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Preface

This book is written at an intermediate to advanced level to provide a background
on discontinuous fiber-reinforced composites to practicing engineers as well as
graduate students. The technical information and practical examples enable the
reader to understand the underlying physics and the complex behavior of this
unique fiber composite material. Discontinuous fiber-reinforced polymer compos-
ites are a growing class of composite materials that are appealing to the aerospace
and automotive industries because they are easy to process into components and
structures of complex shapes in an automated fashion, using traditional molding
techniques or extrusion processes. Compared to the processing of continuous fi-
bers, the automated processes such as injection or compression molding used for
discontinuous fibers are quite low cost and suitable for high production rates,
which makes them attractive for automobiles and other consumer goods.

Designing with such discontinuous fiber composite material can be quite challeng-
ing because the molding process strongly affects the final state of the fibers in the
manufactured part. The fiber orientation, fiber length, and fiber concentration can
show a large degree of heterogeneity throughout the molded part, especially for
complex shaped structures. These variations of the fiber microstructure have a
profound impact on the performance of the finished product, evident in the hetero-
geneous and anisotropic structural properties. This is a challenging situation when
compared to isotropic metal parts or continuous fiber-reinforced composites, where
the fiber orientation and fiber length are known and are uniform throughout the
part. The goal in this book is to provide a theoretical and practical background to
address these challenges and provide know-how that will help design parts that
are made with discontinuous fiber-reinforced composites, in order to fully exploit
the potential of this class of composites.

In the first part of this book the various aspects that lead to the anisotropic proper-
ties of the finished parts are covered. Fundamentals of polymeric materials and
fibers are discussed, followed by a survey of manufacturing processes used in the
industry. The microstructure of fiber-reinforced polymers, with attention to
discontinuous fibers, is presented, and fundamental relations between the micro-
structure and mechanics of fiber-reinforced polymers are developed. The second
part of the book explains how the mechanics of fiber-reinforced composites at the
micro level can be translated to structural analysis programs, usually at millimeter
scale, using a multiscale modeling approach. Furthermore, the fundamentals of
mold-filling simulation for injection and compression molding for short and long
fibers are included. The third part of the book introduces the reader to practical
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examples covering compression molding, injection molding, hybrid structures,
and joining. The case studies of practical examples take the readers through all the
steps necessary to arrive at a full structural model of a component and compare
the predictive models to actual measurements.

Some of the work presented here started in 2012 when the Toyota Research Insti-
tute North America (TRINA) began to develop know-how to design lightweight
components for automotive applications using discontinuous fiber-reinforced
composites. Realizing many fundamental technical challenges, TRINA approached
Professor Tim Osswald from the Polymer Engineering Center (PEC) at the Univer-
sity of Wisconsin-Madison for help. What followed was an outstanding collabora-
tion between industry and academia, resulting in significant improvements in the
know-how to design using discontinuous fiber-reinforced composites, which is the
essence of this book.

The authors would like to acknowledge the invaluable help of many during the
preparation of this manuscript. We would like to thank Dr. Huan-Chang Tseng,
Dr. Jim Hsu, and Dr. Anthony Yang of CoreTech System for contributing the chapter
on process simulation (Chapter 7) and other members of the CoreTech team for
their continuous support in many other areas. We are grateful to Tobias Mattner
for his outstanding job in not only drawing the figures, but also making excellent
suggestions on how to present the information more clearly. We would like to offer
special thanks to Prof. Noboru Kikuchi, president of Toyota Central R & D Lab, for
the unceasing encouragement to write this book. Takeshi Sekito, Hidetoshi Okada,
Masaya Miura, and Yoshinori Suga of Toyota Motor Company for serving as sound-
ing boards and for their technical input. Prof. Uday Vaidya and his group at the
University of Tennessee are thanked for their help with the processing technology.
We are grateful to Dr. Vlastimil Kunk, from Oakridge National Laboratory, for the
help in the characterization of compression molded parts. Dr. Suresh Shah of the
Society of Plastics Engineers is thanked for sharing many practical insights and
suggestions, and Dr. Danil Prokhorov from TRINA for his continuous cheering and
support. Dr. Roger Assaker and his team at e-Xstream Engineering are thanked for
their valuable assistance with multiscale modeling. Thanks are due to Dr. Mark
Smith and Dr. Julia Diaz Luque of Carl Hanser Verlag for their valuable expertise in
editing this book, as well as Jorg Strohbach for his support throughout this project.
Above all, the authors would like to thank their families for their continued sup-
port of their work and their input throughout the writing of this book.

Umesh N. Gandhi and Yu-Yang Song January 2020
Ann Arbor, Michigan, USA

Tim A. Osswald
Madison, Wisconsin, USA

Sebastian Goris
St. Paul, Minnesota, USA
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1 Introduction

plastic preform and over-mold them with the discontinuous fiber-reinforced mate-
rial, resulting in a structural part that is much lighter, tougher, and stronger than
the traditional single material steel components it replaces.

Hybrid parts have been particularly important in the automotive industry. One of
the first hybrid structures was the front end of the Audi A6 in 1998, which lowered
the cost by 10% and the weight by 15% [25]. In 1999, Ford introduced the hybrid
front end for their Focus, making it 40% lighter and 20% cheaper than the steel part
it replaced. This front end integrated steel inserts over-molded with 30% glass fiber
filled polyamide 6 features. The front end is depicted in Figure 1.12.

