —45°. (For more information on modulus and strength of
a basic ply, see Section 3.3.3.)

CHART 5.1 Carbon/epoxy laminate: V.= 60%, ply thickness = 0.13 mm.
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* Example:
Which maximum overall compression stress along the 90° direction (or y) can be
applied to a carbon/epoxy laminate containing 60% fiber volume fraction with the orienta-
tion distribution as shown in the following figure?

67%
10%

13% —;(0°)

10%

Percentage
of 90° plies
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Note: Maximum stress o, ..., (MPa) as a function of the ply percentages in the direc-

tions 0°,90°, +45°, and —45°. (For more information on modulus and strength of
a basic ply, see Section 3.3.3.)

CHART 5.2 Carbon/epoxy laminate: V,= 60%, ply thickness = 0.13 mm.
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Percentage
of 90° plies
£
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Note: Maximum stress t,, .., (MPa) as a function of the ply percentages in the direc-
tions 0°, 90°, +45°, and —45°. (For more information on modulus and strength of
a basic ply, see Section 3.3.3.)

CHART 5.3  Carbon/epoxy laminate: V,= 60%, ply thickness = 0.13 mm.

Answer: Chart 5.2 shows the maximum stress in the 90° direction. Starting from the
immediately adjacent composition (10%160%I15%I15%), we have

Oy max = 6 (13%/67%/10% 110%) = 6 (10%|60%|15% 1 15%) + AG = 744 + Ac
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Note: Modulus E, (MPa),

Poisson ratio v

and coefficient of thermal expansion «, as a

Xy’

function of the ply percentages in the directions 0°, 90°, +45°, and —45°. (For more
information on modulus and strength of a basic ply, see Section 3.3.3.)

CHART 5.4 Carbon/epoxy laminate: V; = 60%, ply thickness = 0.13 mm.

Denoting as p” and p** the proportions of plies along the 0° and 90° directions, respec-
tively, we have
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Note: Shear modulus G, (MPa) as a function of the ply percentages in the directions 0°, 90°, +45°,
and —45°. (For more information on modulus and strength of a basic ply, see Section 3.3.3.)

CHART 5.5 Carbon/epoxy laminate: V= 60%, ply thickness = 0.13 mm.

And we obtain by linear interpolation

AG = (747 — 744) x % +(846 — 744) x % =72 MPa

Therefore,

Oy max = 744 +72 =816 MPa
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Note: Maximum stress c,,,.,(MPa) as a function of the ply percentages in the directions 0°,
90°, +45°, and —45°. (For more information on modulus and strength of a basic ply,
see Section 3.3.3.)

CHART 5.6 Kevlar/epoxy laminate: V,= 60%, ply thickness = 0.13 mm.

Note: The charts that provide the maximum overall stresses are not usable for the laminates made of
balanced fabrics. In fact, the compression strength value of a layer of balanced fabric is significantly
lower than what is obtained when one superimposes two unidirectional plies crossed at 0° and 90°
in equal quantities in these two directions!'.
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Note: Maximum stress 6, ., (MPa) as a function of the ply percentages in the directions 0°,
90°, +45°, and —45°. (For more information on modulus and strength of a basic ply,
see Section 3.3.3))

CHART 5.7 Kevlar/epoxy laminate: V, = 60%, ply thickness = 0.13 mm.

5.4.3 CompLEx LOADING CASE: APPROXIMATIVE PROPORTIONS ACCORDING TO ORIENTATIONS

5.4.3.1 When the Normal and Shear Loads Are Applied Simultaneously

When the normal and tangential (shear) loads are applied simultaneously onto the Quad laminate, the
previous tables are not valid because they were established for the cases of simple stress states. However,
one can still use them to make a first estimate of ply proportions following the four orientations'.
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Note: Maximum stress t, ... (MPa) as a function of the ply percentages in the direc-
tions 0°, 90°, +45°, and —45°. (For more information on modulus and strength
of a basic ply, see Section 3.3.3.)

CHART 5.8 Kevlar/epoxy laminate: V,= 60%, ply thickness = 0.13 mm.

The principle is as follows: consider the case of complex loading and replacing the stress compo-
nents with the In-plane resultants N,, N,, and T,,, which were defined in Section 5.2.4. Generally,
these stress resultants constitute the initial numerical data that results from some previous studies.
The design department thus knows them. In view of this, each one of the three stress resultants
should be associated with an appropriate orientation of the plies following the advice in Section 5.2.2.

Using this hypothesis, the normal stress resultant N, is assumed to be supported by the 0° plies
(or along x) and thus requires a global thickness e, for these plies such that
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Note: Longitudinal modulus £, (MPa), Poisson ratio Vi and coefficient of thermal expan-

sion a, as a function of the ply percentages in the directions 0°, 90°, +45°, and —45°.
(For more information on modulus and strength of a basic ply, see Section 3.3.3.)

CHART 5.9 Kevlar/epoxy laminate: V; = 60%, ply thickness = 0.13 mm.

where G,

rupture

N,

e, =

Oy rupture

is the ultimate stress for a unidirectional ply, in the fiber direction (or along x). In the

same manner, N, is supposed to be supported by the 90° plies (or along y) and requires a global
thickness for these plies of
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N,

Gy rupture

Finally, the shear resultant 7}, is assumed to be supported by the £45° plies and requires a global
thickness for these plies of

T,

ey =

Truplure

where Ty 15 the maximum shear stress that a +45° laminate can support.
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Note: Shear modulus G,, (MPa) as a function of the ply percentages in the directions

0°,90°, +45°, and —45°. (For more information on modulus and strength of a basic
ply, see Section 3.3.3.)

CHART 5.10 Kevlar/epoxy laminate: V,= 60%, ply thickness =
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Note: Maximum stress o, . (MPa) as a function of the ply percentages in the directions 0°,
90°, +45°, and —45°. (For more information on modulus and strength of a basic ply,
see Section 3.3.3.)
CHART 5.11  Glass/epoxy laminate: V= 60%, ply thickness = 0.13 mm.

Therefore, we can retain for the complete laminate the proportions indicated below.

Ey

(ex+ey+eyy) Exy

2(ex+ eyt eyy)

e
— = (07
(ex+ey+eyy) X
Exy
2(ex+ ey + exy)
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Note: Maximum stress 6, ., (MPa) as a function of the ply percentages in the directions 0°,

90°, +45°, and 45°. (For more information on modulus and strength of a basic ply, see
Section 3.3.3.)

CHART 5.12  Glass/epoxy laminate: V,= 60%, ply thickness = 0.13 mm.

5.4.3.2 Example

We would like to determine the composition of a laminate made up of unidirectional plies of carbon/
epoxy (V, =60%) to support the In-plane stress resultants:

N, =-800 N/mm; N,=-900N/mm; T7,, =-340 N/mm
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Note: Maximum stress 1, .., (MPa) as a function of the ply percentages in the
directions 0°, 90°, +45°, and —45°. (For more information on modulus and
strength of a basic ply, see Section 3.3.3.)

CHART 5.13  Glass/epoxy laminate: V,= 60%, ply thickness = 0.13 mm.

The compression strength &,,,,,. i8 1,130MPa (see Section 3.3.3 or Chart 5.1 for 100% of
0° plies). Then

e, =ﬂ=0.71mm; e, :ﬂ:
1,130 - 1,130

0.8 mm

The optimum shear strength Ty is given in Chart 5.3 for 100% of +45° plies; then
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Trupure = 397 MPa

From which
ey = 340 _ 0.86 mm
397
We obtain for the proportions
at0°= =03
e.te,+ey,
€y
at90° = ———=0.34
e.te, e,
R ey
at£45°= ———=0.36
e, tey,tey

And we can then retain for the composition of the laminate the following approximate values:

30%
20%

30% ———=(0°)

20%

5.4.3.3 Note

Thicknesses e,, e,, and e,, as evaluated above only serve to determine the proportions. After that,
they should not be kept. This because in fact each orientation really supports a part of each stress
resultant. For example, the 0° plies cover the major part of stress resultant N, but they also support
a part of stress resultant N, and a part of stress resultant T, thus resulting to a more unfavorable
situation for each orientation as compared with what has been assumed previously. The minimum
required for the laminate thickness will in fact be larger than the previous result (ex +e, +ex,),
which therefore appears to be dangerously optimistic. The practical determination of the minimum
thickness of the laminate comes from the Tsai-Hill failure criterion, as indicated at the end of
Section 5.3.2 and explained in details in Application 19.6. In this way, with the same stress resul-
tants and proportions as in the previous example, one finds a minimum thickness of 2.64 mm
(see Application 19.6, in Chapter 19), whereas the previous sum (ex +e, + exy) gave a thickness of
2.37 mm, 10% lower than the required minimum thickness (2.64 mm).

5.4.4 ComprLex LoADING CAse: OpTIMUM COMPOSITION OF A LAMINATE

5.4.4.1 Optimum Laminate
Estimation of the proportions in the previous paragraph does not generally lead to an optimum
laminate, that is, a laminate with the smallest thickness among all laminates of different composi-
tions that can support a given set of In-plane stress resultants N,, N,, and T,.

Charts 5.16-5.19, calculated on the base of Tsai-Hill criterion,'® give the optimum compositions
of laminates made of carbon/epoxy unidirectional that can support various sets of In-plane resul-
tants N, N,, and T,,. The indicated compositions (percentages) correspond to laminates that are
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Note: Longitudinal modulus E, (MPa), Poisson ratio v,, and coefficient of thermal expan-
sion a, as a function of the ply percentages in the directions 0°, 90°, +45°, and —45°.

