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Abstract

Long fiber-reinforced thermoplastics have favorable mechanical properties, low manufacturing

costs and superior lightweight characteristics. However, the configuration of the reinforcing fibers

changes significantly throughout the entire production process, reflected in mechanisms such as

fiber attrition, fiber alignment, and fiber matrix separation. The complexity of the process-

microstructure-property relationship limits the use of this material class in a wider range of

lightweight applications. This work presents a contribution to gain a better understanding of

the underlying physics of fiber motion during molding and to obtain a theoretical link between

processing and the fiber microstructure.

As part of this work, novel characterization techniques were developed to overcome the shortcom-

ings of conventional measurement approaches. The measurement concepts comprise methodolo-

gies to characterize the fiber orientation, fiber concentration and fiber length by applying sophis-

ticated techniques, which include combining image processing with micro computed-tomography

and optical measurement systems. Applying the developed measurement techniques, a range

of experimental studies were conducted to investigate the process-induced fiber microstructure.

Plate geometries were injection molded at varying nominal fiber concentrations to investigate

fiber matrix separation, fiber alignment, and fiber breakage. The experiments revealed substan-

tial variation in the fiber configuration and correlation between the microstructural properties.

The substantial fiber matrix separation and fiber breakage found in this work refute the com-

mon assumption of uniform fiber concentration and fiber length in molded parts. Additionally,

a new experimental setup based on a Couette rheometer was developed to study fiber length

reduction under highly controlled conditions, which isolated the impact of processing conditions

on fiber attrition. Finally, the generated experimental data are applied to evaluate models pre-

dicting the process-microstructure relationship. All models fail to provide acceptable results and

the application of these models as truly predictive tools is limited. It was shown that a holis-

tic approach is necessary to capture the process-induced change in fiber configuration, which

necessarily includes the interdependencies of the microstructural properties.
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1. Introduction and Motivation

Fiber-reinforced composites (FRC) are a distinctive class of materials defined by the combina-

tion of at least two constituents: the matrix material and the reinforcing fibers. By merging

the separate phases, the composite has enhanced properties that exceed the performance and

capabilities of the individual constituents [1, 2]. In the transportation industries, discontinuous

fiber-reinforced polymers have gained importance due to their outstanding material properties,

lower manufacturing costs and superior lightweight characteristics [3–5]. Fiber-reinforced mate-

rials are more commonly applied as a substitute for metal to achieve a reduction of the overall

weight of parts, especially in the automobile industry [6, 7].

Discontinuous fibers are characterized by the fact that the fibers are chopped and change their

configuration as a direct response to the deformation experienced by the material during pro-

cessing. The final state of the fibers determines the local and global properties of the molded

part [8]. The configuration of the fibers significantly changes during mold filling of discontin-

uous fiber-reinforced materials, reflected in the mechanisms referred to as fiber attrition, fiber

alignment, and fiber matrix separation [1, 5, 9]. The process-induced change of the fiber mi-

crostructure introduces a substantial heterogeneity to the final part, where the concentration of

fibers, the length of the fibers, as well as the alignment of fibers can vary within the molded

part.

The development of anisotropy is one of the major factors that determines the mechanical

properties and the dimensional stability of a molded part [8]. The anisotropic properties of

the molded part are a consequence of the fact that fibers show a preferential alignment based

on the flow conditions during mold filling [10, 11]. Another important aspect is the reduction

of the length of the fibers during processing, referred to as fiber attrition or fiber breakage.

In injection molding, the material is injected and forced through a gate at high pressure. As

the material is forced to flow, the fibers are subjected to extensive stresses that cause them

to deform, buckle, bend and break, resulting in fiber breakage that significantly reduces their
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reinforcing effect [12]. Lastly, the fiber concentration can vary within the molded part due to

process-induced fiber migration, referred to as fiber matrix separation. Processing discontinuous

fiber-reinforced composites can cause a local variation of the fiber concentration, which may lead

to a change along the flow path of the material as well as through the thickness of the molded

part.

1.1. Processes and Materials

Discontinuous fiber-reinforced composites commonly consist of a thermoset or thermoplastic

matrix material. Sheet molding compound (SMC) is the most prominent type of discontinu-

ous fiber-reinforced thermoset and is processed in compression molding [13, 14]. A variety of

thermoplastic matrices and processes are available for discontinuous fiber-reinforced composites

[15]. Engineering thermoplastics, such as polyamide (PA) or polypropylene (PP) represent the

majority of matrix materials used for FRC due to their superior properties compared to com-

modity plastics [16]. Glass fibers are frequently used for reinforcement due to their availability,

low cost and high strength. Although carbon fibers can offer improved performance, the cost

increase often does not justify their use as substitute in FRC at this point [17]. Discontinu-

ous fiber-reinforced composites can be further classified as short fiber-reinforced thermoplastics

(SFT) and long fiber-reinforced thermoplastics (LFT) [1]. The distinction between LFT and

SFT is made by the average fiber aspect ratio (length to diameter). A fiber-filled material with

an average aspect ratio of less than 100 is defined as short fiber-reinforced, while long fiber-

reinforced composites have an average aspect ratio of more than 100 [18]. Generally speaking,

the performance and cost of LFT materials places them between continuous fiber-reinforced

composites used for high performance applications and SFT compounds, because LFT can be

processed economically with injection molding while providing superior mechanical properties

to SFT [5].

The raw material for SFT or LFT processes are supplied in pellet form, as illustrated in Fig-

ure 1.1. LFT pellets are either produced by pultrusion or a coating process. Coated LFT pellets

consist of fiber bundles that are surrounded by the thermoplastic material and the fibers are

not fully impregnated with the thermoplastic matrix (Figure 1.1, center). Pultruded pellets

are manufactured by a continuous pultrusion process and the matrix completely impregnates

the fibers within the pellet (Figure 1.1, right). The fibers in LFT pellets are aligned along the
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major axis in both types of pellet and have a uniform length ranging from 10 mm to 30 mm [19,

20]. SFT pellets are produced by a compounding process, which results in significantly shorter

fibers and a non-uniform length (Figure 1.1, left). Current trends in the field of discontinuous

fiber-reinforced composites aim to use composite materials with longer fibers in order to increase

the reinforcing characteristic of the fibers [5].

Short Fiber Pellets Long Fiber Pellets

< 5 mm

10 to 30 mm

Coated Fiber Bundle Impregnated Long Fibers

Thermoplastic MatrixCompounded Short Fibers

Figure 1.1.: Illustration of short fiber pellets (left) and long fiber pellets: coated fiber bundles (center)
and pultruded fibers (right)

LFT materials can be processed with standard processing methods like injection molding or

compression without major modifications [19]. However, reducing the process-induced fiber

attrition is necessary to exploit the superior reinforcement of the longer fibers. For example,

Inoue et al. [21] found that the screw design in the compression zone has a substantial impact

on fiber breakages. They found that an optimized screw design (low shear screw with a variable

pitch) reduced the fiber breakage compared to a standard screw. Nevertheless, little research has

been published discussing optimized machine design and most LFT injection molding is done

on conventional injection molding machines and mold designs [15, 22], offering lots of potential

for optimization and new developments.

1.2. Motivation

Processing discontinuous fiber-reinforced composites has a profound impact on the arrangement

of the fibers in the finished part. Still, the design process of discontinuous fiber-reinforced

composites parts does not take into account all aspects of the process-microstructure-property

relationship, which consequently results in larger safety factors and limited applications of this

material class [23]. Although SFT and LFT have been used for decades, ignorance persists on

the underlying physics and phenomena present during processing, including fiber attrition, fiber
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matrix separation, and fiber alignment. As a result, the number of defective parts can be a

considerable fraction of the total production in some molding processes due to severe reductions

in fiber length, the presence of fiber free regions or extensive fiber alignment [5, 24, 25]. This

source of inefficiency and uncertainty has been a matter of concern for decades and is only ad-

dressed by overdesigning LFT parts or by adding additional reinforcing structures in the part

design [13]. Without the ability to control and predict the final properties of the finished part,

the full potential of LFT materials for lightweight applications cannot be reached. Understand-

ing and mastering the complexity of the process-microstructure-property relationship in LFT

processing is imperative to make the material class available for a wider range of applications.

For example, product certification is an important step in developing components with compos-

ites. While aerospace and the transportation industries have pushed to drive the component

development and part design with composites, the empirical certification processes for composite

materials require large time and financial commitments [26]. Although numerical analyses can

potentially expedite the certification process, the challenging process-microstructure-property

relationship limits the application of numerical tools predicting the microstructural properties

and the mechanical performance of discontinuous fiber-reinforced composites. Recently, case

studies were published that show the manufacturability and performance for semi-structural

components, such as front ends, underbody panels, seats [27–29]. It was shown that the poten-

tial of weight reduction by using LFTs can be up to 50% compared to their metallic counterpart,

if the process-induced fiber configuration is accounted for appropriately [23].

