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Preface to the First Edition

This book is a culmination of efforts and experience that I have gath-
ered over the past 15 years in teaching the course Manufacturing of
Composites at Concordia University; the training of engineers at local
aircraft companies; and research activities on analysis, design, and the
manufacturing of composites over the past three decades.

I came to work on composites from a mechanical engineering back-
ground. This may be similar to many other people in the late 1970s
and the 1980s. I first worked on the mechanics of composites. For me-
chanics problems, we assume that the resins and fibers possess certain
properties and that most resins will behave similarly as long as they
are of the same category (for example, epoxies). As I got to know the
field, I came into contact with people in many industries and found that
there exists a whole world of knowledge and experience for composites
manufacturing. In order to have sufficient expertise in composites, one
must know not only the mechanics of the materials/structures but also
the intricacies of their manufacturing processes.

When I listened to presentations from people across various indus-
tries talking about composites manufacturing, they showed beautiful
parts that were very inspiring. When I attended industrial shows, com-
panies usually exhibited excellent parts that inspired me even more.
However, the question that always came to my mind was: What is the
principle behind the manufacturing of these parts? How can one grasp
the concepts and principles that can provide such beautiful and inspir-
ing components?

X



X Preface to the First Edition

There are a few books on composites manufacturing that exist in the
literature. One well-known book is that of George Lubin, titled Hand-
book of Composites, which is a comprehensive presentation of many
aspects of composites and composites manufacturing. Another book is
that of Brent Strong, Fundamentals of Composites Manufacturing. This
book presents the fundamentals of composite manufacturing, describ-
ing the ingredients: matrix, fibers, interface, and the main processes
for composite manufacturing. This book deals more with the practical
aspects of composites manufacturing. In 1997, T.G. Gutowski’s book
Manufacturing of Composites came out. This book is a collection of
works of well-known scientists in the field and goes more into the sci-
entific aspects of composites manufacturing. Also in 1997, a book en-
titled Composite Materials, Processing, Fabrication and Applications
was published by Mel M. Schwartz on composites manufacturing pro-
cesses. In 2000, Sanjay Mazumdar’s book entitled Composites Manu-
facturing: Materials, Product, and Process Engineering came out. It
deals with the practical aspects of composites manufacturing. These
excellent books on composites manufacturing provide essential knowl-
edge for the field.

However, during my 15 years of teaching the course Composites
Manufacturing, I have found that the existing literature presents com-
posites manufacturing either from the practical point of view (Strong),
as a collection of opinions of scientific experts (Gutowski), or as a
collection of different processes (Mazumdar). The existing literature
describes more of WHAT processes have been developed. Little at-
tention is paid to WHY these processes have been developed. As its
name implies, composites is a field that requires knowledge from many
fields. The manufacturing of composites involves a significant amount
of knowledge in both materials and chemistry. For mechanics people,
trying to have a grasp of the chemical aspects of composites manufac-
turing can be daunting.

From the learner’s point of view, if they understand the WHY, then
it may be easier for them to grasp the essentials of composites manu-
facturing.

The objective of this book is to present composites manufacturing
from the WHY standpoint, in addition to the WHAT. The rationale as to
why things are done in a certain way is explained. The book is intended
for students from different backgrounds such as mechanical engineer-
ing, aerospace engineering, civil engineering, materials engineering,
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and chemical engineering. It covers the main principles governing
manufacturing using composites.

This book is divided into two parts. The first part deals with the fun-
damental elements for composites manufacturing. This includes a dis-
cussion on the essential principles behind composites manufacturing in
the Introduction. This is followed by a discussion on Matrix Materials
in Chapter 2 and a discussion on Reinforcements in Chapter 3. The
second part presents the five most common techniques for composites
manufacturing. These are Manufacturing Using Autoclave in Chap-
ter 4, Filament Winding in Chapter 5, Pultrusion in Chapter 6, Liquid
Composite Molding in Chapter 7, and Thermoplastic Composites in
Chapter 8.

The notes that have been used for my course have helped nearly a
thousand of my students over the past 15 years. This book is a written
version of the instructional materials [ have given to these students. I
hope that this book will be of help to future students and also to would-
be instructors.

I have received assistance from many people during the preparation
of this book. I thank the students from the course of Manufacturing of
Composites at Concordia University for asking questions and giving
comments and feedback on the course delivery over the years. I thank
Dr. Ming Xie for creating most of the drawings, Dr. Ngo Tri Dung for
making the chemical formulae, Mr. Heng Wang for doing the calcula-
tions for the examples, and Dr. Minh Tan Ton That for proofreading
Chapter 2.

I thank my mother Hoa Thi Tho for giving me the appreciation of
hard work and the inspiration for moving ahead; my wife Do Thi Dong
for her love, encouragement, and support; and my children Vincent,
Glenn, Sabrina, and Victoria for the joy they give me.

Suong Van Hoa
Montreal
November 2008






Preface to the Second Edition

The first edition of this book has been used in the course Manufactur-
ing of Composites over the past 8 years at Concordia University. During
this time, many new developments have occurred. Polymer nanocom-
posites have received significant attention from the world’s composites
community. This is given coverage in Chapter 2 as part of the augmen-
tation of matrix material properties. Out-of-autoclave prepregs are used
more and more. This topic is given more coverage in Chapter 4 after
the presentation using autoclave materials. Thermostamping process-
es using thermoplastic composites are also used more and more. This
topic was added to Chapter 8. Automated fiber placement techniques
have been used more and more by many manufacturers. This topic was
added into a new Chapter 9. A brand-new topic that I recently thought
of, 4D printing of composites, was also added to the end of Chapter 9.
This is derived from the deposition of composite layers by automation
(3D printing) plus some form of shape reconfiguration afterward. Many
students have pointed out typing errors in the first edition. Many thanks
are extended to those students who have taken the Manufacturing of
Composites courses over the past 8 years. These errors have been cor-
rected in this second edition.

