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Preface

Hybrid materials, i.e., composites made or joined from several materials, including
fiber-reinforced composites with different fiber architectures, play an increasingly
important role in industrial applications. The general aim of a hybrid lightweight
design is the mass reduction of lightweight structures and simultaneously the in-
crease of performance of the construction, which is reflected in a higher strength,
stiffness, or in an improved fatigue strength. Nevertheless, the combination of dif-
ferent materials in hybrid composites results in the evolution of a process-related,
hierarchical microstructure, which defines the composite’s performance. Hence,
designing high performance hybrid materials needs a holistic approach in the in-
teraction between product design, processing technologies, material science, and
engineering mechanics.

The relevance of hybrid materials in lightweight structures in industry has in-
creased during the last years. The BMW electric car concept featuring a CFRP-
based life module and the use of composites in the aircraft industry are prominent
examples for the enhanced used of high-performance composites in vehicle struc-
tures. Composite use in aircraft cumulates today in the design of the Boeing 787
featuring a composite-based fuselage concept. Nevertheless, such designs mainly
based on the use of continuous carbon fibers are expensive in comparison to metal-
based solutions and the design freedom is also limited. Consequently, hybrids
based on a combination of cost-efficient long fiber-reinforced plastics and high-
performance continuous fiber-reinforced plastics - so-called continuous-discon-
tinuous fiber-reinforced polymers (CoDiCoFRP) - can help to overcome disadvan-
tages and enables an economical lightweight design approach.

In this book, the editors present the results of a transatlantic research cooperation
under the leadership of Karlsruhe Institute of Technology (KIT), Germany, and Uni-
versity of Western Ontario, Canada, directly focusing on the new material class of
CoDiCoFRP bringing together scientists from production science and development,
lightweight technology, mechanics, and material science. This International Re-
search Training Group, “Integrated engineering of continuous-discontinuous long
fiber-reinforced polymer structures” (GRK2078), has been fully funded by the Ger-
man Research Foundation (DFG).
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Preface

Divided between thematic chapters on technology (Chapter 2), characterization
(Chapter 3), simulation (Chapter 4), and design (Chapter 5), the results from the
first generation of doctoral researchers at KIT are presented. Especially, Chapter 6,
on establishing the process chain for a demonstrator product, clearly shows the
benefit of very strong interactions between all disciplines involved to realize a ho-
listic approach.

Thomas Bohlke
Frank Henning
Andrew Hrymak
Luise Karger

Kay A. Weidenmann
Jeffrey T. Wood



List of Contributors

Albert Albers

Institute for Product Engineering, Karlsruhe Institute of Technology (KIT), Karls-
ruhe, Germany

William Altenhof
Mechanical, Automotive and Materials Engineering, University of Windsor, Canada
Fabian Ballier

wbk Institute of Production Science, Karlsruhe Institute of Technology (KIT), Karls-
ruhe, Germany

Thomas Bohlke

Institute for Engineering Mechanics, Karlsruhe Institute of Technology (KIT),
Karlsruhe, Germany

David Biicheler
Fraunhofer Institute for Chemical Technology, Pfinztal, Germany

Institute of Vehicle System Technology, Karlsruhe Institute of Technology (KIT),
Karlsruhe, Germany

Viktoriia Butenko

Institute of Product Engineering, Karlsruhe Institute of Technology (KIT), Karls-
ruhe, Germany

Colin Denniston

Department of Applied Mathematics and Department of Physics and Astronomy,
University of Western Ontario, Canada

Peter Elsner
Fraunhofer Institute for Chemical Technology, Pfinztal, Germany

Institute for Applied Materials - Materials Science and Engineering, Karlsruhe In-
stitute of Technology (KIT), Karlsruhe, Germany



XIV  List of Contributors

Benedikt Fengler

Institute of Vehicle System Technology, Karlsruhe Institute of Technology (KIT),
Karlsruhe, Germany

Jiirgen Fleischer

wbk Institute of Production Science, Karlsruhe Institute of Technology (KIT), Karls-
ruhe, Germany