(For more information on modulus and strength of a basic ply, see Section 3.3.3.)

CHART 5.14  Glass/epoxy laminate: V,;= 60%, ply thickness = 0.13 mm

able to support the specified flux resultants while in the same time keeping a minimum thickness.
This thickness value can be read in millimeters within the circles. It relates to an arithmetic sum of
the In-plane resultants equal to 100 N/mm.

Also shown in the charts are the following:

* The direction along which the first damage will occur (first-ply failure).
e The multiplication factor for the In-plane resultants in order to go from first-ply failure to
ultimate fracture of the laminate.
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09’\0% ZON% 40% 50% ON% 0‘7\)%\ N
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+45° plies

Note: Shear modulus C,, (MPa) as a function of percentages of plies in directions 0°, 90°,
+45°, and —45°. (For more information on modulus and strength of a basic ply, see
Section 3.3.3.)

CHART 5.15  Glass/epoxy laminate: V,;= 60%, ply thickness = 0.13 mm.

* The two compositions (a) and (b) that are closest to the optimum composition, obtained by
varying from the indicated composition along the direction of the arrows. First, in order to
define composition (a), the increasing or decreasing arrows (solid line) denote the increase
or decrease of 5% as compared to proportions marked. Next, to define composition (b), the
increasing or decreasing dotted arrows denote the increase or decrease of 5% as compared
to proportions marked.
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Note: V;=0.6,10% minimum in each direction 0°, 90°, +45°, and —45°. (For ply characteristics, see

Appendix A or Section 3.3.3.)

CHART 5.16

Optimum composition of a carbon/epoxy laminate.

5.4.4.2 Example
Given the stress resultants:

N, =720 N/mm; N,=0; T,,=80N/mm

We first deduce the values of the reduced flux resultants:

N, =

720 T, =

720+ 80

80

=0.9; —=
720+ 80

N, =0;
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0.6, 10% minimum in each direction 0°, 90°, +45°, and —45°. (For ply characteristics,

see Appendix A or Section 3.3.3.)

\/,.:

Note:

CHART 5.17 Optimum composition of a carbon/epoxy laminate.

We then use Chart 5.16 (all stress resultants are positive), where we note, corresponding to these

values of reduced stress resultants, the following pictogram:
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Note: V;= 0.6, 10% minimum in each direction 0°, 90°, +45°, and —45°. (For ply characteristics,
see Appendix A or Section 3.3.3.)

CHART 5.18 Optimum composition of a carbon/epoxy laminate.

This can be interpreted in the following way:

e Optimal composition of the laminate:
e 70% of 0° plies (along x-direction)

e 10% of 90° plies

e 10% of plies at 45°, 10% of plies at —45°
The critical thickness of the laminate is 0.156 mm when the arithmetic sum of the

three stress resultants is equal to 100 N/mm. For this thickness, the first-ply failure occurs

in the 90° plies. However, one can continue to load this laminate until reaching 1.33 times

the critical load. At this point, there is complete rupture of the laminate.
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Note: V;=0.6,10% minimum in each direction 0°, 90°, +45°, and —45°. (For ply characteristics, see
Appendix A or Section 3.3.3.)

CHART 5.19 Optimum composition of a carbon/epoxy laminate.

Returning to our example, the arithmetic sum of the stress resultants is equal to:
720+ 80 =800 N/mm = 8 x 100 N/mm
Then, the thickness of the laminate has to be more than
8x0.156=1.25 mm

And the complete failure of the laminate will occur if the loading is multiplied by a factor
of 1.33, that is, for

N, =133x720=957N/mm; N,=0; T, =1.33x80=106 N/mm
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* Neighboring compositions: The second smallest thickness in the vicinity is obtained by
modifying the indicated composition in the direction specified by the arrows in solid line, as

1
125
125

We then obtain (not shown on the chart) a thickness of 0.160 mm (increase of 2.5% relative to the
previous value) and a multiplication factor to reach the ultimate loading equal to 1.35.

Continuing in the direction of increasing thickness, the third smallest thickness in the immedi-
ate vicinity is obtained by modifying the indicated composition in the direction specified by the
dotted arrows, as

—_—

.14+0

v 4

d
e

140.05 15

\
\ .65
.7-0.05 \ :>

We then obtain a thickness (not shown on the chart) of 0.165 mm (increase of 6%) and a multipli-
cation factor of 1.3 for the ultimate load.

5.4.4.3 Example
Given the stress resultants

N, =600 N/mm; N, =-300N/mm; T, =100 N/mm

the corresponding reduced stress resultants are

N,=06; N,=-03; T,=0.1N/mm

25 Optimal composition ~ 25%
; of the laminate 10%

—) 55%

10%
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We obtain from Chart 5.18
where the critical thickness is 10 X 0.152 = 1.52 mm (since the arithmetic sum of the stress resul-
tants is 1,000 N/mm or 10 X 100 N/mm).

* These are the 90° plies that fail first
* Complete rupture of the laminate occurs when

N, =1.29%x600 =774 N/mm
N, =129 x-300=-387 N/mm
N, =1.29%x100=129 N/mm

* The closest critical thicknesses (in increasing order) are obtained with the following suc-

30% 20%
10% 10%
50% then 60%
10% 10%

cessive compositions:

5.4.4.4 Notes

* A few loading cases can lead to several distinct optimum compositions, but with identical
thicknesses. For example, the reduced stress resultants

o i

& :,>Nx<:>§ §00<:> ~‘—cﬁ)‘0
y T |

3 (0.5-p)
p means that all values of p less or equal to 0.5 apply,
- ) 0.5-p) for example:
10% 25% 40%
40% 25% 10%
10% or 25% or 40%

40% 25% 10%
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This represents a case of isotropic loading, Mohr’s circle being reduced to one point as
illustrated below.

Chart 5.16 indicates

We obtain in this case a unique critical thickness of 0.161 mm (corresponding to a
sum N, + N, =100 N/mm) whatever the proportion p'°. The isotropic composition
[25%125% 125% /25%] in the directions 0°, 90°, +45°, and —45° might appear intuitive.
In fact, it can be replaced by various periodic compositions?.

e Insome loading cases, one finds from the table only arrows in a solid line. For example, for

the following reduced stress resultants

10% 10% 10%
40% 37.5% 35%,
@ 10% then @ 15% then @ 20%
40% 37.5% 35%

We find from Chart 5.16 the following figure:

The three neighboring optimum compositions in increasing order are

(Thicknesses of 0.255 and 0.262mm are not indicated on the chart.) The third compo-
sition, characterized by an increase in thickness of (0.262-0.252mm), or 6%, leads to an
increase in modulus of elasticity in the x (0°) direction by 36% (see Section 5.4.2, Chart 5.4).

We should finally note that in the majority of cases, the optimum compositions indi-
cated in Charts 5.16-5.19 are not easy to postulate basing on intuition?'.

5.4.5 Notes FOrR PracTicAL UsE CONCERNING LAMINATES

5.4.5.1 Specific Aspects for the Design of Laminates

 Fabrics can be shaped on double-curved surfaces??> by pushing back in the warp and weft
directions (possibility of shrinkage up to 30%).

* The radii of the mold must not be too small. This applies in particular to the inner radius
R, as shown in Figure 5.24a. The graph in Figure 5.24b provides an overview of minimum
values required for the inner and outer radii.

e The thickness of a polymerized ply is only of 0.8—0.85 times that of the ply before polym-
erization. Thus, when dimensioning the final thicknesses, one has to take into account a
margin of uncertainty of the order of 15%.

*  When the surface of the part is too large to be covered by an only sheet of unidirectional
taken from the roll, precautions should be taken when cutting out the different elements
drawn from the roll. One can see in Figure 5.25 a few lay-up examples.
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4> Radius (mm)

N
>

25 50 75 100 125

(a) (b) Depth / (mm)

FIGURE 5.24 Minimum required for inner and outer radii of mold.

/ Good

.

Good

Bad

Bad

FIGURE 5.25 Disposition of cut elements from unidirectional roll.

r>8 mm

Preformed shim :
(roving)

Unidirectional glass/epoxy

FIGURE 5.26 Laying in a corner.

e The unidirectional sheets cannot have sharp bends in the fiber direction. The schematic
in Figure 5.26 shows the design features to achieve sudden curvature changes along the
lay-up direction.

5.4.5.2 Delaminations
When some plies making up the laminate separate from each other, it is said that there is delamina-
tion. Many causes accowunt for this type of damage:
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(@) An impact that does not leave apparent traces on the surface but may lead to internal
delaminations

Carbon/epoxy laminates are susceptible of such localized delamination, resulting, for example,
from the fall of a dense object (tool) on the surface coating. Subsequently, the compressive strength
of the part is affected by the damage. Indeed, not only damages to some plies but also delamination
of interfaces between plies occur, as shown in the following example. Then, in addition, the risk of a
local buckling due to compression occurs, which can spread. This phenomenon has to be carefully
monitored in aircraft construction and leads to sizing criteria based not on a maximum compression
stress but on a maximum compression strain?*. In practice, the latter is evaluated in microstrain (Ug),
that is, € x 10°, where ¢ is the small classic strain already seen. For such applications involving car-
bon/epoxy parts, the maximum allowable compression strain is linked to a codified intensity for a
tool impact and is somewhat above 3,000 pe in terms of absolute value.