Suong Van Hoa
Montreal, January 2017
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CHAPTER 1

Introduction

Advanced composite materials have been used to fabricate many
structural parts in engineering applications. This is due to their many
attractive characteristics such as light weight, high strength, high stiff-
ness, good fatigue resistance, and good corrosion resistance. Also, the
ability to manufacture parts with complicated geometry using a few
number of components enables manufacturers to save costs as com-
pared to the same parts made of conventional metallic materials. Be-
fore presenting the fundamental aspects of manufacturing and different
techniques used for composites manufacturing, it is appropriate to pres-
ent composite structural parts currently in use and the main techniques
that have been used to fabricate them.

1. EXAMPLES OF PRODUCTS MADE USING DIFFERENT
MANUFACTURING TECHNIQUES

Figure 1.1a shows a schematic of an Airbus 380 airplane (the largest
airplane in the world as of 2008). This airplane has more than 50% of
its structure made of composite materials. These components include
the flaps, ailerons, rudder, radome, etc. Most of these components are
flat (or plates or shallow shells) in shape, and they are usually made
using Hand-Lay-Up and Autoclave Molding techniques. Figure 1.1b
shows a schematic of the hand-lay-up fabrication technique and a rep-
resentative lay-up sequence. Autoclave molding is a well-established
method for composites used in the aerospace industry with certified

3
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FIGURE 1.1a Airbus 380 with its composite components. (http://www.specialche-
m4adhesives.com/home/editorial.aspx?id=752)

resins and fibers. A photograph of an autoclave is shown in Figure 1.1c.
Autoclave molding will be discussed in detail in Chapter 4. Recently
Out-Of-Autoclave prepregs have gained in popularity. The process for
out-of-autoclave prepregs is similar to prepregs designed for autoclave
except that no pressure is used besides vacuum. This is the reason for
another name for this process, called Vacuum Bag Only.
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FIGURE 1.1b Schematic of the hand-lay-up fabrication method and a representative
lay-up sequence. Individual layers can be cut by hand or by a computerized machine
cutter. The layers can be stacked one on top of the other by hand or by a robot.
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FIGURE 1.1c Photograph of an autoclave.

Figure 1.2a shows a pressure vessel made of composite materials us-
ing the combination of hand-lay-up and filament winding processes.
Composite pressure vessels are lightweight and can contain pressures
higher than those contained by metallic vessels. These components
are made using a Filament Winding process (Figure 1.2b). Figure 1.2¢c
shows a photograph of a filament winding machine. The filament wind-
ing process will be discussed in detail in Chapter 5.

FIGURE 1.2a Composite pressure vessel made by combination of hand-lay-up and
filament winding.



FIGURE 1.2b Schematic of the filament winding process (courtesy of Wiley Inter-
science).

FIGURE 1.2¢ A two-spindle winder with a carriage-mounted resin bath and a free-
standing creel in the background (courtesy of Composites Technology magazine, Au-
gust 2005).

6
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FIGURE 1.3a A composite pultruded connector.

Figure 1.3a shows a component made using Pultrusion. Pultrusion is
used to make many structures for civil engineering applications. Figure
1.3b shows the schematic of the pultrusion process, and Figure 1.3¢c
shows the photograph of a lab-scale pultrusion machine. Pultrusion
will be discussed in Chapter 6.

Figure 1.4a shows a composite component made using the Liquid
Composite Molding method (curved piece). Liquid composite mold-
ing has been used to make automobile composite components. Figure
1.4b shows the schematic of the liquid composite molding process, and
Figure 1.4c shows a pump, a mold, and accessories for the liquid com-
posite molding hardware. Liquid composite molding will be discussed
in Chapter 7.
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FIGURE 1.3b Schematic of the pultrusion process (courtesy of Chapman and Hall).
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FIGURE 1.3c A lab pultrusion machine.

FIGURE 1.4a A curved piece made by liquid composite molding method.
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FIGURE 1.4b Schematic of the liquid composite molding process.

Figure 1.5a shows a composite wing box panel made using thermo-
plastic composites and the compression molding method. Figure 1.5b
shows the schematic for the thermoplastic composite molding process.
Figure 1.5c shows a compression molding machine. The molding of
thermoplastic composites will be discussed in Chapter 8. A variation
of the compression molding process is thermostamping. In this pro-

RTM Injector

FIGURE 1.4c Instrumentation for liquid composite molding: Pump, mold, and acces-
sories.Resin is filled into the vertical cylinder and then pumped into the mold cavity on
the left-hand side.
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FIGURE 1.5a A thermoplastic composite wing box panel made by compression molding.

cess, a blank of thermoplastic composites is first heated in an oven
adjacent to the compression molding press. Once the blank has reached
melting temperature, it is transferred quickly to the compression mold
and molded quickly. This process allows for the whole sample to reach

Compression molding

N ]

Male mold on the bottom Female mold on the bottom

FIGURE 1.5b Schematic of the thermoplastic composite molding process.
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FIGURE 1.5¢ A compression molding machine.

uniform molten state before molding, which can allow the molding of
parts with complex geometry. Figure 1.5d shows a schematic of the
steps in the thermostamping process. Figure 1.5¢ shows the back side
of a thermostamping machine (where the heater is). Figure 1.5f shows
a thermoplastic composite part made by thermostamping.

NN R A

FIGURE 1.5d Schematic of the steps in thermostamping of thermoplastic composites:
(a) The composite blank (in black) is placed between two infrared heaters. (b) The
composite blank is quickly (within a few seconds) transferred to a space between two
heated half-molds. (c) The heated half-molds are closed to form the shape. (d) After a
few minutes, the half-molds are opened, and the part is removed from the mold.



