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Preface

This book deals is intended for anyone wishing to learn more about the
materials and manufacturing processes used to fabricate and assemble
advanced composites. Although advanced composites can mean many
different types of fibers in either polymer, metal or ceramic matrices, this
book deals with the three main fibers (glass, aramid and carbon) in
polymeric matrices.

The book (Chapter 1) starts with an overview of fibers, matrices and
product forms. Then, a brief introduction to the various fabrication
processes is covered along with the advantages and disadvantages of
composites. The first chapter wraps up with some of the applications for
advanced composites. Chapter 2 examines the reinforcements and
prepregging in more detail, while Chapter 3 covers the main thermosetting
resin systems, including polyesters, vinyl esters, epoxies, bismaleimides,
polyimides and phenolics. The principles of resin toughening are also
presented along with an introduction to the physiochemical tests that are
used to characterize resin and cured laminates.

Chapters 4 through 7 form a natural progression with Chapter 4 covering
the basics of cure tools followed by ply collation in Chapter 5. Important
ply collation methods include manual lay-up, flat ply collation, automated
tape laying, filament winding and fiber placement. Vacuum bagging in
preparation for cure is also discussed in Chapter 5. Chapter 6 discusses the
cure process for both addition and condensation curing thermosets. The
importance of both lay-up and cure variables are discussed including
hydrostatic resin pressure, chemical composition, resin and prepreg,
debulking and caul plates. Residual cure stresses are also covered followed
by exotherm, in-process cure monitoring and cure modeling. In Chapter 7,
a case study is presented on the interaction of chemical composition and
processing on laminate quality.

Adhesive bonding and integrally cocured structures are introduced in
Chapter 8. The basics of adhesive bonding are covered along with the
advantages and disadvantages. The important of joint design, surface
preparation and bonding procedures are discussed along with honeycomb
bonded assemblies, foam bonded assemblies and integrally cocured
assemblies.
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Chapter 9 on liquid molding covers preforming technology (weaving,
knitting, stitching and braiding) followed by the major liquid molding
processes, namely resin transfer molding (RTM), resin film infusion (RFI)
and vacuum assisted resin transfer molding (VARTM).

Thermoplastic composites are discussed in Chapter 10 including the
major matrix materials and product forms. Consolidation is then covered
followed by the different methods of thermoforming thermoplastics.
Finally, the joining processes that are unique to thermoplastic composites
are discussed.

Some of the important commercial composite processes are presented in
Chapter 11 with an emphasis on lay-up, compression molding, injection
molding, structural reaction injection molding and pultrusion.

Chapter 12 covers the processes that are unique to assembling composite
structures. In this chapter, the emphasis is on mechanical joining including
the hole preparation procedures and fasteners used for composite
assembly. Sealing and painting of composite structure is also briefly
discussed.

The final chapter (Chapter 13) covers two topics: nondestructive
inspection and repair. NDI methods covered include visual, ultrasonics,
radiographic and thermographic inspection methods. The part of repair
includes fill repairs, injection repairs, bolted repairs and bonded repairs.

It should be pointed out that this book deals solely with the materials and
processes used to manufacture advanced composites. It does not address
the mechanics of lamina, laminates, adhesive bonding or bolted joints. If it
were used as text, it would probably be more appropriate as a second
course in composite materials.

The author would like to thank the following colleagues for reviewing the
chapters in this book: Gary Bond, Ray Bohlmann, John Griffith, Mike
Karal, Dan King, Bob Kisch, Doug McCarville, Mike Paleen and Bob
Rapp. Any and all mistakes remain the responsibility of the author.