Accordingly, one can clearly see here that with unidirectional sheets, the most loaded plies
should not be draped on the upper or lower laminate surface?.

Example: Impact of a projectile on a layered plate [0,1 /190, / 0,,]

* Order of magnitude of impact:

Delamination of the 0°/90° interface

Cracks in impacted 0° plies (priority to the lower interface)

Cracks in 0° \
nonimpacted plies Cracks in 90° plies

(a)

| Seen from above

(b) |

There is a tre
© debonding between plies

FIGURE 5.27 (a) Impact on a [0,, 190, /0:,] laminate. (b) Sewing stitch on a laminate. (c) Laminated
bracket loaded.
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e Mass: several kilograms; speed: several m/s
The damage in the impacted area is shown in Figure 5.27a.

* An improvement: the stitch of the laminate. In view of reducing the impact damage, the
delamination can be prevented by carrying out sewing stitches (Figure 5.27b) on

e Prepregs

e Dry preforms before injection molding?

(b) A mode of loading that leads to the disbond of the plies (tensile load on the interface) as
shown in Figure 5.27¢c

(c) Shear stresses on the interfaces between the different plies, which occur very close to the
edges of the laminates and that may be illustrated as follows, taking a three-ply laminate
as an example:

1. Consider the three plies in Figure 5.28a, uncoupled. Under the effect of loading (the
figure at the right-hand side), they deform independently, and therefore, they do not
coincide anymore when they are surperimposed.

2. Now the plies have built a balanced laminate. Under the same type of loading, they
deform together, without showing any difference, as shown in Figure 5.28b.

Before
deformation

(2)

Before
deformation

pooocooooocooooo0

) Iyl
Interlaminar stresss\
ﬁ o
L

e
&

é
¢

X XXX)
2022

(©)

Isolated ply Ply bonded to the
loaded laminate

FIGURE 5.28 (a) Three plies considered separately. (b) Three plies bound together. (c) Stresses at free edge.
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FIGURE 5.29 Delamination due to buckling at interface.

3. That means that interlaminar stress components occur on the bonded faces. It can be
shown that these stress components are located very near the edges of the laminate, as
illustrated in Figure 5.28c.

(d) A complex state of stress at the interface, caused for example by a local buckling

(see Figure 5.29)

Practical as well as theoretical studies of these interlaminar stress components are very difficult,
and the phenomenon is still imperfectly controlled.

5.4.5.3 Why Is Fatigue Resistance So Good?

* Paradox: Glass is a very brittle material (no plastic deformation). Similarly, a resin is
also often an almost brittle material that does not yield (e.g., epoxy). Nonetheless, the
reinforcement/matrix association formed by these two materials opposes to the propaga-
tion of cracks and makes the resultant composite remarkably fatigue-resistant compared
to a metallic alloy.

» Explanation: When the crack initiates, for example in the unidirectional layer shown
schematically in Figure 5.30 in the form of alternating of fibers and resin, the initial stress con-
centration at crack tip causes a degradation of the resin as pictured. Accordingly, there is a dis-
bond of fibers from the matrix. Therefore, fibers benefit from a stress relaxation. Thus, there is
no stress concentration comparable to what happens in a homogeneous material.

5.4.5.4 Laminated Tubes

Laminated tubes can be obtained by winding of threads, unidirectional tapes, or fabrics. As the
first approximation?®, the strain and stress values in flexure and in torsion can be estimated from the
relations in Figure 5.31 in which the following applies:

Fiber
Crack Crack tip

l Resin

[ e
e e Y 0 [

T7pm

——— > / R |
Resin fracture Fiber-matrix

delamination

FIGURE 5.30 Crack effects in unidirectional.
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y Flexure:
) i M0
e
Y Mf
O, = —T x Y
B Torsion:
/[ Qﬁ\ﬁMt dex
G =M
—
Tyy= Iot X I

FIGURE 5.31 Composite tube relations.

E, and G,, are the moduli of elasticity in the tangent plane (x, y).

I and I, are, respectively, the quadratic moment of inertia and polar moment of inertia of
the cross section of the tube (ring section), with Iy =2 X I.

Y is the coordinate of a point in the cross section (in the underformed position) in the
(X, Y, Z) coordinates.

r is the average radius of the tube.

NOTES

Ju—

W

10
11
12
13

See Section 5.4.4.

See Section 2.3.

This is to limit the interlaminar shear stress (see Section 5.4.5 and Chapter 18). This precaution applies also
to the fabrics (e.g., no more than four consecutive fabric layers of carbon/epoxy along the same direction).
This property can be observed for example on a unique ply of five-harness satin of carbon/epoxy: after
curing in an autoclave, it deforms (double curvature shape) after demolding. See Application 20.17
“Thermoelastic Behavior of a Balanced Fabric Ply”.

See also Applications 20.9 and 20.10.

Apart from space applications, where thicknesses are very small. Then the skins of sandwich plates are
laminates that do not necessarily have individually a Mid-plane symmetry. In such cases, these are the
sandwich plates themselves which exhibit overall symmetry with respect to their Mid-plane.

The laminate can also work in bending. This is studied in Chapters 12, 15, and 18.

See also Chapter 14.

For more details concerning failure criteria, see Chapter 14.

See Section 14.1.

See Section 14.5.

See Application 20.7 “First Ply Failure of a Laminate; Ultimate Strength”™.

The procedure for this calculation is described in Section 12.1.3.
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15
16
17
18
19
20
21
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23
24
25
26
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Recall (Sections 3.1 and 3.2) that \II;y

X y

Vi

For calculation steps, see Application 20.2 “Procedure for a Laminate Calculation Program”.

Also see Note in Section 3.4.2.

Caution: What follows applies to the determination of proportions, but not of thicknesses.

See Section 5.3.2.

See Application 20.8 “Optimum Laminate for Isotropic Plane Stress”.

See Section 5.4.2, Chart 5.4.

See Application 19.6.

See Figures 3.10 and 14.3. This is much more difficult for the plain weave fabric than for the satins, due
to the mode of weaving (see Section 3.4.1).

The Strain Failure Criterion is detailed in Section 14.4.

As already noted in Section 5.2.4.1.

See Sections 2.1.4 and 2.3.1.

For a complete study of flexure and torsion of composite beams with any cross-sectional shapes,
see Chapters 16 and 17. Relations in Figure 5.31 are used in Applications 19.4, 19.13, 19.15, and 21.1.
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Fastening and Joining

We saw in Chapter 5 how to design the regular, or typical, or smooth area of a laminate so to sustain
overall loads. Even more critical for the designer of a composite part is the careful design of the
attachments and joints of the parts between them. Here, we look at the assembly solutions involving
riveting, bolting, and bonding for

* A composite part and another composite part between them
* A composite part and a metallic part between them

6.1 RIVETING AND BOLTING
6.1.1 LocAL Loss OF STRENGTH

6.1.1.1 Knockdown Factor

In any mechanical component, the presence of holes generates stress concentration factors.
Especially in composite parts, holes (molded-in holes or drilled holes) induce local reduction of the
failure strength in comparison to the same location but without holes. The knockdown factor is in
the range of

* 40%-60% in tension
* 15%-50% in compression, depending on whether the hole is filled by a fastening pin, or
is free

Example: Figure 6.1 illustrates the degradation process before failure of a glass/epoxy laminate
containing a free hole, under uniaxial stress.

6.1.1.2 Causes of Hole Degradation
» Stress concentration factors: The balance of stress shown in Figure 6.2 demonstrates the

increase in stress concentration in the case of a laminate. Considering a slight torquing
force provided by the rivet, usually neglected for composite laminate cases, the stresses
shown in these figures are such that
c6’'>0
In an area where

Glocal rupture < O laminate rupture

With an order of magnitude for the maximum stress G}, in the laminate,

Oy =0"X 1+\/2[ EX—VWJ+ E. w
E, " nyJ

DOI: 10.1201/9781003195788-7

where


https://doi.org/10.1201/9781003195788-7

134 Composite Materials

%
12.5%

=

50%

12.5%
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(a) 90° ply fracture (b) +45° ply fracture
(resin) (resin)

)5\ \‘ﬁ X 13
;V/ / 1’17/ l:'& :é:///
§
@ O » @ ;0 0)
A il
(C) AN - d y 8\\
Cracks at 0° (resin) (d) Delamination; deformation

around the hole

FIGURE 6.1 Progression of damage from (a) to (d) in a laminate with an open hole when load increases.

’

o
—

-

Yielding
N

T

Metal i Laminate

FIGURE 6.2 Stress concentrations.

E, and E, are the elastic moduli in the 0° and 90° directions, respectively
G,, is the shear modulus
V., is the Poisson ratio

In addition to this local stress increase, one should point out local phenomena called edge
effects, giving rise to stress gradients near the walls of the hole, In-plane and out of plane
of the laminate (see Section 14.1.3 and Figure 14.3).

* Rupture or misalignment of fibers: Rupture of fibers occurs during the cutting process
of the hole. Another cause of hole degradation is the misalignment of fibers if the hole is
made before polymerization: Figure 6.3 illustrates the correlation between the weakened
zones consecutive to rupture of fibers and the overstressed zones.