Frontview

Figure 1.12 Ford-Focus hybrid front end structure made of steel inserts over-molded with 30%
by weight glass reinforced polyamide 6 (Courtesy Dynamit Nobel Kunststoff)

B 1.3 Lightweighting in Automotive
Applications

In recent years, global temperatures have been rapidly rising, pushing noticeable
changes in the environmental patterns and landscape, including sea levels. At this
moment, the earth environment is still relatively stable. However, many scientists
fear that, if the current trends continue, the environment may reach a tipping point
where significant irreversible shift in the earth environment may be triggered,
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causing large changes in the landscape and human disaster of unknown propor-
tions. There are many theories on what is causing the global warming. The major-
ity of the scientist believes that the increased emission of carbon dioxide from the
fossil fuels such as petroleum, natural gas, and coal are major contributors. In the
past 100 years, since the advent of industrial revolution, the use of such fossil fuels
has grown tremendously (9 kKTWh in 1910 to 123 kTWh in 2010) due to the in-
crease in population and changes in the lifestyle.

Automobiles in the U.S. are considered among the largest emitters of carbon diox-
ide. As shown in Figure 1.13, almost 28% of greenhouse gases are coming from
transportation. This directly correlates with the energy consumption in the trans-
portation sector at 28% of the total energy consumed in the U.S., as shown in
Figure 1.14. Therefore, it is imperative that we reduce the fuel consumption in the
transportation industries to lower the greenhouse gases overall.

Transportation (28 %)
Others (2 %)
Residential (5 %)
Commercial (6 %)

Agriculture (9 %)

L Industry (22 %)
|\ Electricity

generation (28 %)

Carbon dioxide (81 %)
Fluorinated gases (3 %)
Nitrous oxide (6 %)

(— Methane (10 %)

Figure 1.13 Source and breakdown of content of greenhouse gases in the U.S.; note that 28%
of greenhouse gases are coming from transportation [7]
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28.3 % 38.9 % 6.6 % 22.0 % 4.2 %

100 % Transportation Electric utility Residential Industrial Commercial
(o}

80 %~

60 % -

40 % |-

20 % -

Share of energy resource consumption

0%
0 % 20 % 40 % 60 % 80 % 100 %

Sector share of energy resource consumption

Coal Natural Gas Petroleum Nuclear Renewables

Figure 1.14 U.S. energy consumption by sector; 28% of the energy is consumed by transporta-
tion sector; most of it comes from petroleum [8]

The fuel consumption can be reduced by improving the powertrain efficiency, re-
ducing the aerodynamic drag, and using lighter vehicles. Many studies conducted
over time in the U.S. [9-11] indicate that for every 10 percent reduction in vehicle
weight, fuel consumption can be reduced by approximately 4-8 percent. Actual
reduction can vary based on the vehicle specifics, but the trend holds true in gen-
eral. The main reason for such a direct relationship is engine size. As the vehicle
weight is reduced, the power to accelerate the vehicle is also reduced; hence,
smaller engines are needed. The smaller engine size becomes the key contributor
in reducing the fuel consumption. When the vehicle body is made of lighter mate-
rials to reduce weight, it has cascading effects; the size and weight of auxiliary
components such as brakes, wheel axles, transmission, and engine are reduced as
smaller amounts of weight are supported. As a result, for an engine operating un-
der similar conditions, it can be smaller and use less fuel. The flow of energy from
fuel is presented in Figure 1.15: almost 2/3 of energy is used in the engine, while
the remaining energy is used in overcoming the friction and other losses; only
about 10-12 percent of the energy goes into moving the vehicles. The weight
reduction is even more important for electric vehicles. This is because as the vehi-
cle’s weight is reduced the energy required to travel is also reduced, hence realiz-
ing significant improvements in the range [12].
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Figure 1.15 Source of fuel usage in a typical vehicle and how weight reduction can help

Therefore, weight reduction of the vehicle body structure has become one of the
key focus areas. The history of a typical passenger vehicle’s weight since 1975 is
presented Figure 1.16. It is interesting to observe that after the fuel crisis in the
late 1970s the vehicles became significantly lighter in the early 1980s and then
the weight started to increase. Trends in the past 10 years show that the weight of
vehicles have stabilized. If we consider the Toyota Corolla, a typical Corolla that
weighed about 950 kg in 1983 increased its weight to 1350 kg in 2010. The in-
crease in the vehicle weight was due to many safety regulations rolled out in the
1990s and 2000s, which resulted in improvements in the vehicle structure to ab-
sorb crash energy, sensors to detect the impact, and airbags to protect the occu-
pants. These all improved safety but also added weight to the car. In addition, the
demand for more comfort and entertainment has increased significantly in the
past few years, resulting in larger vehicles with many comfort features and gad-
gets. During the same period the powertrain technology has also significantly im-
proved. Surprisingly, the result is that the fuel consumption per mile has only in-
creased modestly. In recent years (since 2005) we observe that the weight increase
has stabilized while technology to improve fuel efficiency continues to improve; as
a result, fuel economy has continued to improve [13].



Materials

The major components of a composite material are the reinforcing phase and the
surrounding matrix. The reinforcing phase can be particles, agglomerates, plate-
lets, or fibers. When considering fibers, they are either continuous or discontinu-
ous while the continuous fibers can also be woven or braided. In general, the re-
inforcing phase is joined to the matrix with sizing materials, which depend on the
type of matrix used, which can be either thermoplastic or thermosetting. This
chapter will present an overview of the reinforcing phase and the matrix.