Computer-aided engineering (CAE) offers a wide range of tools to support all stages of the design

process and can be applied to fiber-reinforced composites [13]. In fact, parts made of composites

for automotive and aerospace are required to go through a comprehensive numerical analysis

and design process before being considered for production [27]. This includes process simulation

integrating the process-microstructure analysis as well as the microstructure-property modeling

for structural analysis, especially for discontinuous fiber-reinforced thermoplastics [30]. While

the process-induced microstructure is influenced by the processing conditions, material selection

and part design, the structural analysis can only provide accurate results if the microstructural

variables are estimated accurately.

Figure 1.2 illustrates the process-structure-property relationship and highlights the use of predic-

tive tools to estimate the final properties. Overall, it is crucial to choose reasonable modeling and

simulation approaches with permissible simplifying assumptions [31]. Hence, all models used in
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Figure 1.2.: Schematic of the process-structure and structure-property relationship of discontinuous
fiber-reinforced composites

the design process require a comprehensive validation by experimental data. In terms of discon-

tinuous fiber-reinforced composites, this means a thorough investigation of the process-induced

fiber microstructure and requires a reliable characterization of the state of fibers, including fiber

length, fiber orientation and fiber concentration.

The ultimate goal is to establish a fundamental understanding of the process-microstructure

relationship in order to ensure that the subsequent structure-property assessment in the struc-

tural analysis is adequate. In particular, the interdependencies between length, orientation

and concentration of the fibers during processing has not been fully understood yet and an in-

depth assessment of the interaction between these properties has yet to be conducted. In order

to achieve this goal, progress on the experimental and characterization work, as well as the

simulation and modeling side, has to be achieved. Due to limitations of efficient and accurate

characterization methods, the interrelationship between the three microstructural variables have

not been thoroughly investigated. In particular, there is a lack of experimental data providing

a full three-dimensional (3D) characterization of the entire fiber configuration. While there

have been several research studies characterizing the process-induced fiber configuration, the

measurement procedures vary substantially, calling into question the comparability of reported

results. At the same time, all modeling approaches and predictive tools currently available

estimate fiber length, density and orientation as if they were decoupled neglecting interaction
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between the properties [5, 32, 33]. Only recently, a single particle modeling approach was pub-

lished that offers a fully coupled simulation of fiber-filled materials at industry relevant fiber

concentrations [34].

To fully exploit the potential of LFT materials it is crucial to control and predict the structural

qualities of a fiber-reinforced injection molded part, including the configuration of the fibers.

Only by adequately incorporating the process-induced fiber microstructure in the design process

will it be possible to achieve a reliable prediction of the performance of the molded part.

1.3. Objectives

The research objectives of this dissertation are divided into three parts. First, appropriate mea-

surement techniques to characterize the configuration of the fibers in the finished part are devel-

oped and validated. The developed measurement approaches aim to overcome the shortcomings

of previously applied characterization methods, particularly in terms of accuracy, repeatabil-

ity, robustness and time efficiency. The developed measurement techniques will allow accurate

characterization of the 3D fiber configuration of sufficiently large samples in a timely manner to

obtain statistically meaningful data.

The second objective is to design and conduct a set of experiments providing a comprehensive

data set, which can be used to establish the theoretical linkage between processing and fiber

microstructure. Pultruded long glass fiber-reinforced polypropylene pellets at varying nominal

fiber concentrations are processed for the experimental study. This material combination repre-

sents a typical LFT material for industrial applications and, as such, the outcome of this work

can be applied to current challenges in the industry. The developed measurement capabilities

are used to analyze the process-induced fiber microstructure of manufactured samples. The

experimental studies are specifically designed to isolate effects encountered in LFT processing.

Injection molding trials of a simple plate geometry were conducted to study the process-induced

change in fiber configuration and correlate the microstructural properties. Additionally, a new

experimental set-up was developed to study fiber breakage under controlled conditions. The

comprehensive experimental results of this work will serve as a reference for the development

of new simulation tools, as value input for the mechanical modeling in structural analysis, and

improved processing guidelines for LFT materials.

The last part of the dissertation evaluates modeling approaches used to predict the final state
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of the fibers during processing by applying the generated experimental data in comparison to

simulation results. The fiber breakage experiments in the Couette rheometer are simulated

using the Phelps-Tucker model [5] and the model is evaluated by its ability to predict fiber

length degradation in LFT processing. Phenomenological models to predict fiber orientation

are tested for their ability to capture the full through-thickness orientation pattern for injection

molded parts [5, 35]. Despite the lack of published work on modeling fiber-matrix separation

in LFT processing, a shear-migration model [33, 36] was currently implemented in commercial

software packages for injection molding. This model will be tested on how well it captures

the fiber matrix separation observed in the injection molded plates. The overall outcome is an

evaluation and validation of current predictive models, as well as recommendations for further

work in modeling and simulation of LFT processing. The contributions made by this work will

help overcome the limitations of the existing predictive tools for LFT materials.
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2. State of the Art

This chapter gives an overview of the present understanding of the process-microstructure-

property relationship for fiber reinforced composites, characterization techniques, and simula-

tion approaches for LFT injection molding. The three main microstructural properties (fiber

orientation, fiber concentration, and fiber length) are addressed individually in the following

sections.

2.1. The Process-Induced Fiber Microstructure

2.1.1. Fiber Alignment

Discontinuous fibers embedded in the molten thermoplastic matrix rotate and translate as a

consequence of the deformation of the suspension during processing. The shear and elongation

during processing induce a fiber orientation distribution that ultimately causes anisotropic prop-

erties in the molded part [35, 37, 38]. The evolution of the fiber orientation in a highly filled

material is determined by processing conditions, cavity design and material properties [35, 39].

In general, a distinct orientation pattern through the thickness can be observed in injection

molded parts, referred to as the core-shell-skin structure. The core layer in the center of the

part consists of fibers that are predominately oriented in cross-flow direction, whereas the fibers

in the shell layers are aligned with the flow direction [40]. The skin layer is very thin and

usually shows a random fiber orientation [8]. This specific orientation pattern emerges due to

the fountain flow effect (see Figure 2.1), which was first studied by Tadmor [41] and describes

the reorientation of the polymer molecules (or fibers) at the advancing flow front.

The material at the flow front is forced to move from the center of the cavity outwards onto the

mold surfaces. The material freezes upon contact with the cold mold, forming a solidified layer.

As additional material enters the cavity, the advancing flow front is continuously stretched and

rolls onto the cool wall where it freezes instantly. The high-shear region at the solidified layer
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Injection 
Direction

Solidified 
Layer

Mold Surface

Advancing Melt Front

Fountain FlowShear Rate ProfileVelocity Profile

Figure 2.1.: Fountain flow effect: Flow pattern in injection molding at the advancing flow front.

and the advancing molten core cause a strong in-flow fiber alignment in the shell layers [8].

Overall, seven layers can be identified and each layer has its own characteristic fiber orientation,

as schematically illustrated in Figure 2.2. The thick core layer consists of fibers predominately

oriented in cross-flow direction. Two transition layers with a random fiber orientation surround

the core layer. The fibers in the thick shell layers are mainly aligned along the direction of flow.

Two thin outer layers (or skin layers) at the mold surfaces show a random fiber orientation.

Core Layer: Cross-flow Alignment Shell Layers: In-flow Alignment

Skin Layers: Random Orientation Transition Layers: Random Orientation

Figure 2.2.: Illustration of the typical fiber orientation distribution through the thickness of an
injection molded part, including µCT images of a 40wt% glass fiber-filled PP sample. Center image

adapted from [8]
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The orientation of a single rigid fiber in 3D space can be described by the angle pair (θ,ϕ), or

by the unit vector p(ϕ, θ), directed along the fiber axis by

p =

⎛
⎜⎜⎜⎜⎜
⎝

p1

p2

p3

⎞
⎟⎟⎟⎟⎟
⎠

=

⎛
⎜⎜⎜⎜⎜
⎝

cos ϕ sin θ

sin ϕ sin θ

cos θ

⎞
⎟⎟⎟⎟⎟
⎠

(2.1)

and as shown in Figure 2.3.

Even in a small volume, adjacent fibers are not aligned in the same direction and instead have

a distinct orientation distribution. For a network of fibers in a defined volume, a probability

density function Ψ(p) offers a complete description of the orientation distribution of the fibers.

The probability density function describes the probability of a fiber oriented between the angles

θi and (θi + dθ), and between ϕi and (ϕi + dϕ) [35]. However, calculating the probability density

function Ψ(p) is too computationally intensive to be implemented in simulation applications.

Advani and Tucker [42] proposed a tensorial representation of the fiber orientation, which ulti-

mately emerged as the conventional representation in the field of discontinuous fiber-reinforced

composites.

3

2

1

Figure 2.3.: Representation of the orientation of a single rigid fiber by the vector p(θ,ϕ).