Johannes Gorthofer

Institute of Engineering Mechanics, Karlsruhe Institute of Technology (KIT), Karls-
ruhe, Germany

Peter Gumbsch
Fraunhofer Institute for Mechanics of Materials IWM, Germany

Institute for Applied Materials - Computational Materials Science, Karlsruhe Insti-
tute of Technology (KIT), Karlsruhe, Germany

Anton Helfrich

whbk Institute of Production Science, Karlsruhe Institute of Technology (KIT), Karls-
ruhe, Germany

Frank Henning
Fraunhofer Institute for Chemical Technology, Pfinztal, Germany

Institute of Vehicle System Technology, Karlsruhe Institute of Technology (KIT),
Karlsruhe, Germany

Martin Hohberg

Institute of Vehicle System Technology, Karlsruhe Institute of Technology (KIT),
Karlsruhe, Germany

Jorg Hohe
Fraunhofer Institute for Mechanics of Materials IWM, Germany
Andrew Hrymak

Deptartment of Chemical and Biochemical Engineering, University of Western On-
tario, Canada

Sergej Ilinzeer
Fraunhofer Institute for Chemical Technology, Pfinztal, Germany

Institute of Vehicle System Technology, Karlsruhe Institute of Technology (KIT),
Karlsruhe, Germany

Luise Kirger

Institute of Vehicle System Technology, Karlsruhe Institute of Technology (KIT),
Karlsruhe, Germany



List of Contributors

Loredana Kehrer

Institute of Engineering Mechanics, Karlsruhe Institute of Technology (KIT), Karls-
ruhe, Germany

Takashi Kuboki

Department of Mechanical and Materials Engineering, University of Western On-
tario, Canada

Daniel Kupzik

wbk Institute of Production Science, Karlsruhe Institute of Technology (KIT), Karls-
ruhe, Germany

Gisela Lanza

wbk Institute of Production Science, Karlsruhe Institute of Technology (KIT), Karls-
ruhe, Germany

Jorg Lienhard
Fraunhofer Institute for Mechanics of Materials IWM, Germany
Nils Meyer

Institute of Vehicle System Technology, Karlsruhe Institute of Technology (KIT),
Karlsruhe, Germany

Britta Nestler

Institute for Applied Materials - Computational Materials Science, Karlsruhe Insti-
tute of Technology (KIT), Karlsruhe, Germany

Tarkes Dora Pallicity

Institute for Engineering Mechanics, Karlsruhe Institute of Technology (KIT),
Karlsruhe, Germany

Chul B. Park

Department of Mechanical and Industrial Engineering, University of Toronto,
Canada

Pascal Pinter

Institute for Applied Materials - Materials Science and Engineering, Karlsruhe In-
stitute of Technology (KIT), Karlsruhe, Germany

Ali Rizvi

Department of Mechanical and Industrial Engineering, University of Toronto,
Canada

Marielouise Schaferling

wbk Institute of Production Science, Karlsruhe Institute of Technology (KIT), Karls-
ruhe, Germany

XV




XVi

List of Contributors

Malte Schemmann

Institute for Engineering Mechanics, Karlsruhe Institute of Technology (KIT),
Karlsruhe, Germany

Daniel Schneider

Institute for Applied Materials - Computational Materials Science, Karlsruhe Insti-
tute of Technology (KIT), Karlsruhe, Germany

Michael Schober
Fraunhofer Institute for Mechanics of Materials IWM, Germany

Institute for Applied Materials - Computational Materials Science, Karlsruhe Insti-
tute of Technology (KIT), Karlsruhe, Germany

Ludwig Schottl

Institute for Applied Materials - Materials Science and Engineering, Karlsruhe In-
stitute of Technology (KIT), Karlsruhe, Germany

Lukas Schulenberg
Fraunhofer Institute for Mechanics of Materials IWM, Germany

Institute of Mechanics, Karlsruhe Institute of Technology (KIT), Karlsruhe, Ger-
many