B 2.1 Reinforcing Phase

Composite materials are a distinctive set of materials characterized by the combi-
nation of individual components to achieve an enhanced material, which exceeds
the capabilities of each individual phase. Due to the unique properties of compos-
ites, these materials are found in many industries and unique processes have been
developed that correspond to the various types of reinforcement. In their most
general form, composites are the result of embedding particles of one material in a
surrounding matrix of another material. The combination of the particles with the
matrix produces a favorable mix of properties that cannot be achieved with either
of the constituents acting alone. There are many types of composite materials and
Figure 2.1 presents a general classification of fiber-reinforced composites. The shape
and dimensions of the reinforcing phase highly affect the mechanical properties of
the composite and, in general, composite materials are classified based on the ge-
ometry of the reinforcement.

Figure 2.1 is only one way of classifying fiber-reinforced composite materials and a
more general and comprehensive classification can include non-fibrous particles
or hybrid compositions. Within the larger classification of fibers we can subdivide
those as continuous and discontinuous fibers.
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Polymer-Composites

Particle-filled Fiber-reinforced Hybrid
Continuous fibers Discontinuous fibers
Woven fiber Multilayered Single layer Short fibers Long fibers
composites composites composites (aspect ratio < 100) (aspect ratio > 100)
(laminates)
Predefined Unidirectional 3D Aligned
planar tapes orientation
orientation
Quasi- 2D (planar) 2D (planar)
isotropic orientation orientation

Figure 2.1 Classification of composite materials based on the type of reinforcement

2.1.1 Particle-Reinforced Composites

Particles are those reinforcing materials that do not have a long dimension and can
have a spherical, ellipsoidal, obloidal, polyhedral, or even irregular shape. Particle-
reinforced composites are some of the oldest types of composite materials. Particu-
late fillers can increase the stiffness of composite parts, but the level of rein-
forcement is much smaller than that of fiber-reinforced composites, as the small
particles lead to stress concentrations that make the combined materials brittle.
For example, a polymer that is tough in its unfilled state becomes brittle when
volume fractions of the particles exceed 10% [1]. More often, particles are used to
enhance properties such as thermal and electrical conductivity, surface hardness,
and wear resistance. The most popular particle used in particle-filled polymers is
carbon black. This inorganic filler has been used in the rubber industry since the
advent of the rubber tire in the form of rubber/carbon-black composites. Carbon-
black, which when dispersed is composed of 10 nm to 100 nm particles, serves not
only to stiffen and reinforce rubber, but also to increase its thermal and electrical
conductivity. Besides enhancing the properties of the composite, particles can be
considerably cheaper than the matrix material. Thus, particles can also be simply
used to reduce cost. In the field of inorganic particulate fillers, an active research
area in the composites industry has emerged, which concentrates on making poly-
mers more thermally conductive, in some cases by a factor of 100 [2]. This allows
the use of inexpensive manufacturing techniques to mold particle-filled plastic
parts that conduct heat out of critical automotive components, computers, and heat
exchangers [3] as well as in mechatronics applications.



2.1 Reinforcing Phase

A new class of particle-reinforced composites, nanocomposites, has its roots in the
rubber industry. By definition, nano-sized particles have at least one dimension in
the nanometer scale. The nano-fillers have an exceptionally high surface to volume
ratio and, compared to their bulk size equivalents, nanoparticles have significantly
different properties. Nanoparticles greatly improve the properties of the composite
and sometimes only small amounts of nanoparticles can lead to improved perfor-
mance.

Although particle-reinforced composites are a major class of composites, the dis-
cussion in this chapter focuses on fiber-reinforced polymer composites. For a de-
tailed discussion on particle-filled composites, the authors suggest [4].

2.1.2 Continuous Fibers

Continuous fiber-reinforced composites are used in structural applications where
increased strength and stiffness are required. For example, by stacking single plies
of continuous fibers, composites are often made into laminates. The fibers in each
ply have a defined orientation and the arrangement of the plies is tailored to
enhance the strength of the composite in the primary load directions. For contin-
uous fiber-reinforced composites, the orientation of the fibers is pre-defined by
assembling preforms and typically does not change during processing. Several
identical or different layers may be bonded together, which is also referred to as
laminate. The orientation of the fibers in each layer is designed to match the load of
the final part. Such types of continuous fiber composites have been traditionally
used in aerospace applications, such as in the Boeing 787 discussed in Chapter 1,
as well as in lower volume production automobiles such as some panels and struc-
tural elements like the B-pillar of the R8 Audi Super sports car, also presented in
Chapter 1.

Textile composite structures are an advanced subcategory of continuous fiber
composites, which can even further improve the performance of a composite part.
The three main types of fabric used in textile composites are: woven, braided, and
knitted. Knitted fabric results from knitting of fibers. Generally, such fabrics are
stretchable with low tensile and compressive properties, which makes them ideal
for gloves, shoes, etc. Their usage in composites has been limited so we will focus
on the other two types in the next section.