The Advani-Tucker orientation tensor aij considers an average orientation property of all fibers

within a discrete volume. The volume is assumed to be large enough to contain a sufficient

amount of fiber and still small enough to ensure a uniform orientation distribution of the fibers

within the volume.
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The components of the symmetric second-order orientation tensor are defined as [42]

aij = ∮ pipjΨ(p)dp (2.2)

where pipj is the dyadic or tensor product of the fiber orientation vector p with itself, and

∮ Ψ(p)dp denotes an integral over all possible fiber orientations. In terms of the orientation

distribution and the angle pair (θ, ϕ), the tensor components can be calculated as follows [42]:

a11 = ⟨ sin2 ϕ cos2 θ ⟩

a21 = a12

a31 = a13

a12 = ⟨ sin2 ϕ cos θ sin θ ⟩

a22 = ⟨ sin2 ϕ sin2 θ ⟩

a32 = a23

a13 = ⟨ sin ϕ cos ϕ cos θ ⟩

a23 = ⟨ sin ϕ cos ϕ sin θ ⟩

a33 = ⟨ cos2 ϕ ⟩

(2.3)

where the angle brackets ⟨...⟩ indicate the average of all fibers over a unit volume. Numerical

implementations for process simulation and structural analysis typically use the tensorial rep-

resentation [9, 32]. Experimental data is also conventionally illustrated using the orientation

tensor form. The diagonal components of the second order orientation tensor (a11, a22, and a33)

describe the degree of orientation with respect to the defined coordinate system. Conventionally,

the reference coordinates are defined so that the 1-direction represents the in-flow direction, the

2-direction is the cross-flow direction and the 3-direction is the thickness direction. The off-

diagonal components of the orientation tensor show the tilt of the orientation tensor from the

coordinate axes. Hence, they are zero only if the coordinate axes align with the principal direc-

tions of the orientation tensor [42]. The physical interpretation of the tensor components focuses

mainly on the diagonal components of the tensor, illustrated in Figure 2.4. A completely random

orientation (left) is described by the diagonal components a11 = a22 = a33 = 1
3 while perfectly

aligned fibers in the 2-direction (right) are described by a11 = 0, a22 = 1 and a33 = 0.

Figure 2.4.: Orientation of a fiber population within a volume: randomly oriented fibers (left) and
aligned fibers (right). Adapted from [1]
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Process-induced fiber alignment has been a focus of experimental and numerical studies in the

field of discontinuous fiber-reinforced composites. Most work focuses on the fiber orientation

pattern that emerges due to the fountain flow effect and the characteristics of the shell-core

structure. Figure 2.5 shows an example of a measured fiber orientation distribution plotted

along the part thickness using the conventional orientation tensor representation.

Figure 2.5.: Illustration of the fiber orientation variation along the part thickness of an injection
molded sample.

The correlation between processing conditions and fiber orientation was studied by various re-

search groups with a focus on experimental and numerical studies. Bailey and Rzepka [43]

published a comprehensive experimental analysis of the fiber orientation in injection molding

of 50%wt glass fiber-filled polyamide 6 (PA6). The outcome of their analysis characterized the

impact of processing conditions on morphology of the shell-core structure in the molded part.

In terms of the degree of fiber alignment, their results show that injection speed and holding

pressure are the most influential processing parameters. At low injection molding speeds, the

relative core thickness reduced to 58% of the core thickness at standard injection speed. Their

overall conclusion is that decreases in the core layer width are caused by any change in mold

filling that induces higher stresses. Additionally, Bailey and Rzepka found that the core layer is

wider for longer fibers than for shorter fibers. Their hypothesis is that the length of the fibers

influences the mobility of fibers to rearrange. Consequently, longer fibers are limited in their

aptitude to orient. Toll and Andersson [40] conducted a similar study and came to the same

conclusions as Bailey and Rzepka in terms of impact of fiber length and core layer thickness. In

addition, Toll and Andersson [40] report a higher in-plane orientation for longer fiber compared

to short fiber-filled compounds.
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Vincent et al. [44] studied the influence of cavity thickness on the fiber orientation by injection

molding simple plates with thicknesses varying from 1.1 to 5.0 mm. Their results suggest a

strong correlation of the shell-core structure and the part thickness. The thicker the part, the

more distinct the core-shell structure becomes, as shown in Figure 2.6.
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Figure 2.6.: Fiber orientation measured for varying cavity thicknesses. Adapted from [44]

2.1.2. Fiber Matrix Separation

The phenomenon of fiber matrix separation describes the process-induced variation of fiber

concentration. The complex flow characteristics present in injection molding during mold filling

can cause spatial differences in the fiber concentration within the finished part. Earlier work

showed that fiber migration during processing occurs on two scales: variation in the local fiber

concentration through the thickness of a molded part and global fiber concentration gradients

along the flow path.

Fiber matrix separation can also be affected by part design and features of the part. The

separation effect in rib-filling describes the phenomenon of fibers accumulating in the base of

the rib while the tip of the rib remains almost fiber-free and has been studied by a few research

groups [25, 45, 46]. While this is an important field of research, the influence of design features

on fiber matrix separation is not part of this work and the reader is referred to recently published

work on rib-filling by Kuhn et al. [30].

Previous studies have addressed the process-induced concentration gradients throughout molded

parts for filled thermoplastics. Toll and Andersson [40] published results showing an increase in

fiber concentration from nominal 30%wt in the raw material to 36%wt at the end of the flow

path of a film-gated plate for glass fiber-reinforced polyamide 66 (PA66). In a similar study,
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O’Regan et al. [47] observed an increase of 3 to 4%vol at the end of the flow path in injection

molding of fiber-reinforced PA66. Lafrance et al. [48] showed an increase from 39%wt at the

gate to 51%wt at the end of the flow path for a fan-gated plate. Using a spiral mold, Kubat and

Szalanczio [49] studied the filler migration effects of a low-density polyethylene filled with glass

spheres. Along a total length of 1950 mm, they measured the filler concentration and found

substantial migration of the particles towards the end of the flow path. Their results suggest a

relative increase of up to 25% filler concentration at the tip of the spiral for glass spheres with

diameters between 53 and 105 µm.

Hegler and Menning [50] published work on the filler separation effects during injection molding

of glass bead and glass fiber-filled thermoplastics using dumbbell and rectangular box specimens.

Their results show that the separation effects were more pronounced with beads than with

fibers indicating an influence of the shape and dimensions of the fillers. Furthermore, they

conclude that mold geometry and filler concentration are key parameters determining the degree

of filler migration in injection molding. Other processing parameters, such as mold temperature,

injection speed, matrix material and screw speed did not substantially impact the filler-matrix

separation phenomena in their experiments.

Papathanasiou and Ogadhoh [51] studied particle migration during mold filling of glass bead-

filled polystyrene with an average bead size varying from 50 to 500 µm. Their results agree with

previous studies, showing that the filler matrix separation increases substantially with larger

beads with the largest relative increase of 15% more fillers for glass beads with a diameter of

500 µm at the end of the flow. Another major outcome of their work was the observation that

particles appear to accumulate at the free surface. For the largest particle sizes used in their

study, the concentration of particles near the free surface was almost double than in the feed

material. Papathanasiou and Ogadhoh’s results strongly indicate that filler migration depends

particle size and nominal concentration in the feed material. In 2011, Kovacs published a similar

study detailing the segregation effect of glass beads along the flow for injection molded plates and

its impact on volumetric shrinkage [52]. His investigation into filler migration again indicated a

dependency on particle size and nominal concentration, confirming Papathanasiou and Ogadhoh

study [51]. Figure 2.7 shows Kovacs’ results of the filler separation along the flow length for glass

bead diameters varying from 11 µm to 203 µm (nominal glass bead concentration of 40%wt).

Mondy et al. [53] conducted fiber migration experiments in a wide-gap Couette rheometer for

low aspect ratio nylon fibers in glycol. Their measurements show a migration of fibers to the
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Figure 2.7.: Glass bead migration along the flow path for various glass bead sizes (nominal bead
concentration: 40%wt). Adapted from [52].

low-shear regions. While the authors did not find that the aspect ratio impacted the migration,

they found an influence of fiber concentration, suggesting that the effect of shear-migration

increases at elevated concentrations.

The most recent experimental work on fiber migration was done by Ramzy et al. [54] for hemp

and sisal fiber-filled polypropylene. Similar to Kuba and Szalanczio, they used a spiral cavity

and measured the concentration variation along the flow path. As reported in previous studies,

the results showed an increase in filler concentration along the spiral flow length. The fiber

agglomeration at the tip of the spiral showed a relative increase of up to 30%.

All these studies share the conclusion that the fiber concentration increases towards the end

of the flow path, suggesting that the last filled location carries an accumulated amount of

filler. Furthermore, the processing conditions appear to play a much smaller role than the filler

properties when evaluation the degree of fiber matrix separation. The influencing factors are

reported to be both the concentration and the shape of the filler. Furthermore, the migration

effect is more pronounced in general for longer fibers at higher concentrations than it is for

shorter fibers at low concentrations [40].

The through-thickness filler concentration gradient in injection molding has been explored much

less frequently. A comprehensive study was conducted by Toll and Andersson [40] for 30%wt

glass fiber-reinforced PA66 and a simple plate geometry. They found an agglomeration of fibers in

the core layer using a sectioning and microscopic measurement protocol. Their results suggest

almost 40% more fibers in the core layer than in the shell for their long fiber PA66 (initial

fiber length of 10 mm). For the short fiber grade (initial fiber length of 0.6 mm), the fiber
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agglomeration is less pronounced with only 10% more fibers in the core than in the shell region.