Volker Schulze

wbk Institute of Production Science and Institute for Applied Materials - Materials
Science and Engineering, Karlsruhe Institute of Technology (KIT), Karlsruhe, Ger-
many

Felix K. Schwab

Institute for Applied Materials - Computational Materials Science, Karlsruhe Insti-
tute of Technology (KIT), Karlsruhe, Germany

Thomas Seelig

Institute of Mechanics, Karlsruhe Institute of Technology (KIT), Karlsruhe, Ger-
many

Markus Spadinger

Institute of Product Engineering, Karlsruhe Institute of Technology (KIT), Karls-
ruhe, Germany

Michael Thompson

McMaster Manufacturing Research Institute (MMRI), Department of Chemical En-
gineering, McMaster University, Canada



List of Contributors  XVII

Anna Trauth

Institute for Applied Materials - Materials Science and Engineering, Karlsruhe In-
stitute of Technology (KIT), Karlsruhe, Germany

Kay A. Weidenmann

Institute for Applied Materials - Materials Science and Engineering, Karlsruhe In-
stitute of Technology (KIT), Karlsruhe, Germany

Jeffrey T. Wood

Department of Mechanical and Materials Engineering, University of Western On-
tario, Canada

Frederik Zanger

wbk Institute of Production Science, Karlsruhe Institute of Technology (KIT), Karls-
ruhe, Germany






Symbol

a o a

al

Definition

Coefficient of thermal expansion
Coefficient of chemical shrinkage
Infinitesimal strain tensor
Infinitesimal effective strain tensor
Curing strain tensor

Elastic strain tensor

Thermal strain tensor

Viscous strain tensor

Absolute temperature

Glass transition temperature
Poisson’s ratio of the fiber
Poisson’s ratio of the matrix
Cauchy stress tensor

Effective Cauchy stress tensor
Mass density

Relaxation time

Scalar quantities

First-order tensors

Second-order tensors
Fourth-order tensors
Strain localization tensor

Stress localization tensor
Fiber volume fraction

Matrix volume fraction
Stiffness tensor

Stiffness tensor for fiber
Stiffness tensor for matrix

Effective stiffness tensor

List of Symbols

~ D Q- Q = ~

<

<

Definition

Scalar damage variable
Elastic modulus of the fiber
Elastic modulus of the matrix

Fiber orientation distribution func-
tion
Fiber orientation

Fiber orientation tensor of second
order

Fiber orientation tensor of fourth
order

First isotropic projector tensor

Second isotropic projector tensor

Second-order identity tensor

Fourth-order identity tensor
Degree of cure

Curing rate

Universal gas constant
Time

Displacement vector

Viscosity tensor






Acronym
2D

3D

CT
CoFRP

CoDiCoFRP

CoDiCoFRTP

CoDiCoFRTS

CoFRTP

CoFRTS

DiCoFRP

DiCoFRTS

DiCoFRTP

FAST

FEM
FFT
FODF

FOD

FPC
GF

Expanded form
Two-dimensional
Three-dimensional
Computed tomography

Continuous fiber-reinforced poly-
mer

Discontinuous fiber-reinforced
polymer with continuous fiber

Discontinuous fiber-reinforced
thermoplastic with continuous fi-
ber

Discontinuous fiber-reinforced
thermoset with continuous fiber

Continuous fiber-reinforced ther-
moplastic

Continuous fiber-reinforced ther-
moset

Discontinuous fiber-reinforced
polymer

Discontinuous fiber-reinforced
thermoset

Discontinuous fiber-reinforced
thermoplastic

Institute of Vehicle System Tech-
nology

Finite element method

Fast Fourier transformation

Fiber orientation distribution func-
tion

Fiber orientation distribution at
material point

Fraunhofer Project Center

Glass fiber

List of Acronyms

Acronym
IAM-WK

IAM-CMS

ICT

IFM
IPEK
IT™™
IWM

KIT
LFTP

PAG
RVE
SMC
P
TS
UPPH

UoW
ur
uwo
wbk

Expanded form

Institute for Applied Materials -
Materials Science and Engineering

Institute for Applied Materials -
Computational Materials Science

Fraunhofer Institute for Chemical
Technology

Institute of Mechanics
Institute of Product Engineering
Institute of Engineering Mechanics