FIGURE 1.5¢ Back side of a thermostamping machine.

FIGURE 1.5f A thermoplastic composite part made by thermostamping.

12



Examples of Products Made Using Different Manufacturing Techniques 13

FIGURE 1.6a A thermoplastic composite tube made by the fiber placement process.

Figure 1.6a shows a thermoplastic composite tube made by the fiber
placement process. Figure 1.6b shows the schematic of the thermoplas-
tic composite placement process, and Figure 1.6¢ shows a photograph
of a fiber placement machine. Fiber placement of thermoplastic com-
posites will be discussed in Chapter 8.
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FIGURE 1.6b Schematic of the thermoplastic composite placement process.
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FIGURE 1.6¢ An automated fiber placement machine.

A few specific features can be extracted from the previously dis-
cussed components and the different manufacturing techniques used to
fabricate them.

Normally, structural components can be classified according to each
one’s shape, and the manufacturing technique used depends signifi-
cantly on the shape of the component as follows:

* Relatively thin flat plate or shallow shell with free edges. Nor-
mally, aerospace components have these types of shapes. These
are usually made using the hand-lay-up method. The autoclave is
the common tool used for making aerospace composite compo-
nents having these shapes. These shapes can also be made using
liquid composite molding and automated fiber placement.

» Components of revolution, such as cylindrical or spherical pres-
sure vessels and pipes. These structures usually have no free
edges (except for the end openings). These are usually made
using the filament winding method. They can also be made using
the automated fiber placement method.

» Components having constant cross section such as tubes, rods, or
even components with complex but constant cross section along
the length such as door frames. These are usually made using the
pultrusion method.
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* Components having complex 3D configurations. These can be
thick or thin and are usually made using the Liquid composite
molding method. Automated fiber placement method can also be
used.

e Large structures such as boat hulls, wind turbine blades, etc.
These are made using a modified form of liquid composite mold-
ing such as Vacuum Assisted Liquid Composite Molding. A spe-
cial process called SCRIMP (Seaman Composite Resin Infusion
Molding Process) is usually used to make boat hulls.

e The fiber placement method can be used to make small and large
components, either without free edges or with free edges. These
machines are versatile but require a large amount of capital in-
vestment (in the order of several million dollars).

2. GENERAL CHARACTERISTICS OF MANUFACTURING OF
COMPOSITES

Generally, manufacturing using composites involves the processing
of two main ingredient materials to make a final product. The ingredi-
ents involve the matrix and fiber materials. This processing requires the
following:

* Good bonding between matrix and fibers

* Proper orientation of the fibers

* Good amount of volume fraction of fibers

* Uniform distribution of fibers within the matrix material
* Proper curing or solidification of the resin

* Limited amount of voids and defects

* Good dimensional control for the final part

The implications of these are as follows:

Good bonding between matrix and fibers: To provide reinforcement
so that properties such as strength and stiffness can be enhanced, the
fibers need to be bonded to the matrix. If, the fibers are not properly
bonded to the matrix at a certain location, dry spots will occur. At this
location, there is no proper shear transfer of load between fiber and ma-
trix, and the domino effect (as will be discussed in Section 3.1 of this
chapter) will occur. These locations will also serve as nuclei for cracks
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to form. However, there are situations, such as the requirement to ab-
sorb impact energy, where partial dry spots may enhance the energy-
absorbing capability of the composite.

Proper orientation of the fibers: Proper orientation of the fibers is
important because properties such as stiffness and strength are very
sensitive to fiber orientation. If the fiber orientation deviates by
about 10° from the 0° direction, the stiffness can drop by more than
30%. The modulus along the x direction of a sample where fibers
direction is at an angle 6 with respect to the x direction is given by
E = £

E E
m* + (l - 21/12]142)712 +—tnt
12 2

where E ,» E,are the moduli along and transverse to the fiber directions,
respectively; G, is the in-plane shear modulus; v , is the major Pois-
son ratio; and m and n are cos and sin6 respectively. Figure 1.7 shows
the effect of misorientation on the stiffness E_of the laminate. It can be
seen that a deviation of 15° can cause a reduction in the modulus by
six times. There can also be significant loss in compressive properties

-:i:cﬁ % =3 vn:,zs
x
* 1
20} &
STIFFNESSES ki
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MODUL 2
10° pai
w-
Gy
[+] . 1

Stiffnesses 3,, and G, versus modull £y and Gy

FIGURE 1.7 Variation of the modulus of a unidirectional laminate with respect to fiber ori-
entation.
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due to fiber misorientation. It is therefore very important to keep the
fibers as straight as possible during manufacturing to avoid the loss in
properties.

The misorientation of the fibers can be due to many reasons as shown
in the following section:

* Filaments in their natural state tend to be wavy. This is due to the
large aspect ratio (length over diameter). Apparent observation
may not show this waviness, but close observation will show this
microwaviness. To overcome this microwaviness, fibers need to
be kept under slight tension during manufacturing.

* The flow of the liquid resin transverse to the fiber direction may
deflect the fibers and cause misorientation. This can happen dur-
ing autoclave curing if dams are not used to prevent resin flow
transverse to the fiber direction within the plane of the laminate.
This can also happen during liquid composite molding if resin is
allowed to flow transverse to the fiber direction.

* Overlacing of fibers one over the other (such as in weaving) can
cause fibers to deviate from the intended orientation.

 Reinforcing along the thickness direction with methods such as
stitching, Z pinning, or 3D weaving can cause fibers to deflect
from their intended orientation.

» Hard pressing of a stiff roller with a small radius may cause fiber
waviness during automated fiber placement.