While other publications also mention the phenomenon of fiber agglomerating in the core of

injection molded parts, the observations are mostly side-effects in these studies; no compre-

hensive analysis exists nor have theories been formulated to explain the underlying mechanism.

Velez-Garcia et al. [55] focused on fiber orientation measurements for short fiber-reinforced poly-

butylene terephthalate (PBT) by applying a newly developed sectioning procedure. From the

obtained micrographs, they also reported a fiber concentration gradient through the thickness

of the molded center-gated disk. Recently, Sun et al. [56] published an experimental study on

using µCT to quantify the fiber orientation of an LFT injection molded instrument panel. While

also focusing on orientation measurements, they incidentally analyzed the pixel fraction from

µCT scans indicating a strong agglomeration of fibers in the core layer of the molded part.

At this point, no comprehensive explanation of the fiber matrix separation phenomena has been

derived and validated. A common hypothesis for the observed phenomena is that shear-induced

particle migration causes the variation in fiber concentration. Shear migration describes the

irreversible accumulation of particles due to a shear stress gradient [57]. In a simple Poiseuille

flow, it was shown that particles tend to migrate from the high shear region at the wall toward

the low shear region at the centerline [57, 58]. Similar migration was found in a wide-gap Couette

rheometer flow [53]. However, it has not been proven that shear migration also explains the fiber

matrix separation in processing fiber-reinforced thermoplastics.

2.1.3. Fiber Attrition

The superior mechanical performance of fiber reinforced composites is achieved by transferring

the applied load from the matrix to the reinforcing fibers. Consequently, the interfacial adhesion

as well as the length of the fibers embedded in the matrix determine the maximum transferable

load. Preserving a fiber length that is sufficiently long to transfer the load while maintaining

economical process cycles, is a major research objective in academia and industry [3, 5, 59, 60].

Fiber attrition refers to the fact that fibers break during processing and that the length of the

fibers is inevitably reduced from its initial value. While the initial length of the fibers may be

uniform and up to 30 mm for LFT materials, fiber attrition results in a distribution of fiber

lengths in the finished part ranging from powder-like fibers (<0.1 mm) to a small fraction of

fibers retaining their initial length. In general, the degree of fiber attrition is influenced by

the type of process, processing parameters, material selection, and mold design [3, 5, 8]. Since
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mechanical properties depend on fiber length, it is desired to preserve the length of the fibers as

much as possible by using processing conditions that treat the fibers more gently.

Along the entire process line, the fibers are subjected to severe stresses, including hydrodynamic

effects, fiber-fiber interaction and fiber-equipment interactions, which can reduce the average

fiber length for LFT materials to only 0.5 - 1.0 mm in the finished part [3, 61]. Fiber breakage

can be attributed to the following mechanisms [8]:

• Melting effects: This damage mechanism appears at the beginning of polymer processing

when the pellets are partially fused and the solid-fiber interaction leads to bending and

shear stresses in the fibers, as illustrated in Figure 2.8 (right). This effect is thought to

cause a large degree of fiber attrition, which mainly occurs in the melting zone of the screw

[21].

• Fiber-fiber interaction: In highly filled material combinations, the fibers collide excessively

during processing, which results in length reduction due to fiber bending and friction

between fibers, as shown in Figure 2.8 (left).

• Fiber-melt interaction: Fibers are embedded in the thermoplastic matrix, which introduces

large stresses to the fibers due to the hydrodynamic forces during the entire process, see

Figure 2.8 (left).

• Fiber-wall interaction: Fibers collide and interact with the solid walls of the equipment.

Abrasion and friction between the fibers and the walls lead to stress concentration within

the fibers, demonstrated by Figure 2.8 (left).

Solid Surface (i.e. Mold Surface)

Hydrodynamic Effects

Fiber-Fiber Interactions

Mold-Fiber Interactions

Solid Surface (i.e. Plasticating Barrel)

Solid-Melt-Fiber Interactions

Figure 2.8.: Mechanisms of fiber breakage during processing: Mold-fiber interactions, fiber-fiber
interactions, and hydrodynamic effects (left); fiber breakage caused by partially molten pellets,

solid-melt-fiber interactions (right), adapted from [8].
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An overall sample consists of N total fibers and the length of each fiber may vary from 0 to

lmax. The entire population can be represented by a histogram with n bins, where each bin has

Ni fibers with the length li. The total length of the population L is defined as

L =
n

∑
i=1
(Ni li ) (2.4)

The obtained distribution is conventionally summarized by calculating representative average

values, such as the number-average length and the weight-length average, in order to obtain a

concise understanding of the fiber population as a whole.

The number-average fiber length, LN , is calculated as

LN =

n

∑
i=1
(Ni li)

n

∑
i=1
(Ni )

(2.5)

The weight-average (or length-average) fiber length, LW , is a second characteristic average of

the fiber length distribution, emphasizing the proportion of long fibers in the distribution. This

is of particular interest for molded LFT samples since they typically show a length distribution

with a distinct peak followed by a long tail decay [62]. It is calculated using

LW =

n

∑
i=1
(Ni l

2
i )

n

∑
i=1
(Ni li )

(2.6)

The length distribution can be represented by a discrete probability density function to capture

the measured data, which could also be fitted to defined continuous probability density functions,

such as the Weibull [63] or Burr distribution functions [64]. The discrete probability density

function n can be defined as

n(li) =
Ni

N
(2.7)

This distribution function can also be defined in terms of the length-weighted distribution w(li)

using

w(li) =
Ni li
L

(2.8)

By integrating n over length, the cumulative length distribution N can be obtained, which
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describes the fraction of fibers that are smaller than or equal to a given length lj :

N(lj) = Pr(l ≤ lj) =

j

∑
i=1
(Ni)

N
(2.9)

Similarly, the length-weighted cumulative distribution W is calculated using

W(lj) = Pr(l ≤ lj) =

j

∑
i=1
(Ni li)

L
(2.10)

The cumulative distributions N and W offer a consistent way to graphically compare different

data sets without the need of computed average values. Figure 2.9 illustrates N (top) and W

(bottom) for the same data set. The graphs indicate the corresponding average values as well

as the median values from the number distribution and length-weighted distribution (LN50 and

LW50).

The majority of fiber breakage is associated with the plasticating phase and different research

groups have studied fiber breakage along the different zones of the screw. Turkovich and Er-

win [65] found that most fiber length degradation occurs in the melting zone with only minor

attrition in the feed or conveying zone. This might be attributed to partially embedded fibers

in the solid pellets, which are bent and sheared off during plastication, as previously shown in

Figure 2.8. In 2005, Lafranche et al. [48] quantified the fiber length degradation in the plasti-

cating unit for long glass fiber-reinforced Polyamide 6. They measured the fiber length at the

different zones of the screw and summarized the results in Figure 2.10. Their results suggest

that the remaining fiber length at the nozzle is less than 50% of the initial length (9 mm). Inoue

et al. [21] found that the screw design in the compression zone has a substantial impact on fiber

breakage. They found that an optimized screw design (low shear screw with a variable pitch)

can reduce the fiber breakage compared to a standard screw.

Rohde et al. [3] conducted a comprehensive study on the influence of processing conditions on the

residual fiber length in the molded part in LFT injection molding. They designed a full factorial

experimental plan and varied the processing parameters, including injection speed, back pressure,

holding pressure and screw speed. The outcome of their analysis suggests that back pressure

has a strong influence on fiber attrition. A change from 50 to 80 bar back pressure reduced

the residual fiber length in the molded part by approximately 30%. Injection speed, holding
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Figure 2.9.: Illustration of the cumulative fiber distribution N (top) and the cumulative
length-weighted distribution W (bottom) representing the same data set.

pressure and screw speed were not found to be significant in their molding trials. Only the

combination of increased back pressure and holding pressure were significant in their statistical

analysis. Nevertheless, the authors state that it is difficult to isolate the mechanisms that cause

fiber attrition due to the complex phase change and shear history that is present in the injection

molding process. In contrast, Lafranche et al. [48] conducted a similar experimental study, but

reported that the screw speed has a larger impact on fiber breakage than back pressure, and

they suggest that the fiber-wall interactions due to screw movement are more important than

the fiber-melt interaction caused by the back pressure.

Metten and Cremer [22] found that increased holding pressure decreased the fiber length in the

finished part, suggesting that increased holding pressure promotes fiber breakage during LFT

injection molding. While their measurements show an average fiber length of 4.8 mm at 200 bar
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Figure 2.10.: Fiber breakage during the plasticating stage. Adapted from [48].

holding pressure, the fiber length drops below 3 mm at 450 bar holding pressure. This increase in

fiber breakage might be caused by the additional motion of the molten core at elevated holding

pressure when partially embedded fibers shear off during the packing phase [22].

2.1.4. Microstructure-Property Relationship

As the reinforcing phase in the compound, the state of the fibers determines the mechanical

performance of the finished part. For example, the anisotropy which is introduced by the align-

ment of the fibers has a substantial influence on the mechanical properties. The tensile strength

is higher in the direction of fiber alignment and lower in the cross direction. Hence, anisotropy

is a key aspect of designing LFT parts since process-induced fiber alignment is inevitable in

LFT injection molding. Similarly, the concentration and length distribution of fibers play an

important role in the microstructure-property relationship.