Fraunhofer Institute for Mechanics
of Materials IWM

Karlsruhe Institute of Technology
Long fiber-reinforced thermoplas-
tic

Polyamide-6

Representative volume element
Sheet molding compound
Thermoplastic material
Thermoset material

Unsaturated polyester polyure-
thane hybrid

University of Windsor
University of Toronto
University of Western Ontario

Institute of Production Science






Contents

Foreword . ........ciuiiiitiiiiinienneonaneonnesannsannns Vil
Acknowledgments ............c it ittt IX
Preface ......ciiiiiiiiii it i i it it et e Xl
Listof Contributors . ......... ... ittt X1
Listof Symbols ......... ..ottt XIX
Listof Acronyms ..ottt iiietinnernnnrannns XXI

1 Introduction to Continuous-Discontinuous Fiber-Reinforced
Polymer Composites ...........coiiiiiiiiiiiiiiiiinn.. 1
Thomas Bohlke, Andrew Hrymak, Luise Kdrger, Tarkes Dora Pallicity,

Kay A. Weidenmann, Jeffrey T. Wood

1.1 Fiber-Reinforced Composite Materials ............................
1.2 About IRTG GRK2078 .. ... . i
1.3 Compression Molding Process ........... ...,

1.4 Constituent Materials of CODiCoFRTS .. ........ ... . ..
141 Thermoset Matrix Material ............ ...t ..
1.4.2 Fiber Reinforcements .. ......... ... ..

1.5 Demonstrator Product ............ i

©® N No o o W~

1.6 Organization of the Book ............ ... .. ... .. ...

2 Manufacturing of CODICoFRP ............. ..., 11

21 Introduction ... .. ... e 11
David Biicheler, Frank Henning, Andrew Hrymak
211 Challenges . ..o vttt et ettt 11
212 Approach ..........c. i 12




XXIV  Contents

2.2 Processing of CoDiCo Material .............. ..., 13
David Biicheler
221 IntroduCtion . ..........oiuiiinnine it 13
2.2.2 Material and Process Development ......................... 16
2.2.3 Characterization and Modeling ............................ 19
224 ConClUSIONS . .ottt e e 25
2.3 Automated Integrated Handling and Preforming .................... 25
Daniel Kupzik, Fabian Ballier, Jiirgen Fleischer
231 Introduction ............. .ot 25
2.3.2 Grippers in Composite Production .......................... 26
2.3.3 Automated Placement of Grippers in Handling Systems ........ 28
2.3.4 Prepreg-Specific Handling Tasks in Gripper Design ........... 31
2.3.5 Demonstrator Units for Integrated Handling and Preforming .... 42
2.3.6 ConClUSIONS ..ottt e 45
2.4 Quality Assurance of Continuous-Discontinuous Glass-Fiber SMC .... 45
Marielouise Schdferling, Gisela Lanza, Michael Thompson
241 IntroduCtion . .........cooiiiiiii i 45
24.2 Defects in SMC and Unidirectional Prepregs ................. 46
2.4.3 Classification of Defects . ....... ... o i, 47
244 Measuring Methods and Testing Techniques ................. 48
24.5 Multi-Sensor System ............ i e 52
24.6 DataFusion .........oiiiiiiii i 54
247 Evaluationand Results ........ ... .. ... .. .. 56
2.4.8 Effectsof Defects ......... ..o 58
249 ConcClusion .. .......iuiiniit i e 60
2.5 Machining of CODIiCoFRP .. ....... .. .. . . i, 61
Anton Helfrich, Frederik Zanger, Volker Schulze
251 Introduction .............iiiiiiiiii e 61
2.5.2 Experimental Study of the Machining of CoDiCoFRP .......... 65
2.5.3 Results and Discussion ........... ..., 71
254 ConClUSIONS . .\ vttt et e e 76
2.6 Foaming of Microfibrillar Composites .................ccoviin. ... 76
Ali Rizvi, Chul B. Park
2.601 IntroducCtion . ...........ouiiiiiiin 76
2.6.2 Fibril Formation during Blending .......................... 79
2.6.3 Uniaxial Extensional Flow Response of Fibrillar Blends ........ 83
2.6.4 Linear Viscoelastic Shear Response of Fibrillar Blends ......... 86
2.6.5 Effect of Fibers on the Crystallization of Polymers............. 87
2.6.6 Role of Crystallization in Foaming .......................... 88
2.6.7 Foaming of Fibrillated Blends .............................. 90