* Molding over sharp and complex geometry may cause the fibers
to shear or to rotate away from their intended orientations.

e Human errors during hand-lay-up can cause fiber misorientation.

Good amount of volume fraction of fibers: In composite materials, the
fibers provide stiffness and strength. Therefore, the larger the amount
of fibers, the better these properties will be. The amount of fibers is
usually expressed in terms of volume fraction, v/, which is defined as:

v, =—— (1.1)

Where Vfis the volume of fibers and V¢ is the volume of the composite
material.
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Properties such as stiffness of a unidirectional composite along the
axial direction is given by the rule of mixtures:

E,=E,v,+v,E, (1.2)

Where subscript frefers to the fiber, and m refers to the matrix.
The fiber volume fraction and matrix volume fraction are related by:
l=v,+v,+v, (1.3)
Where the last term refers to volume fraction of voids.

For good quality composites, the amount of voids should be minimal
(less than 1%), and equation (1.3) can be approximated to be:

l=v, +v, (1.4)

Using equation (1.4) in (1.2), the modulus is expressed as:

E,=(E,—E,v,+E, (1.5)

The modulus is linearly proportional to the fiber volume fraction.
Therefore, the larger the fiber volume fraction, the better the mechani-
cal properties. It should be noted, however, that the fiber volume frac-
tion cannot be 1; this would mean that there is no matrix material,
which in turn would mean dry bundles of fibers, and the domino effect
as mentioned in Section 3.1 would prevail.

Uniform distribution of fibers within the matrix material: Figure 1.17
shows a cross section of a unidirectional composite layer. The white
dots show the cross section of the fibers, and the dark area represents
the matrix. One can see that, at the fine scale, the distribution of the fi-
bers is uniform in some regions but not in others. A region where there
is more matrix than fiber is a called resin-rich area. It is not a good idea
to have large and many resin-rich regions because there are weak areas.
Resin-rich areas can also result due to lack of consolidation pressure.
The low pressure used in an out-of-autoclave technique may give rise
to resin-rich areas. Upon loading, these areas can serve as locations
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for crack nucleation. Compression properties can also decrease due to
resin-rich areas because these may cause deviation in fiber orientation.

Proper curing or solidification of the resin: In the manufacturing of
polymer matrix composites, the resin first occurs in the form of low
viscosity liquid so that it can flow and wet the surface of fibers. After
wetting is complete, the resin needs to solidify and harden. For ther-
moset resins, this is called curing; and for thermoplastic resins, this is
called solidification. In both cases, the resin needs to be hard and stiff
for the reinforcement effect to take place. If there are regions where the
resin is not hard enough, these regions are weak and can serve as crack
nucleation areas.

Limited amount of voids and defects: Voids and defects may be
formed during the manufacturing of composites. Voids can arise due
to lack of compaction of many layers together or due to low pressure
in the resin during curing. The amount of voids needs to be kept to a
minimum to be acceptable. A limit of about 1% is commonly used. De-
fects such as delamination between layers, cracks, fiber misorientation,
nonuniform fiber distribution, etc. may not be acceptable.

Good dimensional control for the final part: Polymeric resins shrink
when they change from a liquid state to a solid state. The degree of
shrinkage can be between about 5% to 8% depending on the type of
materials. This shrinkage of the material may cause residual stresses in
the part, and also out of dimensions or warping. For a large structure
such as the wing of an aircraft, a few percentages of shrinkage of the
material can translate into significant deformation of the structure. An-
other problem that may occur is the surface finish of parts such as auto-
mobile panels that may be adversely affected by this shrinkage. Resins
with Low Profile Additives are usually used to control shrinkage.

2.1. Metal Versus Composite Manufacturing

Manufacturing using composites has differences from manufacturing
using metals:

¢ In metals such as steel or aluminum, materials with fin-
ished forms such as rods, slabs, and sheets are available. The
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making of a finished product such as a car body, the box frame
for a computer, etc. only requires the working to be on these
finished forms. Processes such as cutting, bending, forming,
welding, drilling, etc. are used on these finished forms to make
the finished product.

In composites, the steps that transform the finished form to the
final structure are usually bypassed. A manufacturer using com-
posite materials has to work directly from the ingredients of fiber
and matrix to make the finished product itself. Figure 1.8a shows
the different stages of existence of composite constituents up to
the final product:

—Stage a: At this stage, the materials appear in raw, basic
form. For fibers, these consist of fiber either in the form of fila-
ments or fiber bundles. Fibers may also be woven into fabrics
or braided into braided preform. For the matrix, the material
usually appears in liquid form for thermoset resins or in granu-
lar form in the case of thermoplastics.

—Stage b: At this stage, the fibers and matrix may be combined
into a single layer. In the case of thermoset matrix composites,
the matrix may appear in a semi-liquid, semi-solid form so that
the sheet can hold its shape. In the case of thermoplastic com-
posites, the matrix is solidified. This form for thermoset matrix
composites is called prepreg. For thermoplastic composites, it
is called towpreg.

—Stage c: At this stage, the layers in stage b are stacked on top
of each other to make flat plate laminates. This intermediate
step is important for the analysis where material properties are
tested or calculated. However, this step is usually bypassed in
the manufacturing process of practical composite parts.

—Stage d: This is the final stage where the final product con-
figuration is formed.

The involvement of these stages in the different manufacturing pro-
cesses is as follows:
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* Hand-lay-up (without or with autoclave): Stages a, b, and d are
involved. Stage c is bypassed.

* Filament winding: Stages a and d are involved. Stages b and c are
bypassed.

* Pultrusion: Stages a and d are involved. Stages b and c¢ are by-
passed.

* Liquid composite molding: Stages a and d are involved. Stages b
and c are bypassed (Figure 1.8b shows stages for liquid composite
molding).