* Bearing stress: This term designates the contact pressure between the rivet shank or the
bolt shaft and the wall of the hole. When this pressure is excessive, it leads to spalling and
delamination of the laminate'.
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1
%[@

Weakened zones Overstressed zones

Preferred

FIGURE 6.3 Weakened zones due to the presence of holes.

6.1.2 MAIN FAILURE MODES IN BOLTED JOINTS OF COMPOSITE MATERIALS

These are demonstrated in Figure 6.4.

6.1.3  SIZING OF THE JOINT
6.1.3.1 Recommended Values

» Pitch, edge distance, and thickness (see Figure 6.5).

* Orientation of plies: Recommendation for percentages of plies near the holes (see Figure 6.6).

* Condition for no bearing damage: In Figure 6.7, F and 7T designate the normal load and
the shear load, respectively, acting on the connected parts, on a width of one pitch value.

P w o
o Q

Tensile fracture Shear fracture Bearing failure Tensile and normal fracture
(insufficient number ~ (necessary to reinforce (insufficient thickness)
at 0° plies) +45° plies)

= G
=)= - —

Fracture of bolt Rupture of laminate
under the rivet or screw head

FIGURE 6.4 Main failure modes in bolted joints.
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distance | o ® Edge distance>6d
pitch 90
o +45°
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e -45°
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aj e ® Safety factor>2
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2

FIGURE 6.5 Recommended pitch, edge distance, and thickness.

=210%

0
15% - 32%
&= (+) 25%- 607 I

15% - 32%

FIGURE 6.6 Recommended proportions.

A—-
Cu tl | 1 ¢
F [ F
Pitch - #
S ! ]
o . e
Section AA A ﬁ|

FIGURE 6.7 Normal and shear loads on assembly.

The equivalent bearing pressure, which leads to the crushing of the wall of the hole of diameter
0, is F'/ (¢ X e). It must remain smaller than a given ultimate bearing strength as

(I) e < Gbearing strength carbon : Gbearing strength = 500 MPa

glass > O'bearing strength = 300 MPa

6.1.3.2 Evaluation of Magnified Stress Values

The principle of calculation consists in increasing the stress values that are given by elementary
considerations, by means of empirical coefficients of magnification?:

* Due to the presence of the hole
* Due to the pressure of contact or bearing on the wall of the hole (rivet, bolt)
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With the notations of Figure 6.7, we have

1
Oincreased =
o

1

Tincreased =

— X
0.7

137

tension, o = 0.6

compression, o = 0.8

Then checking should be carried out in order to ensure that these stress levels are compatible with
the allowable values, that is, that they do not lead to the failure of the ply, by using the method of

verification of nonfailure described in Section 5.3.2.

6.1.4 RiIveTING

The special features and recommendations for riveting the composite parts can be presented as follows:

* Do not hit the rivets, due to the poor impact resistance of the laminates.
* Beware of possible rupture of laminate under the rivet head (pull-through failure) due

to small laminate thickness.

e The galvanic compatibility of the rivet with the laminates to be assembled shall be
ensured. For example, as a rule, never use aluminum rivets through a carbon laminate.

* Riveting used along with bonding of the surfaces to be assembled provides a gain in the
mechanical resistance on the order of 20%—-30%. On the other hand, the disassembly of the
joint becomes impossible, and the weight is increased.

Some characteristics of rivets for composites are shown in Figure 6.8.

Titanium alloy

Colombium ﬁ

(cold welded on titanium)

Aluminum alloy %%

Inconel or stainless steel or Monel

ol

FIGURE 6.8 Different types of riveting.

@ Diameter:

0 =3.2;4;4.76; 6 mm
@ Cone angle:

130° <0 <156°

@ Materials:
copper-nickel-
titanium alloy (TA6V)

@ These rivets are ductile

@ Mechanical strength:
Trupture (rivet) ~ 400 MPa
(shear fracture)

Reinforcement Rivet
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6.1.5 BoLlrinG

6.1.5.1 Example of Bolted Joint

Let us look at a practical example that requires a bolted joint (simple case)’. Consider a sandwich
panel fixed on a base support and subjected to simple loading represented by a shear load and a
bending moment (see Figure 6.9).

A bolt fastening is envisaged. As shown in the schematics of Figure 6.10, even if the bolt is not
tightened, it is in principle able to act to equilibrate the bending moment. However, the action of the
shear load will work to separate the sandwich skins.

It is the torquing of the bolt that will allow contact pressure distribution between the base sup-
port and the skins. The sum of forces accruing from this contact pressure acting on the sandwich
panel will balance out the overall shear resultant, while removing any risk of separation of skins
(see Figure 6.11).

%Shear resultant
Lo Bending
moment

— Tl

! Mg =
Fastener shank Withstanding the Withstanding the
Bending Moment Shear Force
(Shaft sheared) (Friction neglected)

FIGURE 6.10 Local behavior without bolt torquing.

Tension

% Shear

Withstanding the Shear resultant
when bolt is tightened
(friction neglected) Loads on the bolt shaft

FIGURE 6.11 Advantage of tightening torque.
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6.1.5.2 Tightening of the Bolt
The tightening of the bolt is therefore mandatory.

* However, the laminated skins are fragile and cannot admit high contact pressures under
the bolt head and under the nut: there is a need for local metallic devices, allowing a
distributed pressure on a larger surface as shown in Figure 6.12.

* The bolting plus bonding of the surfaces provides a gain in mechanical resistance of 20%—
30%. On the other hand, the joint cannot be disassembled and is increased in weight.

Metal
Good Bad
Titanium plate bonded Laminated
on the laminate Titanium-Carbon

a few mm (e.g., 2,5mm)

FIGURE 6.12 Some configurations for bolted joints.

6.2 BONDING

Let us mention briefly that this common joining technique is based upon the adhesion by molecular
attraction between two parts (the substrates to be bonded) and an adhesive that must be able to trans-
fer loads. We can list the following as main advantages of this fastening technique:

* Distribution of stresses throughout a large surface

* Possibility to optimize the geometry and dimensions of bonding area
» Lightweight of the mechanical connection

* Insulation and sealing properties of adhesive

6.2.1 ADHESIVES USED

The adhesives used include

* Epoxies

* Polyesters

* Polyurethanes
* Methacrylates

In all cases, the curing process is shown schematically in Figure 6.13.
The current adhesives are resistant simultaneously to

* High temperatures (>180°C)
* Moisture
* Many chemical agents
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8 o %o By uring =) %m .
080 § ® 000 Ooo

Initial molecules Macromolecules
(crosslinked or uncrosslinked forms)
FIGURE 6.13 Curing process of adhesive.
The parts that have to be connected must be surface treated. This involves three steps:
* Degreasing

* Surface pickling
* Protection of the pickled surface

The case of metal/laminate bonding: Due to differences in physical properties of the constituents,
the adhesive should compensate the differences between

* Thermal expansions
e Deformation under stress

The schematic in Figure 6.14 indicates in a strongly exaggerated manner the deformed configura-
tion of an adhesively bonded double-lap joint. This demonstrates the role of adhesive in the gradual
transmission of the load from the center part to the external components*.

Failure of an adhesively bonded joint can occur from different manners, as indicated in Figure 6.15.

6.2.2 GEOMETRY OF THE BONDED JOINTS

As far as possible, adhesively bonded joint geometries should allow to meet the following specifications:

* The adhesive layer must be loaded in shear in its own plane
* A state of tensile stress in the adhesive layer should be avoided

Metal High tensile stress

I Adhesive CZI

% ! % Laminate & :>

FIGURE 6.14 Deformation of a double-lap bonded joint.

Fracture at Decohesive fracture of adhesive
Adhesive/Part interface (initialized at 1 and 2')
| Fracture of one of

l % | the assembled parts
1 2

FIGURE 6.15 Failure modes in a bonded joint.
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Consequently, transmission of load will be made in more or less favorable conditions depending
on the joint geometry, as shown in Figure 6.16. A double-lap bonded joint comprising panels with
tapered thicknesses is shown in Figure 6.17.

Transmission of torque is shown in Figure 6.18.

=
Very bad Adhesive in tension

o=

= P @%a

Bending of bonded panels, as a consequence of
their initial misalignment, gives rise to normal stresses
that pull the adhesive

&

Double-lap prevents tension
in the adhesive

-——n__
Good
_—

FIGURE 6.16 Some designs for bonded joints.

S e e

Variable thickness allows uniform
shear deformation in the adhesive layer

]
A1)
\

FIGURE 6.17 Double-lap tapered joint.

‘ M Insufficient
{‘1 77777 - —}j t Very bad bonding surface

]‘ M but bulky, with
****** J t Good  ypequal distorsion

Z— T in the adhesive layer

FIGURE 6.18 Design for torque transmission (see Section 20.1).
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6.2.3 Si1zZING OF THE BONDING SURFACE AREA

6.2.3.1 Strength of Adhesive
The strength of adhesive is characterized by its allowable shear strength T,y This strength varies

with the curing process of bonding (cold bonding or hot bonding). For epoxy adhesive, the following
values can be cited:

* For cold bonding, (Araldite®) adhesive thickness = 0.2 mm:

Truprure = 10 MPa at 20°C

Trupure = 3 MPa at 80°C
* For hot bonding, polymerization temperature is between 120°C and 180°C:

Trupure = 15— 30 Mpa from 20°C to 100°C

The diagram in Figure 6.19 shows, for example, a typical polymerization cycle for an epoxy adhesive.