2.6.8 ConcCluSIONS . ..o i it e 93



3.2

3.3

3.4

41

Contents

Characterization of CODiCoFRP ................... .. ..., 101
INtroduction ......... .ot e 101
Kay A. Weidenmann

301 Challenges . ..ovviii et e e e e 101
312 ADPProacChes ... ..ottt e 102
Interlaminar Fracture Analysis of Consolidated GF-PA6-Tapes ........ 104
Michael Schober, Jorg Hohe, Peter Gumbsch, Takashi Kuboki

3.21 Introduction .............c.iiii i e 104
3.2.2 Sample Manufacturing and Testing ......................... 105
3.2.3 Results of the Fracture Toughness Experiments .............. 109

3.2.4 Analysis of the Microstructure and Crack-Initiating Factors .... 112
3.2.5 Assessment of the Physical Experiments

by Numerical Simulations .............. ... ... .. .. ... 115
3.2.6 ConClUSIONS . ..o v vttt e 118
Microstructure Characterization ............. ... ... oo oo, 119
Pascal Pinter, Kay A. Weidenmann, Peter Elsner
3.3.1 Introduction .............iiniiiiii e 119
3.3.2 StatistiCs . .ovviii i e 121
3.3.3 Image Processing .........c.uiiiiininiiiiinnnnnn. 124
3.34 Orientation Analysis ...........coiiiiiiiiiiiiinn.. 125
3.3.5 Fiber Volume Fraction ............ ... oo, 126
3.3.6 Fiber Tracking ............ouiiniiiin it 128
337 Application ......... ... 130
3.3.8 SUMMATY . ..ottt et et et e e 133
Mechanical Characterization of Hybrid Continuous-Discontinuous
Glass/Carbon Fiber Sheet Molding Compound Composites ........... 134
Anna Trauth, William Altenhof, Kay A. Weidenmann
341 Introduction .............c.iiiiiiii i 134
3.4.2 Material Manufacturing ............ ... . i 135
343 Methods ..ot 136
344 ResUlts ...t 139
345 ConcCluSION ...ttt e 147

Simulation of Sheet Molding Compound (SMC) and Long

Fiber-Reinforced Thermoplastics (LFTP) ................... 151
Introduction . .......... e 151
Thomas Seelig, Thomas Bohlke