2.1.2.1 Woven Fabrics

Resin impregnated woven fabrics are widely used in hybrid structures, where they
are over-molded with discontinuous fiber-filled ribbed structures. The simplest
form of a woven fabric is the one that has a plain weave and is schematically de-
picted in Figure 2.2 (left). In a weave, the longitudinal threads are called the warp,
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and the lateral threads are called the weft or the filling. A woven fabric is typically
manufactured using a loom that interlaces the warp and weft yarns. The longitudi-
nal threads, or warp threads, are held stationary and in tension, and the weft or fill
is inserted over and under the warp threads.

Fill yarn Warp yarn

Figure 2.2 Most common types of fabrics: plain (left), twill (center), and satin (right)

Three major types of weaves are used in the composites industry [5]. These are
plain, twill, and satin weave. The plain weave is the type of weave with the shortest
float where warp and weft are interlaced at every intersection. In a twill fabric, the
weft skips or floats over one or more warp threads. A satin is the type of fabric
where the weft skips over more than four warp threads. With increasing float, the
resistance to deformation decreases, which can have a negative impact when
handling the fabric but can improve its drapability. This makes twills and satins
more likely to take on shapes that have double curvatures. If the weave of two
neighboring weft threads is shifted by one thread, a characteristic diagonal pattern
is created such as shown with the twill and satin weaves in Figure 2.2 (center and
right) [6].

In the manufacture of hybrid structures, woven fabrics must often be conformed to
complex three-dimensional surfaces such as shown in Figure 2.3. The figure
depicts an X-ray micro-computed tomography (uCT) scan as an example of a ther-
moplastic impregnated fabric, draped over a complex tool. As can be seen, such a
draping process poses many problems such as those resulting from wrinkling and
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Figure 3.6 BMC injection-compression molding process

B 3.2 Fiber-Reinforced Thermoplastics

In a thermoplastic polymer, the molecules are not cross-linked with each other.
Instead, the individual molecules are held in place by weaker intermolecular forces
such as van der Waals forces and hydrogen bonds. In polymer processes, thermo-
plastics solidify as they are cooled from the molten state and the long molecules
are no longer allowed to move freely. When reheated, these materials regain the
ability to “flow” and the molecules are able to slide past each other with ease. Ther-
moplastic polymers are divided into two classes: amorphous and semi-crystalline
polymers. Amorphous thermoplastics have molecules that remain in disorder as
they cool, leading to materials with a fairly random molecular structure. An



66

3 Manufacturing Processes

amorphous polymer hardens, or vitrifies, as it is cooled below its glass transition
temperature. Semi-crystalline thermoplastics, on the other hand, solidify while
forming a crystalline structure. As the material is cooled, the molecules begin to
arrange in a regular order once the temperature drops below the melting tempera-
ture. However, in semi-crystalline polymers small amorphous regions remain
where the molecules are not ordered. These amorphous regions within the
semi-crystalline domain lose their “flowability” below their glass transition tem-
perature. Because most semi-crystalline polymers have a glass transition tempera-
ture at subzero temperatures, they behave like rubbery or leathery materials at
room temperature.

Discontinuous fiber-reinforced thermoplastics have been used in injection or
compression molding for a long time. Compared to SMC or BMC, fiber-reinforced
thermoplastics show advantages such as higher impact strength, lower cycle times,
and recyclability. However, the high viscosity of a thermoplastic resin makes it
more difficult to impregnate the fibers and the surface finish is poor compared to
SMC. Different processes have been developed and several material combinations
exist. Depending on the application, the matrices may be of polypropylene, poly-
amide, or any other engineering thermoplastic. Currently, glass fibers have the
biggest market share, although the applications with carbon fibers are increasing.
The following sections summarize the three main processes in discontinuous
fiber-reinforced thermoplastics: injection molding, compression molding, and ex-
trusion-compression molding.

3.2.1 Injection Molding

Injection molding is the most important process used to manufacture plastic
products. Today, more than one-third of all thermoplastic materials are injection
molded and more than half of all polymer processing equipment is for injection
molding. The injection molding process is ideally suited to manufacture mass-pro-
duced parts of complex shapes requiring precise dimensions. The process goes
back to 1872, when the Hyatt brothers patented their stuffing machine to inject
cellulose into molds. However, today’s injection molding machines are mainly
related to the reciprocating screw injection molding machine patented in 1956.
A modern injection molding machine with its most important elements is shown in
Figure 3.7. The components of the injection molding machine are the plasticating
unit, clamping unit, and the mold.



3.2 Fiber-Reinforced Thermoplastics

Clamping unit Mold Plasticating unit
Hopper " .
) . Injection unit drive cylinder Hydraulic motor for screw rotation
Hydraulics for toggle mechanism ) Hydraulic injection cylinder
Toggle mechanism Fixed platen Barrel o -
Injection unit guide
Outer support plate Nozzle Screw
Mold space
Tie bar

Moving platen

Figure 3.7 Schematic of an injection molding machine

Today, injection molding machines are classified by the following international
convention’

Manufacturer T /P (3.1)

where T is the clamping force in metric tons and P is defined as

P: Vmaxpmax (32)

1000

where V, . is the maximum shot size in cm® and p__ is the maximum injection
pressure in bar. The clamping force T can be as low as 1 metric ton for small ma-
chines, and as high as 11,000 tons.

The sequence of events during the injection molding of a plastic part, as shown in
Figure 3.8, is called the injection molding cycle. The cycle begins when the mold
closes, followed by the injection of the polymer into the mold cavity. Once the
cavity is filled, a holding pressure is maintained to compensate for material shrink-
age. In the next step, the screw turns, feeding the next shot to the front of the
screw. This causes the screw to retract as the next shot is prepared. Once the part
is sufficiently cool, the mold opens and the part is ejected.