Thomason et al. conducted the most comprehensive work to date on the structure-property

relationship of discontinuous fiber-reinforced thermoplastics and published several papers from

1996 [66] to 2009 [67]. He and his research group investigated the mechanical properties of glass

fiber-reinforced PP with fiber concentrations up to 73%wt and initial fiber lengths varying from

0.1 mm to 50 mm. For all material combinations, specimens were manufactured by either a

wet-molding process or injection molding. Comprehensive mechanical testing, including tensile,
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flexural and impact tests were conducted at ambient temperature, as well as at -30○C. Also,

their work included characterization of the local fiber orientation and fiber length. Ultimately,

they were able to draw conclusions about the relationship between the fiber configuration and

the mechanical performance of the material. The most important aspects for this work are:

• The authors found a linear increase in tensile strength with fiber concentration for the

wet-molded PP samples. The tensile strength was also shown to depend on the average

fiber length, up to 3 mm. However, the increase in strength leveled off for all material

combinations with fiber length greater than 3 mm, which corresponds to an aspect ratio

of 270 (fiber diameter is 11.0 µm). [66]

• The modulus of fiber-reinforced PP increased linearly with the fiber concentration until

40%wt, and the rate of increase was considerably less at higher concentrations. Thomason’s

results suggest that the modulus of the composite is independent of the fiber length after

0.5 mm (aspect ratio of 45). [68]

• The impact strength increased with increasing fiber concentration and the strength also

improved with fiber length, but converged at lengths above 6 mm (aspect ratio of 540). [10]

• For injection molded samples that result in a fiber length distribution, as opposed to a

fairly uniform fiber length in the wet-molded samples, the results showed that fiber length

had a significant impact. Although the modulus did not show much difference between

LFT and SFT, tensile modulus, flexural modulus, and impact resistance all increased with

longer fibers. [69, 70]

• For injection molded PP samples, the strength and impact properties showed a maximum

value at fiber concentrations of 40 to 50%wt and, at higher concentrations, these proper-

ties decreased substantially and reached the values of unreinforced polypropylene at the

highest fiber concentration (73%wt). The modulus, however, increased linearly with fiber

concentration over the entire range. [60]

• Fiber attrition in the injection molded PP samples showed a linear dependence on fiber

concentration. In injection molded PA6 samples, their results also indicated an increase

of fiber attrition for fibers with lower diameters. [67]

The main results of Thomason’s studies on the relationship between microstructure and me-

chanical properties for injection molded samples can be summarized in a single graph, as shown
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in Figure 2.11. The graph shows the stiffness, strength and impact performance as a function

of fiber concentration [60]. The properties are each normalized with respect to the values of

the unfilled matrix material. While the modulus increased linearly with fiber concentration,

the strength and impact performance show a maximum at 40 to 50%wt. A further increase in

fiber concentration resulted in decreased strength and impact properties. At highly filled levels

above 60%wt, Thomason’s results suggest that these properties even decrease to the same level

as unfilled PP.
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Figure 2.11.: Normalized mechanical properties as function of fiber concentration, obtained
experimentally: Tensile modulus, tensile strength and impact strength. Adapted from [60].

The effect of the residual length of the fiber on the mechanical properties of a molded part is

illustrated in Figure 2.12. The figure is adapted from Schemme [71] and is based on the experi-

mental work from Thomason et al. [10, 66, 68] discussed in the previous paragraphs. The graph

visualizes the effect of the fiber aspect ratio on the tensile modulus, tensile strength, and impact

strength. It can be seen that these properties saturate after which point any increase of the

fiber length would not further improve the mechanical properties. The figure also qualitatively

illustrates the expected range of residual fiber aspect ratios for LFT injection molding, reported

in the literature and measured experimentally in this work. This expected range would suggest

a strong sensitivity for tensile strength and impact strength for injection molded LFT parts.

While Schemme’s graph offers a qualitative overview of the relationship between fiber aspect

ratio and mechanical properties, the quantitative interpretation of this graph should be done
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carefully, because a universal validity has not been proven yet. For example, the underlying ex-

perimental data do not account for any variation of fiber orientation or local fiber concentration

due to the change in fiber length.
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Figure 2.12.: Normalized mechanical properties as function of fiber aspect ratio for tensile modulus,
tensile strength, and impact strength. Adapted from [71]. The highlighted range illustrates the

qualitative range of fiber aspect ratios expected in LFT injection molding.

2.2. Characterization Techniques

Quantifying the fiber configuration in molded samples is of utmost importance so that the un-

derlying physics of the process-microstructure relationship can be studied experimentally. Fur-

thermore, accurate and reliable experimental data are required to test and develop numerical

models and predictive tools. At times, the lack of accurate experimental data limits the progress

of validating modeling approaches [5]. Nevertheless, the characterization of fiber configuration is

a cumbersome task since even small samples comprise millions of fibers. A wide variety of mea-

surement 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.
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2.2.1. Measuring Fiber Orientation

For decades, fiber orientation measurements were performed manually by physical sectioning

of the sample and inspecting the cross-sections using optical reflection microscopy [38, 72, 73],

which is referred to as the method of ellipsis (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 2.13.

An image analysis system imports the captured micrographs and fits ellipses to determine the

angles ϕ and θ individually for each fiber [73]. Although newer systems are automated to a

degree, this technique still requires a lot of manual work to achieve accurate results. Furthermore,

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 θ, because the fiber can be oriented at θ or θ + π, as

illustrated in Figure 2.13. 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 θ can be distinctly

defined [55].
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Elliptical Footprint

Polished Plane

Possible Orientation of 
Fiber due to Ambiguity

Fiber

ø

Figure 2.13.: Basic principle of the method of ellipses and illustration of the ambiguity in the
out-of-plane angle θ.

A relatively new approach to measure fiber orientation distribution within fiber-reinforced plastic

parts is applying the X-ray micro computed-tomography (µCT) technology. This technique

is a non-destructive testing (NDT) method, which allows one to obtain the internal material
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structure of an object and evaluate its micro-structural properties [74, 75]. The advantage of

µCT is that it can achieve high resolution of the full 3D microstructure without destroying the

specimen. Originally, µCT 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

[74, 76]. A basic schematic of the µCT process is illustrated in Figure 2.14.

Detector

Rotating Platform

Sample X-Ray Source

I x

y

3D Reconstruction
3 mm

Figure 2.14.: Illustration of X-ray computed-tomography, including a schematic of the µCT setup
(top), tomographic reconstruction (bottom left) and a 3D reconstruction (bottom right).

In general, the system consists of an X-ray source, a rotating platform and a detector. The

basic principle of µCT is to irradiate a sample with penetrating X-rays, which are attenuated

and captured downstream of the object with a detector system creating radiographs. At defined

energy levels, the X-ray source irradiates the 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 distribution

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 [74]. Most fundamentally, the attenuation of an X-ray through a sample
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can be described by the change in intensity I as

dI = −µeff(x)I(x)dx (2.11)

where µeff is the effective linear attenuation coefficient and x is the location on the path.

Integration of Equation 2.11 along the path C gives

− ln I

I0
= ∫

C
µeff(x)dx (2.12)

which is also referred to as the Beer-Lambert law. Computing the correct value of µeff at each

position along the path C is the central problem of computed tomography, called tomographic

reconstruction. Several approaches and algorithms exist for the reconstruction and the reader

is directed to Stock [74] for more detailed information.

After the completion of the 3D reconstruction, the µCT data set can be further processed for

qualitative and quantitative analysis of the actual specimen. Different software and algorithms

exist to process the µCT images and analyze the fiber orientation distribution. A major challenge

in using µCT 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 µm results into 8 GB of data. There are software packages from the medical field,

e.g. Mimics (Materialise NV, Belgium) that can be used for fiber orientation analysis [77]. One

of the current market leaders for industrial applications is the software package VG StudioMAX

(Volume Graphics GmbH, Heidelberg, Germany), which also has a module for fiber orientation

analysis and quantifies the fiber orientation using the structure tensor approach [78]. It was

shown that VG StudioMAX provides fast and accurate µCT data analysis currently making it

the most commonly used software for fiber orientation measurements [79]. Additionally, research

groups frequently develop their own image-processing algorithms to quantify the fiber orientation

from µCT scans.

The resolution (voxel size) of the scan is one of the most important parameters that determines

the accuracy of the features analysis of scanned samples. However, the trade-off between scan

resolution and sample size needs to be considered. In general, finer scan resolutions need 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 materials. It has not been established what the minimum resolution might be to perform
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an accurate fiber orientation analysis for a specific fiber type. Furthermore, µCT 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].

Throughout the reported studies, the resolution and sample size used in the microstructure

analysis of fiber-reinforced samples vary widely. The sample dimensions range from 3 µm voxel

size resolution (sample size: Ø 4 mm disk with a thickness of 4 mm) [81] up to a voxel size of 40

µm (sample size: 40 mm x 40 mm x 30 mm) [82]. Table 2.1 shows an overview of recently pub-

lished studies focusing on fiber orientation measurements and summarizes the applied imaging

technique, sample size and analysis resolution.