4101 Challenges ... ..ov et e 151

412 APProaches . ..ot e 152

XXV




XXVI  Contents

4.2 Rheological Characterization and Process Simulation of SMC ......... 153
Martin Hohberg, Luise Kdrger, Frank Henning, Andrew Hrymak
421 Introduction .............. oot 153
4.2.2 Rheological Measurements and Models ..................... 158
4.2.3 3D Process Simulation of SMC ........... ... .. i, 165
424 ConClUSION ...t e 168
4.3 Phase-Field Modeling of the Curing Process in Fiber-Reinforced
Thermosets on a Microscale .......... ..., 168
Felix K. Schwab, Daniel Schneider, Colin Denniston, Britta Nestler
431 Introduction .............iiiiiii e 168
4.3.2 Microscale Simulation on the Basis of the Phase-Field Method .. 169
4.3.3 Modeling the Curing Process .............ccciiiiirninnnn.. 172
4.3.4 Simulating the Curing Process ......... .. .. ... .. ... 179
435 ConCIUSIONS . .t vttt e e e e e 183
4.4 Multiscale Finite Element Simulation of Residual Stress
in Laminates during Cure .. .......cov it i i 184
Tarkes Dora Pallicity, Thomas Bohlke
441 IntroducCtion ............iuiiniii i e 184
4.4.2 Thermo-Chemo-Mechanical Modeling of CoFRTS Laminates .... 185
4.4.3 Implementation in Finite Element Simulation ................ 187
4.4.4 Validation of Evolution of Residual Stress in Laminates
atthe Macroscale ....... ... i 188
4.4.5 Microscale Simulation of Residual Stress in Laminates ......... 191
4.4.6 Results and Discussion ..............c..o i, 192
447 ConclusionsS . ..... ... e 195
4.5 Micromechanical Material Modeling and Experimental
Characterization of DICOSMC ......... ... i, 195
Loredana Kehrer, Jeffrey T. Wood, Thomas Bohlke
451 Introduction .. ..........iiiii i e 195
4.5.2 Characterization of DiCOUPPH ........ ... .. ... ... ... ... 197
4.5.3 Prediction of Thermo-Elastic Material Behavior ............... 202
4.5.4 Comparison of Simulation Results and Experimental Data . . . ... 205
4.5.5 Summary and Conclusions ............ ... iiiiiiiiinaan.. 208
4.6 Mean-Field Damage Modeling of DiICOFRTS ........................ 209
Malte Schemmann, Johannes Gorthofer, Thomas Seelig, Andrew Hrymak,
Thomas Bohlke
4.6.1 Introduction .............ieuiiiiit i e 209
4.6.2 Continuum Mechanical Model ............................. 211
4.6.3 Parameter Identification .............. ... ... ... ... 219
4.64 Application ........ ... 221

4.6.5 ConClUSIONS . ..o vt i 223



Contents  XXVII

4.7 Material Modeling of Long Fiber-Reinforced Thermoplastic ........... 224
Lukas Schulenberg, Thomas Seelig, Jorg Lienhard
471 Introduction .............oiiuiiiiii 224
47.2 Material and Microstructure ........... ...t 224
473 Material Modeling ............oo it 226
474 Parameter Identification and Model Verification .............. 231
4.7.5 Quasi-Static Simulations ............. ... ... i i 232
4.7.5.1 Simulations of Dynamic Tests ....................... 234
47.6 ConCIUSIONS . .ottt ettt et e 239
5 Designhing CoDiCoFRP Structures ......................... 249
51 INtroducCtion . ..........ouuiiit i e 249
Luise Kdrger
5101 Challenges ... ovviiii e et et e e e e 249
51.2 Approaches .. ...... ... e 251
5.2 Production-Oriented Dimensioning of Local Patches
under Consideration of Distortion and Manufacturing Constraints .... 252
Benedikt Fengler, Luise Kdrger, Frank Henning, Andrew Hrymak
521 Introduction ........... ..o e 252
5.2.2 Draping Simulation Method ............... ... ... ... .... 254
5.2.3 Curing and Warpage Simulation Method .................... 256
5.24 Multi-Objective Patch Optimization Algorithm with Embedded
Draping and Curing Simulation ............................ 259
5.2.5 Application Example .......... ... .. i 261
52.6 ConcCluSION . ... ..t 265
5.3 A Process-Related Topology Optimization Method to Design DiCoFRP
SIPUCTUTES .« o v et ettt e e e e e e e e e e e 265
Markus Spadinger, Albert Albers
531 Introduction .............u it 265
53.2 StateofResearch ......... ... .. . .. i 266
5.3.3 Influence of Material Orientations on Topology Optimization
ReSULLS . ..ot 270
5.34 Coupled Optimization Process ................ccoiuenvon... 271
5.3.5 Application Example ......... ... ... i 273
5.3.6 ConcCluSion ..ot 276
5.4 CoDiCo-FiberFox - Decision-Support System in Early Phases of Product
Development with Fiber-Reinforced Composites .................... 276
Viktoriia Butenko, Albert Albers
541 Introduction . ..........coiiiiiiii e 276
5.4.2 Design Guidelinesfor FRP .......... ... ... .. .. ... ...... 277