' The old U.S. convention uses Manufacturer 7-v, where T is the clamping force in British tons and v the shot size in
ounces of polystyrene.
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Figure 3.8 Sequence of events during an injection molding cycle

Figure 3.9 schematically illustrates the sequence of events during the injection
molding cycle. The figure shows that the cycle time is dominated by the cooling of
the part inside the mold cavity. The total cycle time can be calculated using

t

cycle closmg

+t

cooling

+t

ejection

(3.3)

where the closing and ejection times, Ltosing and Lejection» CAN last from a fraction of
a second to a few seconds, depending on the size of the mold and machine. The
cooling times, which dominate the process, depend on the maximum thickness of
the part. The cooling time for a plate-like part of thickness h can be estimated

using

z —_—

coolin,
5 rma | 7P T,—-T,

and for a cylindrical geometry of diameter D using
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Figure 4.14 lllustration of the process-induced fiber orientation, obtained from a basic
process simulation of a fan-gated plaque. The impact of fiber orientation, caused by the mold
filling, is shown for specimens extracted at 0, 45, and 90 degrees

I

For a more detailed discussion on process simulation, the reader should consult
Chapter 7 of this book. Furthermore, the effect of process-induced microstructure
on the mechanical properties within a plaque is investigated in detail in Chapter 8.

B 4.2 Characterization Techniques for
Fiber Microstructure Analysis

Quantifying the process-induced fiber configuration in molded samples is of ut-
most importance so that the underlying physics of the process-microstructure re-
lationship can be studied experimentally. Furthermore, accurate and reliable ex-
perimental data are required to test and develop numerical models and predictive
tools. At times, the lack of accurate experimental data limits the progress of vali-
dating modeling approaches [2, 6]. Nevertheless, the characterization of fiber con-
figuration is a cumbersome task since even small samples comprise millions of fi-
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bers. A wide variety of measurement approaches exist, but no standard has been
accepted nor has a uniform procedure been defined. While some measurement
concepts share similarities, there are substantial differences in key aspects of the
measurement techniques and the execution of the actual measurements. The fol-
lowing sections provide an in-depth review and discussion of measurement tech-
niques used to quantify the orientation, length, and concentration in discontinu-
ous fiber-reinforced polymers.

4.2.1 Measuring Fiber Orientation

For decades, fiber orientation measurements were performed manually by physi-
cally sectioning the sample and inspecting the cross sections using optical reflec-
tion microscopy [45-47], which is referred to as the method of ellipses (MoE). The
fibers leave elliptical footprints on the polished cross sections, which are detected and
analyzed for individual fibers. The fiber orientation can be quantified by analyzing
the shapes of the ellipses, as illustrated in Figure 4.15. An image analysis system
imports the captured micrographs and fits ellipses to determine the angles ¢ and 6
individually for each fiber [47]. Although newer systems are automated to a degree,
this technique still requires a lot of manual work to achieve accurate results. Fur-
thermore, the destructive nature of this method does not allow additional testing of
the sample, e.g., fiber length analysis. Moreover, the two-dimensional observation
of the ellipses results in ambiguity with respect to the out-of-plane angle 0, because
the fiber can be oriented at 6 or 6+, as illustrated in Figure 4.15. However, this
ambiguity can be resolved by an additional etching after each polishing step, so that
a fiber’s shadow is visible in the micrograph. By determining the location of the
shadow relative to the corresponding fiber, the angle 6 can be distinctly defined [32].

Polished
2 plane

Fiber

Second possible e
fiber orientation
due to ambiguity

Figure 4.15 Basic principle of the method of ellipses and illustration of the ambiguity in the
out-of-plane angle 6
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A relatively new approach to measure fiber orientation distribution within fiber-re-
inforced plastic parts is applying the X-ray micro-computed-tomography (uCT)
technology. This technique is a non-destructive testing (NDT) method, which en-
ables a full 3D analysis of a specimen and the quantification of internal material
structure [48-50]. The advantage of uCT is that it can achieve high resolution of
the full 3D microstructure without destroying the specimen. Originally, uCT was
solely used in medical applications, but it has now evolved to be a conventional
characterization technique in the material sciences and in industrial applications.
A basic schematic of the uCT process is illustrated in Figure 4.16.

Detector Sample X-ray source

Rotating platform

3D reconstruction 3D model

Figure 4.16 lllustration of the X-ray computed-tomography process: the uCT system compris-
ing the detector, X-ray source, and rotating platform (top), the computer-assisted tomographic
reconstruction (bottom left), and a 3D rendering of the data reconstruction (bottom right)

In general, the system consists of an X-ray source, a rotating platform and a detec-
tor. The basic principle of uCT is to irradiate a sample with penetrating X-rays,
which are attenuated and captured downstream of the object with a detector sys-
tem creating radiographs. At defined energy levels, the X-ray source irradiates the
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specimen, which is placed on a rotating platform to achieve a full scan of the
sample. The detector records the attenuated X-rays as radiographs at incremental
angles during the rotation of the sample. Each captured projection (radiograph) is
a two-dimensional intensity distribution of the attenuated X-rays. The intensity dis-
tribution is directly related to the material’s atomic density. A phase of high atomic
density within the specimen absorbs more energy than low-density materials.