Table 2.1.: Overview of fiber orientation measurement techniques applied in recently published
studies.

Material Imaging Technique Sample Dimensions Resolution Reference

PP/GF µCT 3 x 3 x 3 mm3 8.0 µm [83]
PA66/GF µCT 3 x 3 x 3 mm3 2.5 µm [84]
PP/GF µCT 16 x 16 x 3 mm3 6.0 µm [56]
PA6/GF µCT 4 x 4 x 2 mm3 1.4 µm [75]
PA66/GF µCT 10 x 10 x 2 mm3 6.5 µm [85]
PA6/GF µCT 3.6 x 3.1 x 3.9 mm3 9.0 µm [86]

Natural Fibers µCT 6 x 6 x 3.5 mm3 7.8 µm [87]
PP/GF µCT n/a 8.1 µm [88]

PA66/GF µCT 5 x 20 x (1 to 3) mm3 6.0 µm [89]

PP/GF µCT
Ø 4 mm and

4 mm thickness
3.3 µm [81]

PA6/GF µCT
Ø 4 mm and

4 mm thickness
1.8 µm [90]

PA/GF µCT
Ø 1.4 mm and

1.4 mm thickness
0.7 µm [91]

PA6/GF
Cross-sectional

polishing and µCT
3.2 x 4 x 15 mm3 9.0 µm [80]

PP/GF
Cross-sectional

polishing
1.5 x 2 x 1.7 mm3 0.24 µm [92]

PP/GF
Cross-sectional

polishing
2 x 2 x 0.7 mm3 n/a [93]

Bernasconi et al. [80] and Gandhi et al. [77] conducted a comparison between the MoE approach

and µCT analysis techniques. Both groups found strong agreement between the two methods.

The MoE requires a simpler experimental setup, but is destructive and time-consuming. µCT
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offers the great benefit of being nondestructive and providing fast results, but it is a larger

capital investment and also requires advanced computing power for post-processing.

2.2.2. Measuring Fiber Concentration

The average fiber concentration of a sample is commonly measured by removing the thermo-

plastic matrix, either chemically or by pyrolysis, and calculating the weight fraction from the

remaining fibers. Due to its simplicity, most authors suggest removing the matrix for glass fiber-

reinforced materials by thermal degradation (pyrolysis). Rhode et al. [3] studied the impact of

matrix removal by pyrolysis or chemical decomposition on the morphology of single fibers. The

results show that performing pyrolysis at 500○C for 2 hours is optimal for a PP sample. Their

work indicates that the properties of the glass fibers can change at higher temperatures and the

fibers become more brittle. As Rohde et al. pointed out, the increased brittleness can cause

additional fiber breakage in handling of the sample. On the other hand, the time needed to

completely remove the matrix at lower temperatures is too long to ensure a timely analysis. In

other studies, scientists used higher temperatures and different incineration times that ranged

from 800○C and 1 h [94] to 530○C and 5 h [48].

The fiber concentration variation in the thickness direction of samples can also be measured by

pyrolysis. This approach requires the collection of the material of several layers through the

thickness. For each data point along the thickness direction, the sample needs to be prepared

by grinding and ashed to determine the fiber density [95]. This measurement procedure is not

only cumbersome, but also suffers limitations in terms of sample size, because the part thickness

for common injection molded parts ranges between 1 to 4 mm. To obtain sufficient data points

(> 10), the ground samples need a thickness between 0.1 and 0.4 mm. On this scale, fiber pull

out by the grinding process can cause errors in analysis. Recently, through-thickness analyses

were published that used µCT to determine the fiber density [56]. The authors determined the

fiber density by calculating the fraction of pixels that represent fibers to the total amount of

pixels. The authors found the expected fiber agglomeration in the center of the part, but their

values of fiber density (average of 4%vol) are actually off by a factor of two when compared to

the expected nominal fiber volume fraction (9%vol).
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2.2.3. Measuring Fiber Length

This section reviews the current approaches for characterizing fiber length in SFT and LFT

samples. Table 2.2 summarizes the measurement techniques of recently published studies. The

majority of the approaches share four main steps. First, a sufficiently large sample is extracted

from the part and the matrix material is removed by pyrolysis (matrix removal). Second, a subset

of the fibers is selected and prepared to be scanned (down-sampling and fiber dispersion). In

the third step, a digital image is created using either a microscope or an optical document

scanner (digital imaging). Finally, the digital image is analyzed using image processing software

to determine the length of individual fibers (fiber detection). The detection of the fibers is done

either manually by clicking on the endpoints of fibers or with the support of (semi-) automated

image-processing algorithms.

Table 2.2.: Overview of fiber length measurement techniques used in recently published studies for
glass fiber-reinforced (GF) and carbon fiber-reinforced (CF) samples.

Material
Correction for
Downsampling

Fiber Dispersion Fiber Detection
Fibers per

Sample
Reference

SFT No Diluted suspension Manual 360±60 [96]
PP/GF No Manual dispersion Manual 100 [97]

PP&PA12/GF No Manual dispersion Manual 300 [98]
PP/GF No Manual dispersion Manual 500 [6]
PP/GF No Manual dispersion Manual 500 [99]
PP/GF No Manual dispersion Manual 500 [70]
PP/GF No Manual dispersion Manual 500 [100]

PP/GF&CF Yes Manual dispersion Manual 2000 [61]
PP/GF&CF Yes Manual dispersion Manual 2000 [101]

PA6/GF No Diluted suspension Manual 400 [94]
PA6/GF No Diluted suspension Manual 400 [102]
PA6/GF No Diluted suspension Manual 1000 [48]
PP/GF No Diluted suspension Manual 1000 [21]

GF No Manual dispersion Semi-automatic 1000 [103]
PP/GF No Diluted suspension Semi-automatic 800 [104]
PP/GF No Diluted suspension Semi-automatic 2000 [105]
PP/GF No Diluted suspension Semi-automatic 2000 [106]
PP/GF Not needed Diluted suspension Semi-automatic 2000 [3]
PP/GF Not needed Diluted suspension Semi-automatic 3000 [107]
PP/GF No Manual dispersion Automatic 1000 [108]

For short fiber-filled materials, the International Organization for Standardization (ISO) defined

a standard for fiber length measurements (ISO:22314) [96]. The matrix removal is done by py-

rolysis at 625○C for 1.5 h and the fiber dispersion is performed by mixing the fibers in water

using ultrasound instead of any mechanical action. After completely drying the suspension,
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300±60 randomly picked fibers are measured manually with a microscope or stereoscope. The

standard states that this measurement technique is only applicable to short fiber-reinforced ma-

terials. Although this standard exists, only one publication was found that specifically analyzed

the fiber length according to this standard and cited it [109]. Nevertheless, most measurement

procedures in the field are similar to the ISO:22314 standard.

The practice of using a liquid to disentangle and disperse the fibers after pyrolysis is applied

by the majority of measurement techniques (Table 2.2). The fibers are placed in a liquid and

mixed either manually [107] or using ultrasound [3, 21]. After mixing and dispersing the fibers,

a fraction of the suspension is separated and used to generate digital images. Various liquids

are sometimes combined with dispersion agents by research groups to improve the dispersion of

fibers. Some researchers use untreated water [21], while others add a detergent [110] or glycerine

[94] to promote fiber dispersion.

To some degree, the fiber detection step can be supported by image processing software. How-

ever, only a few programs can perform a fully automatic recognition of fibers due to intersecting

or curved fibers, which is a particular challenge for LFT samples. Semi-automatic image process-

ing algorithms are capable of detecting the length of isolated fibers with no or little curvature [3,

107, 108]. Nevertheless, semi-automatic image processing algorithms still require manual input

from the operator to isolate single fibers in clusters. In the majority of the reported studies,

the fiber detection is still done completely manually by clicking the endpoints of fibers (see

Table 2.2).

Almost all published work on fiber length measurements applies a down-sampling step to de-

crease the amount of fiber that needs to be measured from more than a million fibers in the

original sample to less than 3000 fibers. However, the downsampling step is one of the major

factors influencing the accuracy of the obtained results. Kunc and Nguyen [61, 101] described

the impact of downsampling on skewing the obtained fiber length distribution and they suggest

a defined downsampling concept that ensures statistically representative results for a subset of

the fibers. After pyrolysis, an epoxy resin is injected in the center of the dry fibers using a thin

needle. The deposited epoxy forms a cylindrically-shaped plug through the entire thickness of

the fiber bed. The epoxy is cured and all fibers embedded within the so-called epoxy plug will be

measured. The remainder of the fibers that are not bound to the epoxy plug are gently removed

by a brush and discarded. A second pyrolysis is necessary to remove the epoxy plug and free the

fibers for the dispersion step. It is important to note that any downsampling skews the obtained
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results, including the epoxy plug procedure. Nevertheless, this bias in the obtained results can

be accounted for if a defined downsampling procedure is used by applying a geometrical correc-

tion equation proposed by Kunc and Nguyen [61, 101]. The proposed correction accounts for

the fact that relatively more long fibers are selected during downsampling than short fibers due

to the small area of the epoxy plug (downsampling area) [61] .