F.C. Campbell
St. Louis, Missouri
December 2003

XII



The Author

Flake C. Campbell

Flake Campbell is currently a Senior
Technical Fellow in the field of
Manufacturing Technology within The
Boeing Company’s Phantom Works
R&D organization. He currently conducts
R&D programs in both advanced
composites and metallic structures. His
34-year career at Boeing has been split
about equally between engineering and
manufacturing. He has worked in the
engineering laboratories, manufacturing
R&D, composites engineering on three

production aircraft programs, and in production operations. Prior to
being named a Senior Technical Fellow, he was Director of
Manufacturing Process Improvement for the St. Louis operations for five
years and was Director of Advanced Manufacturing Technology for nine
years. He holds B.S. and M.S. degrees in Metallurgical Engineering and a
Masters of Business Administration.



Contents

Chapter 1

Chapter 2

Preface

Introduction to Composite Materials and Processes

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10

Laminates

Fibers

Matrices

Product Forms

Overview of Fabrication Processes
Advantages and Disadvantages of Composites
Applications

Summary

Acknowledgement

References

Fibers and Reinforcements

21
22
23
24

25
2.6
2.7
2.8
29
2.10
2.11

Fiber Terminology

Glass Fibers

Aramid Fibers

Ultra-High Molecular Weight Polyethylene
(UHMWPE) Fibers

Carbon and Graphite Fibers
Woven Fabrics

Reinforced Mats

Chopped Fibers

Prepreg Manufacturing
Summary

References

XI

12
17
25
32
35
35
37

40
41
44

45
46
49
54
55
56
61
62



Manufacturing Processes for Advanced Composites

Chapter 3  Thermoset Resins

3.1  Thermosets 63
3.2  Polyester Resins 66
33 Epoxy Resins 67
3.4  Bismaleimide Resins 76
35 Cyanate Ester Resins 78
3.6 Polyimide Resins 79
3.7 Phenolic Resins 82
3.8  Toughening Approaches 83
3.9  Physiochemical Characterization and Quality
Control 91
3.10 Chemical Testing 91
3.11 Rheological Testing 93
3.12 Thermal Analysis 95
3.13  Glass Transition Temperature 96
3.14 Summary 99
3.15 References 100
Chapter 4  Cure Tooling
4.1 General Considerations 104
42  Thermal Management 110
43 Tool Fabrication 118
44 Summary 129
45  References 130
Chapter 5  Ply Collation
5.1 Prepreg Control 132
52  Tool Preparation 133
53  Manual Lay-Up 134
54  Ply Collation 138
5.5  Flat Ply Collation and Vacuum Forming 141
5.6  Automated Tape Laying 144
5.7 Filament Winding 148
5.8  Fiber Placement 158
59  Vacuum Bagging 163
510 Summary 171
511 References 173
Chapter 6 Curing
6.1 Cure of Epoxy Composites 180
62  Theory of Void Formation 184
6.3  Hydrostatic Resin Pressure Studies 190
6.4  Chemical Composition Variables 198



Chapter 7

Chapter 8

6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.15
6.16

The Interaction of Chemical Composition and Processing

Net and Low Flow Resin Systems
Resin and Prepreg Variables
Lay-Up Variables

Debulking Operations

Caul Plates and Pressure Intensifiers
Condensation Curing Systems
Residual Curing Stresses
Exotherm

In-Process Cure Monitoring

Cure Modeling

Summary

References

on Laminate Quality

71
7.2
73
7.4
7.5
7.6
7.7

Prepreg Physical Properties
Chemical Properties
Thermal Properties
Rheological Properties
Laminate Evaluations
Summary

References

Adhesive Bonding and Integrally Cocured Structures

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
8.10
8.11
8.12
8.13
8.14
8.15
8.16
8.17
8.18
8.19

Adhesive Bonding

Advantages of Adhesive Bonding
Disadvantages of Adhesive Bonding
Theory of Adhesion