N
Pressure 7 bar

| \

\‘d 180°C \‘

/ 135°C/ 2h ‘

Temperature / 0.5h
|
~ Time (h)

FIGURE 6.19 Curing cycle of epoxy adhesive.

6.2.3.2 Design
* Denoting by e, the thickness of the adhesive layer, the typical values are

0.1mm <e, £0.3mm

When the adhesive joint is especially thick, the adhesive should be filled with glass powder
or with cut fibers.

* Scarf joint: This design of joint (see Figure 6.20) allows obtaining a sufficient bonding
surface, with limited tensile stress

e Parallel joint: As illustrated in Section 6.2.2, there is bending of bonded parts. The geo-
metrical configurations are varied (see Figure 6.21)

6.2.3.3 Stress in Bonded Areas

By focusing on a bonded area, the loading on bonded joint appears as shown in the right-hand side
of Figure 6.22 (the bonded joint width is assumed to be unitary).
The state of stress in the adhesive (Figure 6.22) consists mainly in

e A shear stress T
e A normal stress, so-called peel stress ¢
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Fcos a
b Taveragein mommr <0.2 x Trupture of adhesive

¢xb

FIGURE 6.20 Scarf joint.

FIGURE 6.21 Configurations of parallel joint.

Adhesive
1 o ﬁ T
S0 Mr@ﬁl nlzm A=

el[2 e (¢.|f 2) }}-»') Adhesive
o

4

FIGURE 6.22 Stresses in adhesive.

These stress distributions show maximum values 6, and T, very close to the edges along the
longitudinal direction ¢ of the adhesive. These maxima can be approached by superimposition of
the partial maxima created by each of the resultants N, T, and M, respectively, by means of the
procedure described hereafter:

a. By writing,

G. G. 12E, 12E,
oy = ;o O = s Pi=—7—35 - P2= 3
Eee, Eseze. Eeje, E,eze,

Expressions in which
E, is the elastic modulus of the adhesive
G. is the shear modulus of adhesive
E| and E, are the elastic moduli of the bonded parts 1 and 2 in the horizontal direction ¢
of the adhesive
e|, ey, and e, are thicknesses as shown in Figure 6.22
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b. Then we obtain
e Maximum shear stress values as illustrated in Figure 6.23
e Maximum peel stress values as shown in Figure 6.24.

Notes:

* The stress resultants N, T', and M ; are evaluated per unitary width of the bonded joint.

*  When several resultant forces and moments exist together, the total maximum shear stress
is obtained by superimposition of the maxima of shear stress values and the maximum peel
stress by superimposition of the maxima of peel stress values.

*  When the lower part is also subject to resultant force and moment, the previous estimate
can be used, through permuting indices 1 and 2 and through changing the sign of the
second member.

» The range of validity for these approximate formulas’ is as follows:

06<% and Pr<s
(02) 2

Adhesive

™™
1 (T)}—'TJr Ty = 3 x T
I (T) de,
i)
™
M +
1 A T

FIGURE 6.23 Maximum shear stress.

oM
(1) . H(T)TE'P o Bn/?/ -
3/4
§2> / (T) By +Bo)
/

Adhesive

oM
(O] (WTT ’Mf oy P x M
® | N
(2)

FIGURE 6.24 Maximum peel stress.




Conception: Fastening and Joining 145
(0 +01,)x > =9

(B +B2)x ¢* 24 x6*

6.2.3.4 Example of Single-Lap Adhesive Joint
For the single-lap adhesive joint below, and with the notations used previously,

[

c N
S e ——— L)

1

&

2

N=F; Mf=F><(L;e2 +ec)

= Tt )5 O = O

This is relevant only if o, o, B, and B, remain in the range of validity indicated above.

6.2.4 Caste oF BONDED JOINT WITH CYLINDRICAL GEOMETRY
6.2.4.1 Bonded Circular Flange

The maximum shear stress value and the condition of nondamage are given in Figure 6.25.

6.2.4.2 Tubes Fitted and Bonded into One Another

The maximum shear stress value and the condition of nondamage are given in Figure 6.26. For differ-
ent thicknesses and different materials to be assembled, see Application 21.1 “Cylindrical Bonding”.

6.2.5 ExampLes oF BONDING

6.2.5.1 Laminates

* In a laminate, orientation of plies that are in contact with the adhesive joint influences
strongly the failure by fiber-resin decohesion. This can be easily understood through
Figure 6.27.

/ ___¢___3__1 _JMt
16 M, x ¢'
: Thax = ,4_—):4 <02 x Trupture of adhesive
2 (¢-¢7)

FIGURE 6.25 Bonded circular flange.
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Maximum shear zone 2 M,
Taverage = 92 ¢

a
Ty — ————— % T
max
A tanh 4 e

<02xT

rupture of adhesive

FIGURE 6.26 Tube fitted and bonded into one another.

5MPa<t <10 MPa 10 MPa < Tyyppyre < 20 MPa

rupture

FIGURE 6.27 Importance of ply orientation in bonded laminates.

* Figure 6.28 shows how to achieve stepped thickness on the titanium side with intentionally
nonsymmetrical design of the steps, with the aim of limiting the stress concentration in
internal angles®.

* Sandwiches (see Figure 6.29): The bonding at the borders of sandwich panels must be done
in a simple manner (especially for the preparation of the core) and with the best possible
contact for the bonded parts, similar to the cases shown in Figure 6.30.

6.3 INSERTS

In composite parts, it is sometimes necessary to use local reinforcement parts, or inserts, which may
be used to fasten the concerned composite part to the surrounding structure or to attach equipment.
The inserts carry the fastening devices and spread the loads introduced by the fasteners into the
composite part.

Unidirectional Stepped thickness | | Titanium
_ \ ‘ (Low thermal expansion)
| [ o
A4 /,
. 1 ]
- T
Adhesive 21.5mm L€ " Surface treatment

0.05 mm < € < 0.1 mm (bonding pressure)

FIGURE 6.28 An example of laminate bonding.
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. 3 plies (sealing and surface quality)

FIGURE 6.29 Bonding of sandwich panels.
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FIGURE 6.30 Borders of sandwich panels.

6.3.1 CAse OF SANDWICH PARTS

Metallic inserts into sandwich parts are frequently designed according to the schematics in Figure 6.31.

6.3.2 Case oF Parts UNDER UNIAXIAL LOADS

* Tensile load: See Figure 6.32. See also Figure 7.49 “Composite propeller blade”,
Figure 8.24 “Riser tube”, and Application 19.3 “Helicopter blade™.

* Compression load: See Figure 6.33.

* Tension—-compression load: See Figure 6.34.

Arrangements that allow the increase of the bonded surfaces are shown in Figure 6.35.

! [
v s
‘ Lightened resin

. -
':. ’ ‘ (lmicrosphere:s) I_L\—F_d ]
i L |

|

)

FIGURE 6.31 Inserts in sandwich construction.
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Unidirectional (roving)

- Good Q

FIGURE 6.32 Composite parts under tensile load.

Wedge effect causes
fiber-matrix decohesion

Unidirectional

FIGURE 6.34 Tension—compression load.

FIGURE 6.35 Devices to increase the bonded area.

NOTES

1 Nevertheless, an open hole reduces the mechanical capability of a laminate in a greater proportion
than does a filled hole. The reason is that the presence of a fastening pin helps to maintain the shape
of the hole and thus limits the deformation under load.

2 When the aging of the part must be taken into account, an additional 10% factor must be applied on
top of the others. Another approach consists of applying rather a knockdown factor on the allowable
stress values or on strains.

3 A more complete case of panel fastening is examined in Application 19.6 “Wing Tip made of
Carbon/Epoxy™.

4 See Application 21.2 “Double Lap Bonded Joint™.

For more details, see Bibliography: Bigwood D.A. and Grocombe A.D.

6 See also Application 19.6 “Wing Tip Made of Carbon/Epoxy”.

W



7 Composite Materials and
Aerospace Construction

A brief history shows that lightness and mechanical robustness requirements have early led aircraft
manufacturers to move toward composite solutions:

* In 1938, the fighter aircraft Morane 406 (FR) had sandwich panels made of plywood core
and light alloy skins.

* In 1943, the fighter aircraft Spitfire Supermarine (GB) was fitted with composite wing
spars and some composite fuselage parts made of hemp fiber and phenolic resin.

* Glass/resin has been used since 1950. Combined with honeycombs, this composite enabled
the manufacture of fairings with complex shapes.

* Boron/epoxy was introduced around 1960, with moderate development since that time.

» Carbon/epoxy structural parts were fitted on aircraft from the 1970s.

» Kevlar®/epoxy has been used since 1972.

The experience shows that the use of composites allows weight reduction from 10% to 30% com-
pared to a metallic design with equal performance, together with a cost reduction of 10%—-20%.

7.1  AIRCRAFT

7.1.1  ComprosiTE COMPONENTS IN AIRCRAFT

Aircraft construction today uses a wide variety of composite components. They are listed hereafter,
depending on the more or less important role they play in the aircraft integrity:

* Primary structure components (integrity is vital for the aircraft)
* Wing panel, wing tip, and wing box
e Vertical stabilizer (fin box), horizontal stabilizer (empennage box)
e Center wing box
* Keel beam
* Fuselage sections
e Pressure bulkhead
* Flight controls
e Ailerons
e Rudder, elevators
*  Wing flaps
e Spoilers
*  Winglets
e Fairings
* Belly fairing
* Flap track fairings
e Leading edge flap (slat)
e Trailing edge flap
*  Wing fairings Karmans and pylon fairings

DOI: 10.1201/9781003195788-8
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* Engine nacelle and thrust reversers
e Doors, cargo doors
e Landing gear doors
e Radomes
e Tail cones
* Interior design

* Floors
e Cabin lining panels
e Doors

7.1.2  AvrLocAatioN oF ComPOSITES DEPENDING ON THEIR NATURE

Qualities and defects of composites and corresponding applications can be listed as follows.