FASEP (Karg Industrietechnik, Krailling, Germany) is a commercially available fiber length

measurement system, which can also be used for LFT materials [107]. After pyrolysis, the fibers

are mixed in a solution of water and glycerin. The suspension is then placed in an ultrasonic bath

to disentangle and disperse the fibers. Subsequently, a set of diluting steps is performed by adding

more water and glycerin. Combined with gentle stirring, the fibers are uniformly dispersed in

a highly diluted mixture. Finally, small portions of the liquid are extracted randomly with a

pipette into a petri dish to create a digital image of the sample. The scanned image is analyzed

with a customized module of the image analyzing software Image-Pro Plus (Media Cybernetics,

Inc., Rockville, USA), which can detect most fibers semi-automatically. Completely isolated

fibers can be detected automatically, but any intersecting fibers or fiber clusters require user

input. The supplier recommends measuring at least 2000 fibers by repeating the extraction of

additional samples from the diluted suspension.

Although not every publication in Table 2.2 describes the measurement approach in detail, there

are significant differences in the fiber dispersion and fiber detection steps. Also, the amount of

measured fibers varies from 100 to 3000. The selection of the subsample is mostly done manually

by collecting random fibers using tweezers. The fiber dispersion is achieved by either mixing

the dry fibers into a suspension, similar to ISO:22314, or by manually spreading the fibers using

brushes or tweezers. In the majority of the publications, the detection of the fibers is done

by hand and only some report a (semi-) automatic solution using image processing algorithms.

Most studies focused on fiber breakage in glass fiber (GF) filled composites, but a few also

measured the length distribution in carbon fiber (CF) filled materials [61, 101].

The large variation in important aspects of the measurement techniques calls into question the

comparability, repeatability and accuracy of the different studies. Reported results and measured

fiber lengths can even differ by a factor of two due to the measurement technique, which was

pointed out by the European Alliance for Thermoplastic Composites (EATC) in a call for a new

standardized fiber length measurement technique [111]. The fiber length distribution obtained

from the collection and downsampling of fibers is necessarily skewed and does not accurately
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represent the local fiber population [61]. Additionally, too much manual handling of the fibers

with tweezers, spatulas or similar tools will result in the loss of very short fibers and/or the

breakage of longer fibers. Lastly, the amount of analyzed fibers can vary by more than an order

of magnitude and it is questionable whether a set of 1000 or fewer fibers can be statistically

representative of the local fiber length distribution of the sample. Lastly, repeated measure-

ments are rarely performed or reported. Hence, little-to-no information about the measurement

variation is available.

2.3. Modeling and Simulation of the Fiber Configuration

Over the last few decades, the ability to predict the process-induced microstructure properties

of LFT materials has improved significantly. Particularly, fiber orientation predictions show a

robust degree of reliability for simpler geometries and are routinely used in the part or mold

design process to account for the process-induced anisotropy. Although modeling approaches

exist to predict fiber length and fiber concentration for injection molding, these models are still

in development and lack a comprehensive validation for LFT injection molding [112, 113]. The

modeling approaches of fiber breakage, fiber alignment and fiber matrix separation are commonly

addressed as individual mechanisms and are treated completely isolated.

2.3.1. Rotary Diffusion Model for Fiber Orientation Prediction

Folgar and Tucker [35] proposed a phenomenological model that describes the fiber alignment

in concentrated suspensions as a diffusion type mechanism driven by the interactions between

fibers. The Folgar-Tucker model is an expansion of Jeffery’s model [37], which describes the

motion of an ellipsoid in a dilute suspension assuming no interactions. Jeffery’s pioneering work

provides the basis for modeling the motion of ellipsoidal particles in viscous fluids. In tensor

representation [42], Jeffery’s equation is

Daij

Dt = −1
2(ωikakj − aikωkj) − 1

2λs(γ̇ikakj − aikγ̇kj − 2γ̇klaijkl) (2.13)

where ωij is the vorticity tensor, γ̇ij is the rate of strain tensor, γ̇ the shear rate, and λs is the

particle shape factor. For large aspect ratio particles, such as fibers, λ computes to 1 [9]. The

fourth order orientation tensor is aijkl, which is approximated from the second order orientation

tensor aij using closure approximations [42].
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Folgar and Tucker observed that fibers show less alignment in the flow direction than estimated

by Jeffery’s model. They assumed that the orientation kinetics are still described by the hydro-

dynamics in Jeffery’s equation while the fiber interactions cause a randomizing effect to the fiber

orientation. Hence, they added an isotropic rotary diffusion term to Jeffery’s model accounting

for the orientation kinetics in concentrated suspension and the effect of interactions between the

fibers. The governing equation of the Folgar-Tucker model is

Daij

Dt = −1
2(ωikakj − aikωkj) − 1

2λs(γ̇ikakj − aikγ̇kj − 2γ̇klaijkl)

+2CI γ̇(δij − 3aij)
(2.14)

The impact of fiber interactions on orientation is governed by a phenomenological interaction

coefficient, CI , and scales linearly with the magnitude of the shear rate γ̇. The model parameter

CI is assumed to be an intrinsic property of the material (matrix, fiber concentration, fiber

length, fiber diameter) [35]. The addition of the isotropic rotary diffusion term to Jeffery’s

model is strictly phenomenological and not based on the underlying physics. Hence, the value

of CI must be obtained from measurements. Large values of CI reflect increased interactions in

the suspension and will result in a more randomized steady orientation state, whereas a small CI

implies fewer interactions leading to a more preferential orientation. If CI is zero, Equation 2.14

becomes Jeffery’s original equation and the fiber motion is merely driven by hydrodynamics.

Several additions have been made since the original rotary diffusion model was proposed in

1984 to account for experimentally observed mechanisms that the original Folgar-Tucker model

cannot account for. Experimental results showed that the fiber orientation develops slower than

predicted while the steady state orientation agreed well. To overcome the discrepancies in the

transient stage, Wang and Tucker [114] added a second fitting parameter (κ) that slows down

the orientation evolution, referred to as the Reduced Strain Closure (RSC) model.

Simulation results for compounds using longer fibers also showed larger deviations from mea-

surements. Phelps and Tucker suggest the longer fibers cause an anisotropic rotary diffusion, as

opposed to the isotropic diffusion of the original Folgar-Tucker model. They introduced a new

model, the anisotropic rotary diffusion model (ARD), which describes the fiber-fiber interaction

coefficient as second order tensor instead of a scalar to account for the anisotropy in the inter-

action. The ARD model has five fitting parameters that need to be obtained from experimental

data and require additional testing for numerical stability or non-physical behavior [9, 32]. Tseng

et al. [32] proposed an improved ARD model (iARD) to overcome the complexity in parameter
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fitting. They condensed the ARD model to a two parameter model and overcame the numerical

instability. The RSC model can be added to both the ARD model and iARD model to slow

down the orientation evolution, which adds an additional fitting parameter to the models [9,

32].

2.3.2. Suspension Balance Model for Fiber Migration Prediction

Different theoretical models to describe particle migration in concentrated suspensions have been

proposed. For a comprehensive literature review of particle migration in concentrated suspen-

sions, the reader is referred to [33]. Leighton and Acrivos [115] suggested a diffusive flux model,

which describes the shear-induced particle migration as a result of irreversible particle collisions.

This kinematic modeling approach expresses the migration as gradients of particle concentration

and shear rate, but it neglects normal stress differences. Nott and Brady [58] proposed a sus-

pension balance model. This model is a two-phase approach describing the particle phase and

suspension separately while incorporating a constitutive model to solve particle and suspension

stresses. The particle transport is driven by gradients in these stresses. The basic principle

of the modeling approach is illustrated in Figure 2.15. Morris and Boulay [116] expanded the

suspension balance model to account for anisotropic migration.

Averaging Scheme

Particles

Matrix
Two Phase Continuum

 Description

Figure 2.15.: Continuum description of suspension obtained by averaging the discrete phases and the
shear-induced particle flux j⊥. Adapted from [57].

The Morris and Boulay suspension model was recently implemented in commercial injection

molding simulation software (Moldex3DTM, CoreTech Systems, Taiwan). Using this three-

dimensional (3D) finite volume method (FVM) solver, the fiber concentration in an injection

molded part can be simulated. The suspension model expresses the conservation of the particle-

phase mass balance as
∂ϕ

∂t
+ ⟨u⟩ ⋅ ∇ϕ = −∇ ⋅ j⊥ (2.15)
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j⊥ = ϕ (Up − ⟨u⟩) (2.16)

where ϕ is the particle mass fraction, ⟨u⟩ is the suspension average velocity, j⊥ is the particle

flux relative to the mean suspension motion, and Up is the average velocity of the particulate

phase. Assuming low Reynolds numbers and a neutrally buoyant condition, the particle flux j⊥

can be calculated as

j⊥ =
2a2

9ηm
f(ϕ)∇ ⋅∑

p

(2.17)

where a is the particle radius, ηm the viscosity of the suspending fluid, f(ϕ) is the sedimentation

function and ∑p is the particle stress tensor [116]. According to the original work of Richardson

and Zaki [117], the sedimentation function can be estimated by

f(ϕ) = (1 − ϕ/ϕmax)(1 − ϕ)n−1 (2.18)

The parameter n is the index of particle friction and ϕmax is the maximum volume fraction.