Joint Design

Adhesive Testing

Surface Preparation

Epoxy Adhesives

Bonding Procedures

Sandwich Structures

Honeycomb Core

Honeycomb Processing

Balsa Wood

Foam Cores

Syntactic Core

Inspection

Integrally Cocured Structure
Summary

References

Contents

199
200
201
203
206
207
210
217
218
219
219
220

226
227
229
230
231
238
239

242
242
244
244
245
250
251
258
262
267
269
277
285
285
288
289
290
298
299

VI



Manufacturing Processes for Advanced Composites

Chapter 9

Liquid Molding

9.1 Preform Technology

92  Fibers

9.3 Woven Fabrics

94  Three-Dimensional Woven Fabrics
9.5 Knitted Fabrics

9.6  Stitching

9.7 Braiding

9.8  P4A Process

9.9 Random Mat

9.10 Preform Advantages

9.11 Preform Disadvantages

9.12 Integral Structures Made by Textile Processes
9.13 Preform Lay-Up

9.14 Resin Injection

9.15 Curing

9.16 RTM Tooling

9.17 Resin Transfer Molding Defects
9.18 Resin Film Infusion

9.19 Vacuum Assisted Resin Transfer Molding
920 Summary

9.21 References

Chapter 10 Thermoplastic Composites

Chapter 11

VI

10.1
10.2
10.3
10.4
10.5
10.6
10.7
10.8

The Case for Thermoplastic Composites
Thermoplastic Composite Matrices
Product Forms

Consolidation

Thermoforming

Joining

Summary

References

Commercial Processes

11.1
11.2
11.3
114
11.5
11.6
11.7

Lay-Up Processes

Compression Molding

Injection Molding

Structural Reaction Injection Molding
Pultrusion

Summary

References

306
307
308
309
311
312
314
320
322
323
325
325
327
331
335
336
338
341
349
354
355

358
360
368
369
379
390
395
396

400
412
420
430
432
437
437



Chapter 12 Assembly

12.1
12.2
12.3
12.4
12.5
12.6
12.7
12.8

Trimming and Machining Operations
General Assembly Considerations

Hole Drilling
Fastener Installation
Sealing

Painting

Summary
References

Chapter 13 Nondestructive Inspection and Repair

13.1
13.2
13.3
134
13.5
13.6
13.7
13.8
13.9
13.10
13.11
13.12
13.13

Nondestructive Inspection
Visual Inspection
Ultrasonic Inspection
Portable Equipment
Radiographic Inspection
Thermographic Inspection
Repair

Fill Repairs

Injection Repairs

Bolted Repairs

Bonded Repairs
Summary

References

Appendix A- Metric Conversions

Contents

440
445
448
457
467
468
469
469

473
473
474
483
483
490
492
492
493
497
501
511
511

513



Chapter 1

Introduction to Composite Materials
and Processes: Unique Materials
that Require Unique Processes




Introduction to Composite Materials and Processes: Unique Materials that Require Unique Processes

A composite material can be defined as a combination of two or more
materials that results in better properties than when the individual
components are used alone. As opposed to metal alloys, each material
retains its separate chemical, physical and mechanical properties. The two
constituents are normally a fiber and a matrix. Typical fibers include glass,
aramid and carbon, which may be continuous or discontinuous. Matrices
can be polymers, metals or ceramics. This book will deal with continuous
and discontinuous fibers embedded in polymer matrices, with an emphasis
on continuous-fiber high-performance structural composites. Examples of
continuous reinforcements include unidirectional, woven cloth and helical
winding, while discontinuous reinforcements include chopped fibers and
random mat (Fig. 1).

Continuous

Unidirectional (UD) Cloth Roving

0000000 0605%»

o 0°/90° (Woven) +30° Helical
Filament Wound

Discontinuous

Chopped Mat

Fig. 1. Reinforcement Options
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1.1 Laminates

Continuous-fiber composites are laminated materials (Fig. 2) in which the
individual layers, plies or laminae are oriented in directions that enhance
the strength in the primary load direction. Unidirectional (0°) laminates
are extremely strong and stiff in the 0° direction; however, they are also
very weak in the 90° direction because the load must be carried by the much
weaker polymeric matrix. While a high-strength fiber can have a tensile
strength of 500 ksi or more, a typical polymeric matrix normally has a
tensile strength of only 5-10 ksi (Fig. 3). The longitudinal tension and
compression loads are carried by the fibers, while the matrix distributes the
loads between the fibers in tension and stabilizes and prevents the fibers
from buckling in compression. The matrix is also the primary load carrier
for interlaminar shear (i.e., shear between the layers) and transverse (90°)
tension. The relative roles of the fiber and the matrix in determining the
mechanical properties are summarized in Table 1.