The X-rays interact with the sample and are attenuated in various ways. For the
energy range of the X-rays used in material science, the most relevant mechanisms
are Compton scattering and photoelectric effects [48]. Most fundamentally, the
attenuation of an X-ray through a sample can be described by the change in inten-
sity I as

dl =— i, (x)1(x)dx (4.11)

where /1, is the effective linear attenuation coefficient and x is the location on the
path. Integration of Equation (4.11) along the path C gives

I
—lnI—:fueff (x)ax (4.12)
0 ¢

which is also referred to as the Beer-Lambert law. Computing the correct value of
My at each position along the path C is the central problem of computed tomogra-
phy, called tomographic reconstruction. Several approaches and algorithms exist
for the reconstruction and the reader is directed to [48] for more detailed informa-
tion.

After the completion of the 3D reconstruction, the uCT data set can be further pro-
cessed for qualitative and quantitative analysis of the actual specimen. Different
software and algorithms exist to process the uCT images and analyze the fiber ori-
entation distribution. A major challenge in using uCT for fiber orientation analysis
is the amount of data that is generated, which has to be post-processed to quantify
the orientation. For example, a scan of a 20 x 20 x 3 mm? sample at a resolution of
10 um results into 8 GB of data. There are software packages from the medical
field, e.g., Mimics® (Materialise NV, Belgium) that are adapted to be used for fiber
orientation analysis [51]. Another software package for material science and in-
dustrial application is VG Studio MAX (Volume Graphics GmbH, Heidelberg, Ger-
many), which also has a module for fiber orientation analysis and quantifies the
fiber orientation using the structure tensor approach [52]. It was shown that VG
Studio MAX provides fast and accurate uCT data analysis, making it the most com-
monly used software for fiber orientation measurements at the moment [53]. Addi-
tionally, research groups frequently develop their own image processing algo-
rithms to quantify the fiber orientation from uCT scans.
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The resolution (voxel size) of the scan is one of the most important parameters that
determine the accuracy of the feature analysis of scanned samples. However, the
trade-off between scan resolution and sample size needs to be considered. In gen-
eral, finer scan resolutions require samples with smaller dimensions. Although a
very fine resolution might be needed for an accurate analysis, a small sample
might not fully represent the local orientation, especially for long fiber-filled mate-
rials. It has not been established what the minimum resolution might be to per-
form an accurate fiber orientation analysis for a specific fiber type. Furthermore,
uCT scanning is limited in the case of composite materials with constituents that
have similar atomic densities (e.g., carbon fiber-reinforced polyamide) since the
contrast of the constituents in the radiograph is low and identifying the fibers can
become challenging [80].

There is a wide variety of analysis resolution and sample size used in the micro-
structure analysis of fiber-reinforced samples throughout reported studies. The
sample dimensions range from 3 um voxel size resolution (sample size: 4 mm disk
with a thickness of 4 mm) [54] up to a voxel size of 40 um (sample size: 40 mm x
40 mm x 30 mm) [55]. To provide the reader an overview of recently published
studies that apply fiber orientation measurements, Table 4.1 summarizes the im-
aging technique, sample size, and resolution used in their work.

Table 4.1 Overview and Summary of Fiber Orientation Measurement Techniques Applied in
Recently Published Studies

Material Imaging Sample Dimensions Resolution Reference
Techmque

PP/GF 3 x 3 x3mm? 8.0 um [56]
PA66/GF uCT 3 x 3 x3mm? 2.5pum [57]
PP/GF uCT 16 x 16 x 3 mm? 6.0 um [33]
PA6/GF uCT 4 x 4 x 2 mm?® 1.4 um [49]
PA66/GF pCT 10 x 10 x 2 mm® 6.5 um [58]
PA6 /GF uCT 3.6 x 3.1 x 3.9 mm?® 9.0 um [59]
Natural Fibers uCT 6 x 6 x 3.5 mm? 7.8 um [60]
PP/GF uCT n/a 8.1 um [61]
PA66/GF uCT 5x 20 x (1 to 3) mm?® 6.0 um [62]
PP/GF uCT @ 4 mm and 4 mm thickness 3.3 um [54]
PA6/GF uCT @ 4 mm and 4 mm thickness 1.8 um [63]
PA/GF uCT @ 4 mm and 4 mm thickness 0.7 um [64]
PA6/GF Cross-sectional 3.2 x4 x 15 mm? 9.0 um [65]
polishing and uCT
PP/GF Cross-sectional 1.5 x 2 x 1.7 mm?® 0.24 um [66]
polishing
PP/GF Cross-sectional 2 x2x0.7mm? n/a [67]

polishing
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Figure 6.6 Macro scale approach to modeling

6.3.2 Micro Scale Modeling

A cross section of glass fiber-reinforced polymer composite magnified under a mi-
croscope is presented in Figure 6.7. As mentioned above, glass fibers are between
14 and 20 um in diameter and carbon fibers are between 5 and 7 um in diameter. In
a small volume of one cubic millimeter, depending on length and volume concen-
tration, one can expect thousands of fibers. Each of the constituents of the compos-
ite plays an important role in the final performance of that material. Particularly,
for discontinuous fiber composites the fiber length, fiber alignment, fiber concen-
tration, and fiber geometry vary from location to location and affect the final mate-
rial properties within that space. If the fibers are random, evenly distributed, and
are similar in length, the macro approach will work reasonably well for small
deformations in the linear elastic regime. However, within the nonlinear behavior
it would be very difficult to model the material behavior accurately. Also, it is im-
perative that the stress and strain field will be discontinuous due to the non-homo-
geneity of the material. This means that the damage initiation and failure esti-
mates will be extremely difficult. Hence, microscopic models must be considered.
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Sample thickness