7.1.2.1  Glass/Epoxy, Kevlar/Epoxy

* Pros
e High static failure strength!
e High elastic allowable deformation
e Very good fatigue strength
e Cons
e Maximum operating temperature around 80°C
¢ Nonconducting material
e Higher areal weight compared to carbon/epoxy

These were used in fairings, cargo doors, landing gear doors, Karmans, radomes, and leading
edge flaps. In most areas, glass and Kevlar have now been replaced by carbon on recent aircraft
development.

7.1.2.2 Carbon/Epoxy

* Pros
e High static failure strength?
e Very good fatigue strength
e Very good heat and electricity conductor
e High operating temperature (limited by the resin around 120°C)
* No dilatation
e Lower areal weight than glass/epoxy
e Cons
e More delicate fabrication (prone to manufacturing defects)
* Resistance after impact: two or three times less than glass/epoxy
e Material prone to lightning strike

This is used in wing box, wing tip, vertical and horizontal stabilizers, fuselage, center wing box,
ailerons, spoilers, flaps, traps, struts, floors, and pressure bulkhead.

7.1.2.3 Boron/Epoxy

* Pros
* High static failure strength
* High stiffness
e Very good compatibility with epoxy resins
* Good fatigue resistance
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* Cons
e Higher areal weight than the previous composites?
e Delicate implementing and handling
e High cost

This was used for vertical and horizontal stabilizer boxes.

7.1.2.4 Honeycombs

* Pros
e Low specific mass
e High specific modulus and specific strength
e Very good fatigue resistance
e Cons
e Prone to corrosion
 Difficult to detect defects

Honeycombs are used to create the core of structural sandwich parts.

7.1.3 Few COMMENTS

The construction using only glass fiber is increasingly neglected in comparison with a combination
of Kevlar and carbon fiber for weight-saving reasons:

e If maximum strength is needed, it is then recommended to use Kevlar.

e If maximum rigidity is wished, it is then recommended to use carbon.

» Kevlar fibers possess excellent vibration damping properties.

* Because of bird impacts, hail impact, or impact from other particles (sand, dirt), the designer
usually avoids the use of composites without metallic protection on the leading edges*.

Carbon/epoxy composite is a good electrical conductor but prone to lightning strike, with the fol-
lowing consequences:

* Damages at the point of impact: delamination, burning of resin

e Risk of flash event in fasteners inside fuel tanks (bolt heads or nuts)

* Need of mass bonding network for the electrical circuits situated under the composite
element

In order to prevent this,

* Placement of a thin metallic mesh or glass fabric in conjunction with a very thin sheet of
extended copper foil (20 pm)
* Spray of a protective aluminum coating (aluminum flame spray)

Temperature is an important parameter limiting the possible use of epoxy resins. Some carbon
parts are made from bismaleimide resins, in particular for space industry. Bismaleimides are ther-
moset resins that soften’ at temperatures higher than 350°C instead of 210°C for epoxies. Another
means consists in using a high-performance thermoplastic resin such as PEEK® that softens at
380°C. Laminates made of carbon/PEEK are more expensive than products made of carbon/epoxy.
However, they present good performance at higher operating temperatures (continuously at 130°C
and periodically at 160°C) with the following additional advantages:
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* Superior impact resistance
* Negligible moisture absorption
* Very low smoke generation in the case of fire

7.1.4  SpeciFic ASPECTS OF STRUCTURAL STRENGTH

o It is necessary to apply to aeronautical composite parts and subassemblies the principle of
fail-safe design, which consists in predicting the first failure mode (e.g., delamination) and
designing in such a manner that this does not lead to the complete collapse of the compo-
nent during the period between inspections.

* Composite parts are more easily repairable than metallic ones. Repair methods are analo-
gous for laminates made of unidirectionals or fabrics’.

e As a result of the drastic reduction of the number of rivets compared to a conventional
metallic design, smoother surfaces are obtained, leading to improved aerodynamic
performance.

e The environmental aggressions and fatigue cycles do not lead to significant deterioration
of the composite parts. Shown in Figure 7.1 are two typical fatigue cycles for an aircraft
structure.

e The crash-safety airworthiness requirement is more difficult to fulfill with structures
100% made of composite materials. Indeed, the energy cannot be absorbed by plastic
deformation on the composite parts, because of the lack of plasticity of the latter. When
well engineered, some metallic internal structures remain in place in order to continue
providing plastic deformations required for crash-safety purpose.

e In cabin interiors, phenolic resins are mostly used for their good fire resistance, with low
smoke emission. For the same reason, Kevlar fiber was replaced by a combination of glass/
carbon (lighter than glass alone and less expensive than carbon alone).

e It is possible to take advantage of the laminate anisotropy for the control of dynamic and
aeroelastic behavior of the wing structures.

7.1.5 LARGE TRANSPORT AIRCRAFT

7.1.5.1 Example

The following examples give an idea of increasing trend in the use of composites in the main types
of large commercial aircraft.

* Examples: Aerospatiale (FR), Airbus (EU), and Boeing (US) (Figure 7.2).

Percent of
t (‘:C) maximum load .
sof Ground 300 Flight
20 -
——— Time : \ >Time
1 2 3U4 B
-10%
230 Flight Ground
(@) (b)

FIGURE 7.1 Typical fatigue cycles on an aircraft structure: (a) cyclic temperature and (b) cyclic loading.
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FIGURE 7.2  Evolution of mass of composites in civil transport aircraft.

7.1.5.2 How to Determine the Benefits

* The principle: The benefits can be explained by cascading consequences as illustrated in
Figure 7.3.

* Practicality: In fact, the introduction of composites in aircraft is limited to certain struc-
ture areas. It is done case by case and in a progressive manner during the life of the aircraft
(improvement operation). This is accomplished after taking into consideration a number
of factors.

* Notion of exchange rate: It is the cost of every kilogram that can be trimmed from the
classical metallic design by substituting a mostly composite design. It can vary depending
on the considered part. This cost is balanced out by the payload gain as described here.

* Notion of payload gain: It is the gain in terms of number of passengers, of increasing
freight, or of fuel cost. For example, for a large commercial aircraft, the following applies:

Decrease of empty mass

|

Decrease in motor mass

!

Decrease in consumed fuel

L

Decrease in total mass

FIGURE 7.3 Cascading effect in mass reduction.
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e A 150-ton aircraft, with 250 passengers, comprises a 60-ton structure. A progressive
introduction of 1,600 kg of high-performance composite materials leads to a gain of 16
additional passengers along with their luggage.

A mass reduction of 1kg leads to decrease fuel consumption around 0.12 m* per year.

Note: Why the mass saving (average about 20%) is not more spectacular?
Consider the example of a rudder. The mass balance of a composite rudder can be presented as
follows:

» Carbon/epoxy skins: 30% of total mass

* Honeycombs, adhesives: 35% of total mass

* Attachment fittings: 25% of total mass

* Reinforcement of carbon/epoxy: increasing of thickness localized at the fastening systems,
oversizing of carbon/epoxy

* Consideration of the aging and of thermal fatigue of carbon/epoxy: oversizing of facings
(the stresses are magnified about 10% for a subsonic aircraft and about 13% for a super-
sonic aircraft)

Accordingly, the saving in terms of total weight compared to a conventional light alloy solution is
only about 15%.

7.1.5.3 Example: Civil Transport Aircraft A380-800, Airbus (EU) (Figure 7.4)
This has the following characteristics:

*  Maximum takeoff weight (MTOW): 560 tons

*  Maximum weight empty: 240 tons

» Percentage of composites: 25% of the structural mass (mass of carbon/epoxy, 40 tons)

* Some other specifications: length, 72.7 m; wingspan, 79.6 m; height, 24 m; payload, 55 tons
(555 passengers) transported over a distance of 14,800 km

Among the main innovations in the use of composites are:
* The center wing box: this structural assembly is 7m long, 7.9 m wide, 3 m high, and 11 tons

heavy. It connects the wings to the fuselage. It is the main mechanical load-carrying area
of the aircraft. The box consists of 50% by weight of carbon/epoxy (intermediate modulus

Leading edges Karmans

Fuselage panels

Cabin interior
Control surfaces

Radome
Vertical fin

Floors

Engine fairings
Pressure bulkhead Brake disks

Belly fairing Central wing box Landing gear doors

FIGURE 7.4 Composites in an Airbus A-380.
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fiber) and of 50% of light alloy. The thickness of carbon skins reaches 44 mm in some loca-
tions. Mass gain is 1.5 tons compared to a metal solution.

* The upper fuselage with the use of MMC (metal matrix composite) panels (see Section
7.1.9.3 and Figures 7.32 and 7.33).