» Thermoplastic composites: Stages a and d are involved. Some-
times stage b and even stage ¢ may be involved.

* The mentality of working with metals therefore cannot be applied
when manufacturing using composites.

Transformation
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/ —
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FIGURE 1.8a Stages of existence of constituents in the manufacturing of composites.
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FIGURE 1.8b Stages of existence of constituents in the liquid composite molding process.

3. FUNCTIONS OF THE CONSTITUENTS OF COMPOSITES

There are two main constituents making up advanced composites: the
fibers and matrix. The interface between the fibers and matrix is critical
for the function of the composite material. The interface may be con-
sidered as a third constituent of the material. Each of these constituents
will be presented in the following:

3.1. Fibers

Fibers provide strength and stiffness to the composite materials. Fi-
ber materials are usually glass, carbon, or Kevlar. One may ask the
question, “Why do composites appear in fiber form?” There are many
reasons for this as follows:

3.1.1 Advantages of the Fiber Form

a) Strength of material in fiber format is better when compared to
bulk format.



CHAPTER 9

Automated Composites Manufacturing

1. GENERAL

Automated composites manufacturing refers to manufacturing meth-
ods where some form of automation is used. This is in contrast to the
very manual method such as hand-lay-up. In the history of develop-
ment of composite materials, manual methods have been used mostly.
As a result, products that have been developed have been usually cus-
tom made. This has advantages and disadvantages. The advantages are
that the method is very flexible, and it does not require investment for
costly machineries. The disadvantages are the slow speed of produc-
tion, variability of the quality and performance of the products, and
the subsequent lack of standard for quality control and acceptance.
With the increasing use of composites in many engineering structures,
the increasing need for uniformity in the quality of the products, and
the increasing need for fast rate of production, the need for automated
composites manufacturing becomes more and more evident.

In the different techniques for manufacturing that have been present-
ed in this book, there are methods of manufacturing where automation
is used. These include filament winding and pultrusion. However these
methods have limitation in the shape of structures that can be made.
Filament winding is limited to bodies with surface of revolution such
as cylinders or spheres. Even though filament winding can be used to
make flat laminates using a paddle tool, it is difficult to ensure the flat-
ness of the lay-up. Filament winding also requires that the surface of

387
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the tool is convex. Pultrusion is limited to structures with uniform cross
section, and the fiber orientation is limited mostly to be along the pull-
ing direction. As such, techniques such as filament winding and pultru-
sion are not feasible to make composite structures for aircrafts, where
the majority of technology and development for composites is made.

In the last decade, two methods of automated composites manufac-
turing that can be used to make aircraft structures have been developed.
One is automated tape lay-up, and the other is automated fiber place-
ment or automated tape placement. The main motivation for these de-
velopments is to increase the speed of manufacturing. While the most
capable worker has difficulty exceeding the lay-down rate of 2.2 1b/hr
(1 kg/hr), it is expected that automated tape lay-up or automated fiber
placement can have a lay-down rate of about 15 to 25 Ib/hr (6.82 kg to
11.36kg/hr).

A technique such as hand-lay-up cannot deposit materials fast
enough. Considering a fuselage of about 500 cm in diameter and 1,500
cm long. If a laminate of 3 mm were to be laid, with the specific gravity
of composite being about 1.8 g/cm?, the composite weight is 1,272 kgs.
At the rate of 1.0 kgs/hour, it would take 1,272 hours for one worker. If
10 workers are involved, the time is 127 hours. If only 8 hour shift per
day is involved, then this would take about 16 days). This simply is not
practical, and, in the case of thermoset matrix composites, the prepregs
have limited out time.

Automated tape lay-up is designed mainly for the deposition of ther-
moset composite tapes. The tapes are usually wide, with a tape width
of about 12 inches (305 mm). By using wide tape, a large amount of
material can be deposited per unit time. Automated fiber placement
(or automated tape placement) utilizes narrower tapes (or tows). The
widths of tapes for automated fiber placement varies from 1/8 inch to
1/2 inch (3.17 mm to 12.7 mm). To compensate for the narrower width,
automated fiber placement machines can use heads that can deposit
multiple tapes (tows) at the same time. As such, there are heads that can
deposit either one tow or up to 32 tows at one time. The depositing head
of the machine has individual cutters that can cut the individual tows.
As such, the tow terminals can be cut to correspond to curved contours
such as openings. There are advantages of using narrower tapes. One
is the ability to follow curved contours such as openings. The other is
the ease to steer the fibers such that the fibers can change their orienta-
tion within a surface. Another advantage is, in the case of depositing
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thermoplastic composites, the narrow tow allows for relatively small
heating beams (such as hot gas stream, laser beam, or ultrasonic beam)
to heat the whole width of the tow. Automated fiber placement certainly
has more versatility than automated tape lay-up and will be the focus in
the remaining part of this chapter.

2. AUTOMATED FIBER PLACEMENT
2.1. Description

Automated fiber placement of composites is a new method for the
manufacturing of composite structures using automation. The tech-
nique utilizes an automated fiber placement machine. A photo of the
automated fiber placement machine was shown in Figure 1.6¢c and is
repeated here in Figure 9.1a for convenience. Figures 9.1b and 9.1c
show the schematic of the main regions of interest of the machine.