Figure 6.7 Glass fiber and polypropylene resin microstructure

With the micro scale model, ideally, one would like to account for each constituent
of the composite material, i.e., fiber, resin, the interface, and their geometrical
arrangements. A finite element model of the microstructure that includes all the
fibers with their accurate geometry and matrix with voids can be considered. How-
ever, there are thousands of fibers even in one cubic millimeter. Modeling each
fiber can result in a very large number of elements in the model, which brings
computational challenges. Additionally, any constants such as interface properties
are not well known. Such models, which we call a microscopic model in the true
sense, are considered impractical for any useful engineering application. Many
schemes to address these challenges and simplify the computational model devel-
opment have evolved over time. These are called multiscale modeling. Multiscale
modeling essentially incorporates the fiber details at a micro level (micrometer)
and translates it into material models at macroscopic level (millimeter). There are
many different schemes available to convert the microscopic details to macro level
material data to be used in a finite element model.

The basic principle of multiscale modeling is presented in Figure 6.8. There, the
concept of representative volume element (RVE) is used. RVE is the smallest vol-
ume which can accurately capture the structural behavior of the effective proper-
ties of the composite material. In nature, most of the structures are heterogeneous,
and when dealing with such heterogeneous materials it is common to average out
the effect of microstructure over a selected volume and call it effective properties.
The size of such representative volume element can be debated. If the microstruc-
ture is periodic, such as with woven or layered continuous fibers, choosing the size
of the RVE is easy. However, for discontinuous fibers it can be challenging. We
would like the volume to be as small as possible, to capture the effect of material
variation throughout the part; on the other hand, it should be large enough to
average the effective composite properties as a continuum material. Generally, it is
expected to be of an order of magnitude larger than the microstructure details
being averaged [24].
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Figure 6.8 Representative volume element (RVE) concept: the part is divided into small
volumes; each of them can represent the material model based on the microstructure.
In FEM each such RVE can be a single finite element

The fiber-reinforced composite part can be divided into a number of representative
volume elements (RVE). The constitutive material model for each RVE can be com-
puted individually based on the fiber and resin properties and geometry details of
the fibers such as fiber length, orientation, and concentration. There are many
approaches to the computation of material properties in a RVE. The simplest com-
putation is when the material properties for the RVE are assumed to be homoge-
neous and the averaged homogeneous material properties are used for the RVE in
the finite element calculations. It is important to emphasize that, when the mate-
rial properties for an RVE are assumed to be homogeneous, they can and are likely
to be anisotropic for discontinuous fiber-reinforced composites. Hence, compared
to the macroscopic approach discussed above, where the whole part was assumed
to be homogeneous, with the RVE approach one breaks the part down into many
smaller volumes at macro scale. While each of such volumes is assumed to be ho-
mogeneous, the properties from one volume to the other are expected to vary. The
gross properties at whole part level can be quite different from the RVE (macro
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level) properties. Also, an RVE approach better represents the actual conditions in
the material. Therefore, this can be a significant improvement in the overall mate-
rial property representation in the FE model.

The representative volume element approach helps significantly in reducing the
computation time as well as the modeling burden. The accuracy and computational
cost of such an approach depends on how the representative volume is chosen and
the method used to represent the stress and strain within that volume. Further-
more, once the finite element model is used for computation, the stress and strain
estimated over the RVE must be interpreted. This is important since the micro-
structure which is assumed to be homogeneous over the RVE is heterogeneous,
consisting of the fiber and polymer resin. Depending on the fiber geometry as well
as the material properties of the fibers and resin, the stress and strain in the RVE
will not be homogeneous but vary from location to location. The average stress
based on the homogeneous material will not be accurate. Therefore, it will be im-
portant to be able to translate the average stress and strain to a meaningful stress
and strain distribution within the RVE, based on the microstructure.

Since most of the materials found in nature are heterogeneous, with two or more
distinct materials at a microstructure level, the concept of using a representative
volume element is widely accepted in physics. As shown in Figure 6.9, there are
many different schemes developed over the years to deal with the representative
volume elements for fiber-reinforced materials. Each approach has its advantages
and disadvantages. The selection of a representative volume element, for a given
problem, is made based on the knowledge of the microstructure, available comput-
ing resources, and level of accuracy desired. In the following sections, various
methods to define the RVE for fiberreinforced materials will be discussed. To
maintain the focus of this book, the key aspects and insights will be presented
from a practical perspective. Detailed theoretical background and computational
derivations can be found in many references [12, 13].
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Figure 6.9 Methods to compute material properties based on microstructure for a representa-
tive volume element (RVE) for fiber-reinforced polymer composites

How a RVE can be used to generate microstructure based material properties of a
fiber-reinforced composite for use with finite element analysis is presented in Fig-
ure 6.10. The key microstructure for the fiber-reinforced composite that affects the
material properties are fiber length, fiber orientation, fiber concentration, fiber
resin interface, and voids in the resin material. Such microstructure for discontin-
uous fibers is likely to vary from one location to other based on the manufacturing
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B 8.1 Study of Effect of Manufacturing Process
on Flat Plaques