7.1.5.4 Example: Civil Transport Aircraft B 787-800, Boeing (US) (Figure 7.5)

The percentage of composites is 50% of the mass of the structure compared to 14% for titanium, 7%
for steel, and 20% for aluminum (various others 9%). This aircraft is featured by a very important
technological leap, with the merging of research and development and of industrial stage. The
percentage of composites does more than double compared to previously existing aircraft of the
same importance. In addition to the composite parts already produced in other large civil aircraft,
we should note the introduction of:

e The wing boxes (carbon/epoxy)

* The fuselage (fiber placement using placement heads on rotating mandrel, with local rein-
forcements around openings such as windows, doors, and fastenings)

* Some other characteristics that follow: length, 56 m; wingspan, 51 m; and 217 passengers
over a range of 15,700km

7.1.5.5 Example: Civil Transport Aircraft A350-900, Airbus (EU) (Figure 7.6)

* Some characteristics include the following:
e Length, 67m; wingspan, 64.75m; height, 17.1 m; fuselage diameter, 5.96m; and
MTOW, 268 tons
e 315 passengers; cruising speed, Mach 0.85; range, 15,000km; and ceiling, 13,000 m

The composites reach 53% of the mass of the primary structure compared to 14% for titanium, 6%
for steel, and 19% for aluminum or aluminum-lithium alloys (various others 8%).

* Center fuselage
e Center wing box (see Figure 7.7): width 6 mxlength 5.5 mxheight 1.9 m; weight 5
tons. It is made of parts assembled with up to 50% by weight of carbon/epoxy and with
thicknesses up to about 20 mm.

Flaps, ailerons, spoilers Fuselage

doors

Wing box Floor

Radome

Horizontal

stabilizer Engine fairing

Cabin furnishing Brake disks

Belly fairing

Landing gear doors

FIGURE 7.5 Composites in a Boeing B-787.
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FIGURE 7.6 Composites in an Airbus A-350.

Fuselage frames
Center wing box

Wing root joints:
fastening surfaces

FIGURE 7.7 Center wing box of Airbus A-350.

e Closing ventral beam called keel beam by aircraft manufacturers. This 16.5x4.3m
subassembly with a mass of 1,200kg consists of 70% by weight of carbon/epoxy. It
closes the fuselage in the hollowed out area of the main landing gear bay, thus ensuring
the structural continuity of the fuselage. This significant substructure drives 700 tons
of compression load.

On the two aforementioned components is fixed the central cylindrical part of the fuse-
lage or central fuselage. It is made of carbon/epoxy, 32 m length. The wing box is bolted
on the center wing box at the wing root joint.

Typical fuselage

The front fuselage and the rear fuselage are obtained each from a framework formed
by the fuselage frames and by transverse junctional beams (which stabilize the shape of
the fuselage and support the floor). This framework is covered by four panels in the form
of stiffened cylindrical carbon/epoxy shells. The surface area of these panels may exceed
90 m?2. Their thickness varies (from less than 2 mm to more than Smm) in order to provide
proper resistance to local loads in their relevant areas. Such a mechanical optimization
leads to a reduced mass. In addition, in view of polymerization, this solution requires a
smaller autoclave than for monolithic fuselage section. Furthermore, in case of fabrication
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defect or damage, the loss is limited to a single panel. These stiffened panels are fixed on
carbon/epoxy common frames of varying thicknesses, by means of carbon/PEEK con-
necting parts or attachment fittings. Heavily loaded frames are made of titanium. The
transverse junction beams are metallic (aluminum-lithium).

*  Wings (see Figure 7.6)

The composite design allows removal of the wing center spar. This gets a wing box
made up of lower and upper skins and of front and rear spars. This box is entirely in
carbon/epoxy, stiff, and without differential thermal expansion. The lower stiffened skin,
slightly larger than the upper one, is 32 m long and 6 m wide at the wing root, constituting
the largest one-piece part of carbon/epoxy of civil aviation. The rear spar, 30m long in
three sections assembled, has a mass of 750kg and a thickness at the wing root ranging
from 25 to 30 mm. The front spar is 32 m long, with a mass of 900kg.

7.1.6  REGIONAL AIRCRAFT AND BUSINESS JETS

7.1.6.1 Example: Regional Aircraft ATR 72-600, ATR (EU-IT)

See Figure 7.8.

Equipped with powerful engines, this aircraft operates on shorter runways and maximizes the
payload. It is worth noting that the turboprop engines emit less CO, than turbojets for equal capacity.

MTOW, 22.5 tons

Cruising speed, 565 km/h

Autonomy, 1,600km with 74 passengers (payload: 7,500kg)

Two propellers (diameter 3.93m) with six composite blades, Hamilton Sundstrand (US)-
Ratier Figeac (FR) (see Section 7.3.)

Introduction of fuselage composite panels in carbon/epoxy.

Aircraft Interior: Wall panels for windows and ceiling, luggage bins, cabin bulkheads, toilets,
galleys, and trolleys made of glass—carbon/phenolic resin/Nomex® honeycomb. The decoration is
done by a polyvinyl fluoride film (PVF) Tedlar®.

7.1.6.2 Example: Business Aircraft Falcon 10X, Dassault Aviation (FR)

See Figure 7.9.
MTOW: 43 tons
Maximum cruising speed of Mach 0.925.

Tail Wing

27m Blades

Radome

7,7m

Tail cone

Engine fairings Landing gear doors Fairings

FIGURE 7.8 Composites in regional aircraft ATR 72.
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FIGURE 7.9 Business aircraft Falcon 10X.

Altitude

110km -

15km -

WK2 + SST2

FIGURE 7.10 Operating principle of suborbital space plane.

13,900-km Range

Cabin: 2.03 (height)x2.77x 16.4m

Note: The use of carbon fiber in aircraft cabins and cockpits is growing rapidly. And besides the
weight reduction, customers are now using its esthetic features to create a high-end look.

7.1.6.3 Example: Cargo Aircraft WK2 and Suborbital Space Plane
$ST2, Scaled Composites (US)-Virgin Group (GB)

The cargo aircraft or “Mothership” VMS Eve White Knight 2 (WKZ2) carries the space plane
VSS Unity SpaceShip2 (SST?2) (see Figure 7.10) up to an altitude of 15km. The space plane is then
dropped and, powered by a rocket engine, leads six passengers and two pilots up to an altitude of
110km. Then, it descends in free fall and lands in gliding.

These two aircraft are entirely in carbon/epoxy (except for engines and landing gear) to reduce
as much as possible the structure weight (see Figure 7.11).
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VSS Unity (SST2) VMS Eve (WK2)

FIGURE 7.11 Cargo aircraft WK2 and suborbital space plane SST2.

* Some features of WK2 carrier aircraft include the following:
Wingspan, 42.7m, making it the largest all-carbon aircraft currently. The wing in car-
bon/epoxy is of this length.
Length, 24 m; external payload, 16 tons; and maximum flight altitude, 21 km.

With low specific fuel consumption and because of its particular architecture, it is in fact a multipur-
pose aircraft that is not only intended to take away the space plane but can also be used to

» Take on passengers with the aim of floating in weightlessness (zero-g)

* Allow experiments in microgravity

* Perform missions requiring higher elevation

* Carry other types of payloads, which can be put into orbit if needed (the payload carrying
the satellite must communicate to the latter a horizontal speed of 27,720 km/h; it corre-
sponds to a 200kg maxi satellite, put into low orbit of 160-2,000 km)

» Fight forest fires by carrying a large water tank in carbon/epoxy (this aircraft supports a
large payload and a high load factor)

7.1.7  LIGHT AIRCRAFT

71.7.1  Trends

Light aircraft comprise private aircraft, gliders, and drones. These new generations of planes are
characterized by

» Extensive use of composite materials
* Renovation of aerodynamic solutions

Gains of payload, of range, and of cruising speed allowed by the use of composites are amplified
even more on these types of aircraft. The following presents some all-composite solutions.

7.1.7.2  Aircraft with Tractor Propeller

* Example: Drone Patroller, Safran-Sagem (FR)-Stemme AG (DE) (Figure 7.12)
In this type of plane (equipped as powered glider), the aircraft itself constitutes about
20% of the price of the unmanned system. The equipment then forms a major part of the
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FIGURE 7.12 Drone with tractor propeller.

cost. Optionally with a pilot, the drone can also receive two seats. The engine is located
behind the cockpit. A long shaft in carbon/epoxy passes between the pilots to operate the
tractor propeller. The latter can retract into the front cone.

The airframe is composed of ready-built modules in carbon/epoxy assembled on a tubu-
lar central frame of steel, which also takes up the forces of the landing gear and receives
the engine mounting cradle.

* Some characteristics include the following:

Wingspan, 18 m; weight of plane, 750kg; and payload, 250kg

Cruising speed, 300 km/h; altitude, 7.6 km; mission duration up to 30h; and high load
factorupto 6 g.

* Example: Training aircrafts for flight schools.

The current training planes are said to be fourth generation, which corresponds to the
evolution illustrated in Figure 7.13.

e Aircraft with electrical engine, as shown in Figure 7.14
e Aircraft with heat engine, as shown in Figure 7.15

1 % 3 4
1920 1950 1980 2020
wood construction  Aluminum components Alurrfnum All carbon fiber

fabric- covered (bolted, screwed, riveted) components

Composites

FIGURE 7.13 Four generations of light aviation.

1,9m

| 6,5m

FIGURE 7.14 Training aircraft Velis Pipistrel, Pipistrel Aircraft (SI).
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6,06m

FIGURE 7.15 Training aircraft Elixir, Elixir Aircraft (FR).