The machine consists of five main components:

a. A spindle axis to mount the mandrel. This spindle provides the rota-
tion of the mandrel.

a. A mechanism to deliver the composite tows to the noninjection
point. Composite tows can be single tow of multiple of tows. Sim-
ple machines can feed one tow at a time or a course of up to 32 tows
is possible. The tow width can vary from 1/8 inch (3.17 mm) up to
1/2 inch (12.7 mm). Composite tows can be prepregs of thermoset
composites, such as glass/epoxy or carbon/epoxy. Composite tows
can also be tapes of thermoplastic matrix composites. The tows
normally come from creels either mounted directly on the deposit-
ing head or from a chamber located in the vicinity of the machine.
In the case of thermoset composites, to avoid some curing of the
thermoset resin before the automated fiber placement process, the
tow chamber is usually refrigerated.

b. A mechanism to heat the tows. There are two types of heating: pre-
heating and heating at the noninjection point area. Preheating re-
fers to heating of the tow(s) before the noninjection point (region
A in Figure 9.2). For thermoset composites, either preheating at
region A is done, or the tool can be preheated right before mate-
rial deposition, in the case where only a few layers are deposited.
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For thermoset composites, heating is used to slightly decrease the
viscosity of the resin. This in turn serves to increase the tack of
the tow(s) to facilitate bonding to the substrate. For thermoplastic
composites, preheating can help to enhance the melting and bond-
ing that takes place at the noninjection point (region B). Preheating
is usually done using infrared heaters. For machines using torch
heating, because the heat zone is fairly large, even if the heating is
focused at the noninjection point region, some preheating may take
place in region A.

For thermoplastic composites, intense heating needs to be done at
the noninjection point area (region B in Figure 9.2) to melt the thermo-
plastic tow (or tape). Heating is usually done using a hot gas (nitrogen)
torch or a laser [2, 3]. For machines using the hot gas torch, the tem-
perature at the nozzle of the torch can reach 950°C. This temperature
can drop significantly at the noninjection point. The hot gas is usually

FIGURE 9.2 Five important stages of the material in the automated fiber placement
process [1].
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aimed at the roller (for the application of compression pressure) rather
than directly on the thermoplastic tape. This means that the heating of
the tape is done mostly by heat conduction from the roller rather than
by convection from the hot gas. This is to avoid excessive temperature
of the tape and possible erosion of the material due to the flow of the hot
gas. For machines using a laser, different types of lasers (near infrared
diode laser, ytterbium fiber laser) with powers ranging from 2 kW to
20 kW are available. The advantage of laser heating over torch heating
is that laser heat is focussed on the composite rather than on the roller.
This is because heating is done by the absorption of phonons by the fi-
bers. The heated fibers then heat up the matrix material. As such, a soft
roller such as silicone rubber may be used (as compared to steel rollers
used in torch heating machine). However, the speed of movement of
the machine has to be fast to avoid excessive heating. Fast speed of
material deposition is desirable from the production point of view. On
the other hand, too fast speed also gives rise to void formation.

c. A mechanism to apply pressure on the deposited tow for consoli-
dation. 1t is necessary to apply pressure at the noninjection point
(region B in Figure 9.2) to consolidate the material.

For thermoset matrix composites, this pressure does not have to very
high. Normally, a load of about 40 1bs to 80 Ibs is sufficient. This consoli-
dation load helps to eliminate the need for pressing used in hand-lay-up
and possibly the need to do frequent debulking, which can save time. In
the case of thermoset matrix composites, the automated fiber placement
only performs the deposition and consolidation of the stack of prepregs,
but it does not perform the curing procedure. The stack of prepregs needs
to be bagged and cured after the automated fiber placement process. This
procedure has the disadvantage that two processes are involved (deposi-
tion by automated fiber placement and bagging and curing afterward),
which is time consuming and costly. However, it has the advantage that
defects that may be introduced during the automated fiber placement pro-
cess may be eliminated during the subsequent curing process.

For thermoplastic matrix composites, a higher compression load is
required for consolidation (normally around 100 lbs)

e. A mechanism to move the noninjection point forward. Once the
material is deposited and bonded at the noninjection point (re-
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gion B), the machine needs to advance the noninjection point to
the next material strip for continuous processing. It is desirable to
have as fast a speed as possible from the production point of view.
However, it is also important to assure good quality of the part,
particularly minimum void content. In the case of thermoset ma-
trix composites, as there is a secondary process of curing in either
an autoclave or oven, defects such as voids that occur during the
deposition stage may be corrected during the secondary stage. As
such, the speed of deposition can be high. However, in the case
of thermoplastic matrix composites, high speed of deposition may
compromise the quality of the laminates.

f. A mechanism to maintain pressure after the noninjection point. For
the processing of thermoplastic matrix composites, after the non-
injection point has moved away from the material strip of inter-
est (region C in Figure 9.2) and because the matrix is still hot and
soft, recurling of the fiber network may occur, which may give rise
to deconsolidation. To avoid this deconsolidation, it is desirable to
maintain the compression pressure for a certain amount of time un-
til the matrix material is sufficiently rigid to constrain the recurling
of the fiber networks. Whether a secondary compressor is available
(at region C in Figure 9.2) depends on the type of machine.

2.2. Aspects Required to Cover to Gain Expertise in Automated
Fiber Placement

To gain expertise on automated fiber placement, there are four basic
aspects to cover. One is to have a good understanding of the behavior
of the composites during the automated fiber placement. Second is the
kinematics of the machine. Third is the software required for the opera-
tion of the machine, and fourth is the process for defect inspection.

2.2.1. Understanding the Behavior of the Composites During
Automated Fiber Placement

Automated fiber placement machines can be used to process both
thermoset matrix composites and thermoplastic matrix composites.

For thermoset matrix composites, the difference between using the
machine and hand-lay-up is in the deposition of the materials onto the
tool. Figure 9.3 shows the comparison between hand-lay-up and the use
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of automated machines. The steps that follow the material deposition
(bagging, curing, etc.) are essentially the same. As such, the switching
from hand-lay-up to automated machines requires more understanding
of the aspects of kinematics, control software, and defect inspection.
The main concerns in relation to the composite materials relate to the
existence of laps, gaps, and the steering of tows.