5.4.3 Demand for Topics and Content in Design Guidelines for FRP ... 281



XXVIII Contents

5.4.4 Development of a Reference Design Guideline ................ 283
5.4.5 CoDiCo-FiberFox - Decision-Support System ................. 287
54.6 ConcCluSion ........cooiiii i e 293
6 Compression Molding of the Demonstrator Structure ....... 297

Johannes Gorthofer, Nils Meyer, Ludwig Schittl, Anna Trauth,

Malte Schemmann, Pascal Pinter, Benedikt Fengler, Sergej Ilinzeer,
Martin Hohberg, Tarkes Dora Pallicity, Luise Kdirger, Kay A. Weidenmann,
Peter Elsner, Frank Henning, Andrew Hrymak, Thomas Béhlke

6.1 IntroduCtion . .........oiiiiue i e e 297
6.2 Design and Manufacturing Technology of the Demonstrator ......... 299
6.3 Compression Molding Simulation, Experimental Validation
and Mapping .. ...t e 302
6.3.1 Flow Simulation .......... ... ... 302
6.3.2 Mapping of Flow Simulation Results ........................ 303
6.3.3 Microstructure Characterization Using uCT Volume Images .... 304
6.3.4 Mapping of Orientation Tensor NV ........... ..., 305
6.3.5 COmPATiSON . ..ottt ittt ettt et e e 306
6.4 Structural Simulation and Its Experimental Validation .............. 307
6.4.1 Structural Simulation ......... ... ... i i 307
6.4.2 Experimental Investigation ............................... 309
6.4.3 COmMPATISON . . .ottt ettt e e e 311
6.5 ConClUSIONS . ..ottt e e e e e e 313



Introduction to
Continuous-Discontinuous
Fiber-Reinforced Polymer
Composites
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Tarkes Dora Pallicity, Kay A. Weidenmann, Jeffrey T. Wood

B 1.1 Fiber-Reinforced Composite Materials

Composite materials have ushered in a new era in materials science and engineer-
ing, allowing the design of engineered materials with superior mass-specific me-
chanical properties. Current demand in the transportation and energy sectors to
reduce carbon dioxide emissions has motivated designs with such materials, a
trend expected to increase in the coming years. Fiber-reinforced plastics (FRP) are
an important class of such materials that have gained increasing attention due to
their characteristics of light weight, high strength, and stiffness [1, 2]. These mate-
rials are made of two constituents - fiber and matrix - that differ in their mechan-
ical properties. The role of the matrix is primarily to bind the fibers together, trans-
fer loads, and protect fibers from abrasion and the environment. The matrix
material is usually either a thermoset (TS) or thermoplastic (TP). The fibers pri-
marily carry the load transferred from the matrix and hence provide macroscopic
stiffness and strength to the structure. Glass fiber and carbon fiber are the two
most widely used reinforcements in FRP composites.

FRP materials can be broadly categorized as discontinuous FRP (DiCoFRP) and
continuous FRP (CoFRP), based on the length of the fibers. Further, these can be
either the TS or TP type, based on the matrix material used in the composite. Co-
FRP consists of aligned fibers similar in length to the dimensions of the structural
component. The alignment of fibers along the loading direction results in high stiff-
ness and strength. However, continuous fibers limit the design freedom and result
in high production costs. Fabricating components from DiCoFRP is easier, as this
material has better formability (i.e., the natural ability to conform to curved sur-
faces) and flow ability than CoFRP, thus making it easier to form complex geome-
tries, such as ribs. The mechanical properties of DiCoFRP, such as strength and
stiffness, are lower, but DiCoFRP provides increased design freedom and economi-
cal production costs. Figure 1.1 schematically shows the advantages and disadvan-