Notes:

* The structure of the Elixir aircraft is over 95% carbon, composed only of 8 large compo-
nents (wing, fuselage, rudder, elevator, and two ailerons and flaps). They are obtained by
“One-Shot” technology for the fuselage as well as for the wing, by C3 Technologies (FR)
specializing in the manufacture of competition boats (see Figure 7.16). This reverses the
history sense as one can notice here that it is the naval construction that impels for carbon/
epoxy the monolithic manufacture in the aeronautical field: no spar, no ribs, no bonding,
no bolts, and no rivets (see Figure 2.7).

* Table 7.1 summarizes the performance of two equivalent training aircrafts, typical repre-
sentatives of the fourth generation.

Prepreg carbon cured in
«One-Shot» technology
(no use of wing spars, ribs,

bonding, screws, rivets)

FIGURE 7.16 Training aircraft Elixir, “one-shot” technology.
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TABLE 7.1
Two Single-Engine Two-Seat Training Aircrafts

Two-Seat Single-Engine Aircraft

Fourth Generation (All Carbon) 2020 Electric Engine Piston-Engine
Engine weight kg 30 60 (Rotax 912)
Engine power kW 60 74

Energy stored kWh 25 855 (Petrol 94 /)
Recharge time minute 70 2.4 (Fuel pump 40 //min )
MTOW kg 600 544
Autonomy max hour 1,5 6

Cruising speed km/h 167 240
Operational autonomy at cruising speed km 250 1,440

7.1.7.3  Aircraft with Pusher Propeller (Backward Propeller)

The pros and cons of principle are illustrated in Figure 7.17.
The change in center of gravity balance due to engine installation position requires a long propel-
ler shaft in carbon/epoxy or (and) a wing with a rear offset.

e Example: Civil drone Altair, NASA-G. A. Aeronautical Systems (US)

It is a pusher-propeller aircraft operated by remote control and developed to perform
experimental missions of long duration and high altitude (see Figure 7.18). It is entirely in
carbon/epoxy and Nomex.

* Some characteristics include the following:

Wingspan, 26 m; length, 10.4 m; total weight, 3.2 tons; and cruising speed, 390 km/h.

Payload, 320kg at altitude of 15.8 km for mission duration up to 32 h. This payload may
be extended to 1,360kg for shorter missions with low-level flying.

7.1.8 FIGHTER AIRCRAFT

The introduction in the 1970s of composite secondary structures made of sandwich structures of
carbon/epoxy, boron/epoxy, and glass/epoxy should be noted. Then, it will be the turn of primary
structures in the 1980s. In addition to the previously mentioned specific contributions, the composite

/\

C—
v

Tractor propeller

&??

Pros -}» Greater cockpit Improved aerodynamics

Pusher propeller

1

. \
Cons Modified Long shaft
mass distribution

FIGURE 7.17 Tractor and pusher propeller.
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FIGURE 7.18 Pusher propeller: Civil drone Altair.

parts of these aircraft must confer structural stiffness to wings that enable them to maintain the con-
trol effectiveness in a wider flight envelope than the other planes.

* Example: Fighter aircraft Rafale, Dassault Aviation (FR) (see Figure 7.19)

On this plane, great use is made of high-performance composite materials (carbon/
epoxy, carbon/PEEK, and Kevlar/epoxy): 29% of the airframe weight and three-quarters
of the outer surface or wet surface of the aircraft. Thanks to the cascade effect (see Section
7.1.5), the mass saving is 300kg, which leads to an empty weight of the equipped aircraft
of slightly less than 10 tons. In case of a metal construction, this weight would have been
from 11 to 12 tons.

Fuselage tank

Control surface duck

Front fuselage

Vertical

stabilizer
Radome

Rear fusel
Landing gear doors ear fuselage

Elevons
elevators

Access panels

Wings .
s Flap fairing Spoilers

FIGURE 7.19 Rafale fighter aircraft.
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» Some characteristics include the following:
Length, 15.3 m; wingspan, 10.9 m; height, 5.34 m; empty mass of the equipped aircraft,
9.67 tons; and weapon load, 6-8 tons
Maximum speed, Mach 2; low altitude range, 1,090km; high altitude range, 1,850km;
rate of climb, 300 m/s; load factor, 3.6 g to +9 g
Figure 7.19 shows the main components using composites.

7.1.9  ARCHITECTURE AND MANUFACTURE OF COMPOSITE AIRCRAFT PARTS

71.9.1 Sandwich Design
a. Sandwich with monolithic honeycomb
According to the nature of the component, two methods of fabrication can be
distinguished:

* Multiphase manufacturing: The skins of the sandwich structure are polymerized
separately and then placed on the honeycomb core previously shaped, with interposi-
tion of an adhesive film. After that, the assembly is polymerized following the process
shown in Section 4.4.2, with the possibility of using an autoclave®.

*  Monophase manufacturing: After the honeycomb core is machined, the wet skins
are placed directly on this core. The assembly is polymerized using the same method
as for the multiphase method.

e Example: Flap box (Figure 7.20)

The honeycomb core ensures dimensional stability of the component. However, the
mass of the part is growing significantly with the thickness of the core.

* Example: Horizontal tail of a fighting aircraft (Figure 7.21)

Notes

* Drilling of the boron/epoxy laminate is avoided as much as possible. The operation is
very expensive and needs ultrasonic machining, together with diamond tool.

* A problem is on the corrosion of metallic honeycombs. This corrosion is due to com-
bined action of water that gradually condenses in the honeycomb and of the mechani-
cal and thermal stresses (fatigue) that occur in the sandwich structure.

Remedies

Coat the metal foils constituting the honeycomb with a resin film.

Introduce an organic inhibitor that recognizes the potential points of attack and fixes itself
there to prevent the reaction with water.

b. Sandwich skin panels
When the part becomes too thick (range of 150 mm), the skins are stiffened separately by
using a honeycomb core, according to the geometrical arrangements shown in Figure 7.22.

Carbon/epoxy: increasing number of plies
(e.g., from 5 to 15 plies) Honeycomb

Carbon/epoxy laminate

Carbon/epoxy laminate Adhesive film

FIGURE 7.20 Flap box.
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FIGURE 7.21 Horizontal tail.
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FIGURE 7.22 Sandwich skin panels.

When the part is too long, the requirement of dimensional stability can require the inter-
position of intermediate longitudinal ribs.

Each component (skins, ribs) is first assembled and polymerized following the mono-
lithic technique described above.
e Example: Wing flap (Figure 7.23)

c. Sandwich for the reinforcement of spars and ribs

Introducing honeycombs, as represented in Figure 7.24, can increase the torsional and

flexural stiffness.

7.1.9.2 Rib-Stiffened Panels

Rib-stiffened panels are common components in metal construction: the stiffeners are either assem-
bled onto the panel or integrated to the panel. In that case, they are designed as part on the panel
itself and machined together with the panel. So, a parallel may be found when obtaining stiffened
composite panels.

a. Added stiffeners
The rib shapes used in conventional construction can also be found for composite stiff-
eners, as shown in Figure 7.25.
e Example: Wing box (Figure 7.26)
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FIGURE 7.24 Reinforcement of spars and ribs.
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FIGURE 7.25 Stiffeners shapes.
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FIGURE 7.23 Wing flap.

Rib A _’| Rivets Section A-A
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FIGURE 7.26 Wing box with added stiffeners.
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FIGURE 7.27 Monolithic stiffeners.

b. Monolithic stiffeners
These are cured at the same time with the skins. The latter can support higher loads
than the previous case, but with higher cost. The mode of fabrication is shown schemati-
cally in Figure 7.27 for the so-called omega stiffeners. The manufacture requires using
removable cores such as
 Silicon core, whose part is thermoexpandable
* Hollow silicon core stiffened by means of compressed air
* Fusible cores at a temperature to the tune of 170°C, that is, a little superior to the
polymerization temperature of the part
e Example: Ribbed plate (Figure 7.28)
e Example: Vertical tail skin (see Figure 7.29)

The carbon/epoxy stiffeners are obtained by combining the autoclave pressure and
the thermal dilatation of detachable light alloy modules®. The steps of the process are
shown schematically in Figure 7.29.

¢ Example: Outer wing

This is a portion of wing primary structure of aircraft ATR 72 (see Section 7.1.6).
It consists of 2 carbon/epoxy panels with monolithic stiffeners, 2 carbon/epoxy spars,
and 18 folded sheet ribs of light alloy as shown schematically in Figure 7.30.

The wing box’s weight is 260kg (reduction of 65kg compared to an all-metal solution).

| S S |G|

)
— /=

FIGURE 7.28 Ribbed plate.



168 Composite Materials

Light alloy module Web of the stiffener
in three parts carbon/epoxy + 45°

A

.
(a) Laminated panel Unidirectional (b) 1\ .

carbon/epoxy carbon/epoxy > ( Prtesslure :
autoclave

L S B R

Flange of the stiffener

JLJC 0 0

Pressure
(thermal dilatation)

Carbon/epoxy laminate

H/ Carbon/epoxy reinforcement

FIGURE 7.29 Vertical tail skin: (a) and (b) steps of draping, (c) finished part.
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FIGURE 7.30 Outer wing.

Notes: Lightning protection of such a structure requires specific precautions such as:

* Incorporation of a conducting fabric made of