For thermoplastic matrix composites, there is significant difference
between traditional compression molding and automated fiber place-
ment. This is because compression molding is a batch process, while
automated fiber placement is a continuous process. The duration of time
that the melted material is subjected to compression pressure is much
shorter in the case of automated fiber placement. The short duration of
time the material is under compression has an important influence on
the bond development between the layers. In addition, the removal of
the compression while the material is still soft also has an important
influence on the deconsolidation, which can give rise to delamination.
The temperature variations from location to location within a particu-
lar layer, across the thickness of a particular layer, and from one layer
to the next give rise to residual stresses and distortions. Besides, the
relaxation of the thermoplastic polymer at the different temperatures
and pressures adds to the complexity of the process. The use of an
automated machine to process thermoplastic composites is a very com-
plex process and needs a lot of study. On the other hand, processing of
thermoplastic composites using automated fiber placement promises to
provide net shape structures, which may not need a secondary process.
This aspect is very attractive.

2.2.2. Kinematics of the Machine

The kinematics of the machine refer to components that provide the
motion that control the fiber paths. Some machines use a gantry system
whereas others use robots. The gantry system is usually used for large ma-
chines. It can provide bigger compression forces and stiffer systems than
machines using robots. Machines usually have many degrees of freedom.

2.2.3. Control Software.

The motion of different parts of the machine are controlled by soft-
ware. Two types of software are required. One is for the lay out of the
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point-by-point paths of the courses. The fiber paths depend on the design
of the final part, which include fiber orientation, lay-up sequence, and
thickness. This software can be coupled with some sort of CAD software.
Locations of gaps and laps may also be controlled using the software.
The fiber paths should also take care of collision avoidance and a require-
ment to avoid laps or gaps. The second program is for the control of the
hardware components of the machine to execute the paths. Compatibility
between the first program and the second program is required.

2.2.4. Inspection of Defects

The inspection of defects that occurs during the automated fiber
placement process can be done by manual visual inspection or by auto-
mation. Manual visual inspection is very slow and is not recommended.
Automated inspection systems have been investigated. One system for
thermoset composites uses a thermographic online monitoring system
[10]. The system uses an infrared camera mounted onto the automated
fiber placement machine. It monitors the temperature of the recently
laid material right after the noninjection point. The variation of the ther-
mographic image is correlated with the defects. It was shown that this
system can detect tow geometry, gap/overlap, end of tow, twisted tow,
foreign body, and change of surface material.

2.3. Advantages of Automated Fiber Placement Manufacturing of
Composites

Automated fiber placement has many advantages over conventional
methods as follows:

2.3.1. Faster Rate of Material Deposition—Reduced Debulking Time

With increasing use of composite materials in many engineering
structures, there is urgent need to increase the rate of production. The
normal rate of material deposition by hand-lay-up is about 2.2 Ib/hr.
The rate of material deposition by automated fiber placement depends
on the type of machine. A machine that deposits multiple tows has a
higher rate of material deposition than a machine that deposits one tow
at a time. The normal rate of material deposition of an automated fiber
placement machine is about 20 Ib/hr [12].
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FIGURE 9.3 Comparison between hand-lay-up and automated fiber placement process
for thermoset composites.

Besides the high rate of material deposition, the compaction applied
during the automated fiber placement process helps to reduce the time
required for debulking as usually occurring during the hand-lay-up
process. A comparison between the hand-lay-up and automated fiber
placement processes is shown in Figure 9.3.

2.3.2 Less Material Wastage

Because the process is one form of additive manufacturing, tows and
layers of materials are deposited on design. As such, the material wast-
age is much less than in the case of hand-lay-up. Figure 9.4 shows
the situation where a sheet of prepregs is cut at 45 degrees to make
45-degree layers in a laminate ABCD for the purpose of hand-lay-up.
The cut-off materials at the corners are waste. There is a terminology
in the aircraft industry called the Buy/Fly ratio referring to how much
material ends up flying from the amount that was bought. It can be seen
from Figure 9.4 that this ratio can be about 2:1. For parts with more
complicated geometry, this ratio can go up to 3:1. This does not hap-
pen when narrow tows are placed at a certain desired orientation in the
automated fiber placement process. Figure 9.5 shows the configuration
to make the laminate ABCD using automated fiber placement lay-up
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fiber placement.
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tow-by-tow. It can be seen that there is a lot less waste of material.
Composite materials are expensive. The use of automated fiber place-
ment can reduce the material waste, which in turn results in cost saving
and more environmentally friendly manufacturing.

2.3.3. More Repeatability—Less Variability

Because automated fiber placement is done by machine, there is more
repeatability and less variability in the quality of the part as compared
to conventional process such as hand-lay-up, which depends on the skill
of the workers at different time period of the work week.

2.3.4. Less Manual Labour Intensive

Conventional composite manufacturing technique such as hand-lay-
up is labor intensive, whereas automated fiber placement is less labor
intensive. The use of automated fiber placement evens out the differ-
ence in labor rates from one region to another.

2.3.5. Automated Fiber Placement is Essential for Large Structures

To deposit composite materials on large structures, it is not practical
to use hand-lay-up where people have to climb up on large frames. The
use of automation allows the construction of large structures more easily.

2.3.6. Ability to Steer Fibers

One unique characteristic of automated fiber placement as compared
to other techniques for the manufacturing of composites is the ability to
steer the fibers. As such, the fiber orientations can vary not only from
one layer to another, but also from location to location within the same
layer. It is then possible to orient the fibers in the direction where the
load is high. This can result in more effective use of materials. One ex-
ample is the case of a composite cylinder subjected to bending load as
shown in Figure 9.6. The cylinder may buckle. The buckling resistance
of the cylinder tends to happen on the compression side (top) of the
cylinder.