In Chapter 3, different manufacturing processes were discussed, such as injection
molding and compression molding, which are used to manufacture parts made of
discontinuous fiber-reinforced polymers. It was also observed in Chapter 4 that the
microstructure, i.e., fiber orientation, length, and concentration, in the finished
part depends on the manufacturing process used. The purpose of this section is to
demonstrate the effect of manufacturing methods on the material properties of a
simple flat demonstrator plaque. Two different materials mixes, 30% GF (glass
fiber) + PP (polypropylene) and 40% GF+PP, were used to manufacture the large
plaques using many different manufacturing methods. Tensile and bending tests
were conducted on the coupons from the plaques to compare their structural prop-
erties at selected locations. Furthermore, the microstructure details, such as fiber
length and fiber orientations in the plaques, are measured and used to relate to
material properties.

Next, the simulation of the manufacturing process is carried out to estimate the
microstructure, i.e., fiber orientation and fiber length. Finally, a material model
based on the fiber conditions, i.e., microstructure of the plaque is estimated. The
microstructure based material models are used with the multiscale finite element
model to estimate the tensile and bending performance of the samples taken from
the plaque. Thus, we will show the effect the manufacturing process has on the
microstructure as well as structural properties of a plaque molded for a given
material. In addition, we will also show how a multiscale finite element model that
accounts for microstructure helps in capturing the manufacturing effects in the FE
analysis. Going through these exercises will illustrate the discussion in Chapters 6
and 7. It will also help in understanding of the multiscale modeling method for the
fiber-reinforced materials.

8.1.1 Plaque Manufacturing Details

A large plaque as shown in Figure 8.1 was designed and the tool was built in such
a way that it can be used to build parts using different manufacturing processes.
The following manufacturing processes were used to build the parts:

® Jpjection molding,

® Jnjection-compression molding, and

= Compression molding.

Furthermore, multiple materials were used for each manufacturing process. A 30%
glass filled polypropylene (30% GF+PP) and a 40% glass filled polypropylene (40%
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GF+PP) were prepared using in-line compounding as well as in the pellet form. The
pellets were manufactured using pultrusion as well as an extrusion (wire coating)
process. Based on the different combination of materials and manufacturing pro-
cesses, as shown in Table 8.1, nine different types of plaques were manufactured.
The main purpose behind making these plaques, produced using different manu-
facturing methods, was to understand the difference in mechanical properties of
the finished plaque’s material, based on the manufacturing process used.

120 mm

R:
40 mm

375 mm

910 mm

Figure 8.1 Plaque geometry and actual part used for the study

Table 8.1 Plaques Types Built Based on the Material Format and Fiber Content; the Number in
Parentheses Indicates Plaque Number, Referred to in the Discussion

Manufacturing process Glass fiber % by weight

Injection molding In-line compounding, 15 mm long fiber 30% (2) and 40% (1)

Injection-compression In-line compounding, 15 mm long fiber 30% (4) and 40% (3)

Compression molding In-line compounding, 30 mm or smaller 30% (5) and 40% (6)
long fiber

Injection molding Pellet extruded 30% (7) and 40% (8)

Injection molding Pellet pultruded Only 40% (9)
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8.1.2 Effect of Manufacturing Process on Plaque Properties

The samples for testing were cut from the plaques as shown in Figure 8.2, using a
water jet cutting process, and then evaluated for tensile strength as well as bend-
ing and impact performance. Water jet cutting was used to minimize cutting related
damage on the samples at the edge.

Figure 8.2 Pattern used to cut the samples for tensile and bending tests from the plaques;
samples 3 and 8 are tested for tensile properties and samples 34 and 35 are tested for bending

properties

The test setup used for the tensile test is presented in Figure 8.3 and that for the
bending test is presented in Figure 8.4. The specimen preparation and testing are
based on ISO standards for the fiber-reinforced plastics.

4 mm

train measurement
0 mm apart)

> 150 mm
80 mm _:

Figure 8.3 Test setup for tensile test



8.1 Study of Effect of Manufacturing Process on Flat Plaques

El /e 4 mm

> 120 mm

Figure 8.4 Test setup for bending test

The stress-strain curves for different plaques computed for individual test speci-
mens are compared in Figure 8.5. Force deflection measured for the three-point
bending test specimens are compared in Figure 8.6. Since plaques are likely to
have variations from one to another, three samples were tested and the sample
with median values of the three is used for comparison. The peak values of stress
and strain at failure for the tensile test and calculated flex modulus for the three-
point bending test are presented in Table 8.2. In this study, the term longitudinal is
used for samples aligned along the length of longer side and transverse is used for
samples aligned along width of the shorter side of the plaque, as depicted in Figure
8.5 to Figure 8.8. It is understood that the melt enters at a single point in the center
and flows radially to fill the plaque cavity. However, because of the plaque geome-
try more material flows along the longitudinal direction. Therefore, it can be con-
sidered as flow direction and the corresponding transverse direction as cross-flow
direction.
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Figure 8.5 Comparison of 30% GF+PP and 40% GF+PP in the tensile test for different processes
in longitudinal (L: flow) and transverse (T: cross-flow) directions; samples 3 and 8 in Figure 8.2
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Figure 8.6 Comparison of 30% GF and 40% GF in bending test for different processes in
longitudinal (L: flow) and transverse (T: cross-flow) directions; samples 34 and 35 in Figure 8.2.
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