Since the fiber orientation directly impacts the mechanical properties, it
would seem logical to orient as many layers as possible in the main load-
carrying direction. While this approach may work for some structures, it is
usually necessary to balance the load-carrying capability in a number of

) * - 5 Oo
W 90°

0° W +45°
0° W -45°
0° W -45°
0° =22 +45°

W
== o0
T ”

Unidirectional Lay-Up Quasi-lsotropic Lay-Up

Reference 1: with permission

Fig. 2. Quasi-Isotropic Laminate Lay-Up
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600
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/l Composite
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ksi 4
(ksi) /
/
200 R~ 4
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Fig. 3. Tensile Properties of Fiber, Matrix and Composite

Table 1.1 Effect of Fiber and Matrix on Mechanical Properties

%eozlei:l;ml Dominating Composite Constituent
Fiber Matrix

Unidirectional

0° Tension v

0° Compression v v

Shear v

90° Tension v

Laminate

Tension v

Compression v/ v

In-Plane Shear 4

Interlaminar Shear v/
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different directions, such as the 0°, +45°, —45° and 90° directions. Fig. 4
shows a photomicrograph of a cross-plied continuous carbon fiber
reinforcement in an epoxy resin matrix. A balanced laminate with equal
numbers of plies in the 0° +45°, —45° and 90° directions is called a quasi-
isotropic laminate, since it carries equal loads in all four directions. Fig. 5
provides a graphical presentation of the preferred laminate orientations.
These are preferred orientations because they are fairly balanced
laminates that carry loads in multiple directions.

1.2 Fibers

The primary role of the fibers is to provide strength and stiffness. However,
as a class, high-strength fibers are brittle; posses linear stress—strain

Fibers appear as ovals
because they were cut
at an angle to the 0°
direction.

0.0003 In.
Diameter
Carbon Fiber

0.005 In. Thick Ply

Fig. 4. Laminate Construction
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90" Plies (%)

100N (Al Fibers In 0%, +45°, 90°, or -45° Direction)
80 & [~ Area of Preferred Fiber Patterns
60 % Quasi-Isotropic Pattern
0 I:hes Note: Lightly loaded minimum-
(%) 40 Ko
© gauge structures tend to
encompass a greater range of
fiber patterns than indicated
because of the unavailability of
20 % thinner plies
0
0 20 40 60 80 100
1 45° Plies (%)
Fig. 5. Preferred Laminate Orientations
Table 1.2 Properties of Typical High Strength Fibers
Density Tensile Elastic fozmm Diameter gﬁ;;’::;lon
Fiber Ib/in3 fli; jfg’h ?fn "s‘l,i)”l”‘ Failure  (Mils) Coefficient
(%) 10-6 in/in/ F
E-glass 0.090 500 11.0 4.8 0.36 2.8
S-glass 0.092 650 12.6 5.6 0.36 13
Quartz 0.079 490 10.0 5.0 0.35 1.0
Aramid (Kelvar 49) 0.052 550 19.0 2.8 0.47 -1.1
Spectra 1000 0.035 450 25.0 0.7 1.00 -1.0
Carbon (AS4) 0.065 530 330 15 0.32 -02
Carbon (IM-7) 0.064 730 41.0 1.8 0.20 -0.2
Graphite (P-100) 0.078 350 107 03 0.43 -03
Boron 0.093 520 58.0 0.9 4.00 2.5

behavior with little or no evidence of yielding; have a low strain to failure
(1-2% for carbon); and exhibit larger variations in strength than metals.
Table 2 presents a summary of the major composite reinforcing fibers.