Figure 9.7a shows the change of the fiber orientation € in a cylinder
with thickness having the lay-up sequence of [0/6/90/-6/-6/90/6/0]s. At
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FIGURE 9.6 Composite cylinder subjected to bending loads [4].

the bottom of the cylinder (position T,), & has the value of about 7°. At
the position T,, 6 has a value of 0°. At T , it has a value of about 48°,
etc. The curve in Figure 9.7a was obtained using surrogate optimization
procedure [4]. Figure 9.7b shows the steered fibers on the cylindrical
mandrel.

The buckling load for this cylinder is compared with that made of
quasi-isotropic lay-up [0/45/90/-45/-45/90/45/0]s, as shown in Figure
9.8.

The cylinder with steered fibers shows improvement of buckling re-
sistance of about 20% (at R/t = 900) as compared to the cylinder made
of constant fiber orientation. It can be seen from Figure 9.7a that the
bottom of the cylinder, fibers, in the layers with variable fiber orien-
tation, are mainly along the 0° direction, which support tensile load,
whereas from the horizontal position to the top, fibers are oriented more
along the 45° directions, which is similar to the fiber angle for the case
of quasi-isotropic. At the bottom of the cylinder, the fact that the fibers
are oriented more toward the 0° direction provides better resistance
against tensile load.

Figure 9.9 shows the mode shapes of the cylinders where comparison
between quasi-isotropic laminates and variable stiffness laminates are
shown. For variable stiffness laminates, more deformation occurs on
the compression side (top), which indicates that more materials par-
ticipate into the resistance against the buckling. This in turn raises the
buckling resistance of the structure.



FIGURE 9.7b Steered fibers on a cylindrical mandrel.
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Reactivity, 323

Reinforcement forms, 147
Reinforcements, 129, 250
Relative concentration, 83
Release agent, 186
Repeatability, 398

Reptation, 364

Residual stresses, 228, 232, 233, 322
Resin boils over, 319

Resin degradation, 354

Resin film infusion, 289

Resin flow, 215, 216, 358
Resin infusion, 283

Resin kinetics, 194

Resin pocket, 215

Resin rich area, 18, 316

Resin shrinkage, 228

Resin system formulator, 73
Resin transfer molding, 55, 286
Resins, 250, 271

Roller, 17

Roving, 148, 149, 269

Rubber tooling, 185

Rule of mixtures, 18

S glass, 133, 134

Satin weave, 150

SCRIMP, 15

Seaman composite resin infusion
molding process, 15, 287

Secondary amines, 78, 194

Self similar crack, 32

Shear load transfer, 41

Shear strength, 42

Shear resistance, 37

Shear transfer, 33

Shearing flow, 360
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Shelf life, 72, 102

Shell Epon, 828, 74

Short fiber, 48

Shrink, 19

Shrinkage, 19, 92, 229, 231

Shrinkage control additives, 296

Silane, 136

Silicon carbide fibers, 146

Simulation, 382

Single bond, 63, 64

Slurry, 339

Solidification, 19, 372

Solubility, 291

Solvent removal, 24

Solvent solution, 334

Solvent swell, 88

Spray up, 293, 294

Spindle axis, 389

Square array, 154

Steel tool, 182

Steer fibers, 398, 399, 400, 401

Stitching, 17

Stoichiometric, 80

Storage life, 72

Strain energy release rate, 117

Strand, 148

Structural reaction injection molding,
286

Styrene, 61, 64

Surface coating, 142

Surface energy, 46, 52

Surface finish, 19, 325

Surface polymerization, 340

Surface tension, 46, 319

Surface treatment, 135, 141

Swirl mat, 151

Tacky, 235

Tape, 148, 334, 335, 336

Tensioning device, 255

Tertiary amines, 78, 82
Tetraglycidylmethylene dianiline, 76
TGDDM, 74

Thermal principle, 92

Thermal properties, 199

Thermo forming, 293, 294

Thermoplastic composites, 21, 329
Thermoplastic matrix, 52
Thermoplastic resin, 55, 101
Thermoset, 52

Thermoset matrix, 56

Thermoset polymer, 52

Thermo stamping, 9, 11, 12, 375
Three dimensional weaves, 153
Thermo dynamically compatible, 47
Thermoplastic matrix, 332
Thermoplastic resin, 330

Thick laminates, 210

Thickness change, 380

Three roll mixing, 122

Time temperature transformation, 219
Tool, 283

Tool preparation, 182

Tow preg, 20

Tows, 25, 147, 148, 149
Transverse flow, 360, 361
Transversely isotropic, 45

Ultrasonic cure monitoring, 92
Ultraviolet rays, 67

Vacuum assisted liquid composite
molding, 15

Vacuum assisted resin transfer molding
287,288

Vacuum Bag Only, 4, 234

Vapor deposition, 24

Variability, 398

Veils, 290

Vinyl ester, 96, 98, 99, 296

Viscosity, 19, 45, 55, 56, 72, 211, 212,
213,252

Voids, 19, 222, 224,317, 322

Volume fraction, 17, 18, 34, 48

Warping, 322

Waviness, 157, 406, 407
Wavy, 17

Weave, 149

Weaving (3D), 17

Weft knitting, 293, 295
Weight fraction, 48



Wet lay up, 175

Wet process, 73
Wetting, 19, 46
Whiskerisation, 141
Winding, 155, 241
Winding pattern, 243
Woven, 269

Woven fabric, 149
Wrinkling, 382

Index

X Ray pattern, 115, 118
Yarn, 148

Z pinning, 17
4-harness satin, 150

4D printing, 413
8-harness satin, 150
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