The parameter n is assumed to be a material-dependent coefficient and can be obtained from

experimental data [36].

Morris and Boulay [116] originally derived the two phase suspension model for spherical particles

and tested it for simple flow conditions under isothermal conditions. Recently, Tseng et al. [36]

adapted the suspension balance model to be used for simulating fiber matrix separation in

injection molding. The adapted model for concentrated fiber suspension includes the calculation

of an effective particle radius based on work published by Fan et al. [118]. The effective particle

radius, ae, is calculated by

ae =
df

2
(
3 lf

4df
)
1/3

(2.19)

where df is the fiber radius and lf is the length of the fiber.

Tseng et al. [36] simulated the fiber migration for a short fiber-reinforced PBT with the adapted

two phase suspension model using Moldex3DTM. Their results suggest that the model can

qualitatively predict the tendency of the process-induced fiber concentration in the molded part.

However, there are still quantitative discrepancies in the through-thickness prediction of the

fiber concentration. Also, their work does not address the relevance of the suspension model’s

fitting parameters nor how to obtain appropriate values of these parameters for fiber-reinforced

thermoplastics.
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2.3.3. Modeling Fiber Breakage Prediction

The Phelps-Tucker model [5] is a phenomenological model to predict fiber breakage during

processing of discontinuous fiber reinforced composites. The model is currently the only fiber

breakage model implemented in commercially available simulation package for injection molding

(e.g. Moldex3DTM and Autodesk Moldflow R○). The fundamental assumption of the Phelps-

Tucker model is that the failure mechanism for fiber breakage during processing is buckling. The

total length of all fibers in the domain stays constant and is governed by a basic conservation

equation:
dNi

dt
= −PiNi +∑

k

RikNk (2.20)

where Ni represents the number of fibers of length li. The change of the fiber length distribution

is computed by the reduction of fibers in Ni at the breakage rate Pi and the growth of fibers in

Nk (child generation) at a rate Rik. Phelps et al. assume that the breakage rate Pi is a function

of the material properties and the flow conditions. They define a dimensionless variable Bi that

describes the buckling state of the fibers:

Bi =
4 ζ ηm γ̇ l4i
π3Ef d

4
f

(2.21)

where ζ is a dimensionless drag coefficient, ηm the viscosity of the polymer matrix and γ̇ is the

magnitude of the rate-of-deformation tensor. Ef is the elastic modulus of the fiber and df is

the diameter of the fiber. Depending on the flow conditions and material properties, a fiber can

break due to buckling, described by

Pi =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

0 for Bi < 1

CB γ̇ [1 − exp(1 −Bi)] for Bi ≥ 1
(2.22)

where CB is the breakage coefficient and fitting parameter for the model. If Bi is less than unity,

the flow conditions cannot cause fiber failure.

The child generation rate Rik in Equation 2.20 is computed by

Rik = αk NPDF (li,
lk
2
,S lk) (2.23)

where NPDF is the normal probability density function for the variable li with mean lk/2 and
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standard deviation S lk. The scale factor ak normalizes Rik to satisfy the conservation equation

(Equation 2.20). This probabilistic modeling of the child generation aims to account for incon-

sistencies of the fibers and the effects of fiber-fiber interactions and allows non-zero probabilities

for breakage along the entire fiber.

The model has three empirical model parameters that need to be obtained through experimental

data: breakage coefficient (CB), the hydrodynamic drag coefficient (ζ) and the distribution

shape factor (S). At this point, no protocol exits on how the parameters are obtained from

experimental data and Phelps et al. [5] merely give a range of values for which the three fitting

parameters are physically reasonable: CB ≪ 1.0, ζ ∼ 1, and S ∼ 1. This limits the application

of the model as a predictive tool and design engineers are often referred to default values (e.g.

in Moldex3DTM, the recommended default values are: CB = 0.002, ζ = 3 and S = 0.25 [119]).

However, it is questionable if reasonable results can be obtained for all fiber/matrix combinations

by using default model parameters. Phelps et al. state that their model is promising, but requires

additional work to completely incorporate the underlying mechanism that causes fiber breakage.

In particular, fiber-fiber interactions are not explicitly accounted for in the theoretical framework

of the model, but are an important factor for any industrially relevant fiber-filled material.
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3. Development and Validation of

Characterization Techniques

The characterization and quantification of the process-induced fiber configuration in molded

samples is of utmost importance so that accurate experimental data can be obtained and theo-

retical models can be developed and validated. Although fiber properties have been measured

in the past, there is a lack of defined standards and measurement approaches vary between re-

search groups, as discussed in the previous chapter. In this work, new measurement techniques

were developed to ensure an accurate, repeatable and efficient characterization of the three main

microstructural properties: fiber length, fiber orientation, and fiber concentration. This

chapter presents and discusses the developed measurement techniques and shows the outcome

of comparative studies with conventional characterization protocols.

3.1. Fiber Orientation Measurement Concept

The key challenge in using µCT for fiber orientation analysis is the image processing of the data

required to quantify the orientation of the fibers. Due to the large size of the data sets, there

can be computational limitations to the post processing procedure [77]. As part of this work,

a novel image processing method that uses basic geometric optics is introduced, rendering this

approach an efficient and accurate algorithm. The initial algorithm was proposed by Osswald

et al. in 2003 [120] and, here, it is expanded and adapted to analyze the fiber orientation from

µCT data.

The algorithm was derived from the single-slit Fraunhofer diffractometer theory, which describes

the diffraction of waves through a slit onto a projection at a long distance from the diffracting

object. The slit method (SM) algorithm neglects diffraction effects assuming a simple geometric

projection of an image through a slit. Figure 3.1 illustrates the basic principle of the SM

algorithm. The input image contains two fibers that are projected through a slit onto a virtual
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projection plane. The projection of the fibers casts a shadow, where the shape and intensity of

the shadow depend on the orientation of the fiber relative to the slit. By rotating the slit, an

intensity distribution of the projections as a function of slit orientation can be obtained. This

intensity distribution is directly related to the orientation distribution of the fibers in the image.

ProjectionImage

Fiber B

Fiber A

Projected 
Fiber A

Projected 
Fiber BSlit

Figure 3.1.: Schematic of the SM algorithm principle: two fibers are projected through a slit.
Adapted from [120].

The SM algorithm is implemented in MATLABTM (The MathWorks Inc., MA, United States)

for the numerical slit projection of µCT images to obtain the fiber orientation distribution. The

µCT data set is exported to a stack of 2D grayscale images, which are converted to binary images

by applying a global threshold. The SM algorithm numerically projects each pixel p(xi, yj) with

non-zero entries (fiber) through the slit at defined angles ϕS . The slit has a defined length LS

and a width of one pixel. The length LS of the slit varies depending on the resolution and quality

of the image. The mapping of a pixel p (xi, yj) through the slit onto the virtual projection plane

g can be defined by

p (xi, yj)→ g (σ, τ) (3.1)

where σ and τ are the coordinates of the projections in g. The projections in g are aligned with

the slit orientation and comprise all pixels between the end points of the projection defined as

(σu, τu) and (σl, τl). The slit projection of p (xi, yj)→ g (σ, τ) is illustrated in Figure 3.2 (left).
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The variables σu and τu are computed by

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

σu = xi + 1
2 LS cos (ϕs)

τu = yi + 1
2 LS sin (ϕs)

(3.2)

and σl and τ l are calculated as

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

σl = xi − 1
2 LS cos (ϕs)

τ l = yi − 1
2 LS sin (ϕs)

(3.3)

The projections of all pixels, p (xi, yj) at a defined slit angle ϕS are superposed, resulting in an

intensity field, G (ϕS), of the projection through the slit at angle ϕS :

G (ϕS) =∑ g (σ, τ) (3.4)

G (ϕS) directly relates to the orientation of the fibers in the input image with respect to the slit

orientation. This principle is depicted in Figure 3.2 (right), illustrating projections for a fiber

at slit orientations of 0○, 45○, and 90○.

p (xi,yj)

x

ySlit at 0°

Slit at 45°

Slit at 90°

Slit at 0°
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Slit at 90°
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τ
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y

σ

τ

σ

τ

σ

τ

σ

τ

σ

τ

σu, τu

σl, τl

σu, τu

σl, τl

σu, τu

σl, τl

p (xi,yj)

p (xi,yj)

Figure 3.2.: Illustration of the slit projection: Projection of a single pixel (xi, yi) (left) and projection
of a fiber (right) at 0○, 45○ and 90○ (inverted gray values for visualization).
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The procedure is repeated for all slit angles from 0 to π, generating a spectrum of intensity

fields at defined angles. The low intensity entries in G (ϕS) are removed by applying a global

threshold (noise removal), which depends on the resolution of the image and contrast between

fiber and matrix of the original µCT data set. Summing the entries of the intensity field G (ϕS)

computes the frequency of fibers oriented at ϕS , denoted by

n (ϕS) =
m

∑
σ=0

n

∑
τ=0

G (ϕS) (3.5)

The final fiber orientation distribution N (ϕ) after normalization

N (ϕ) = n (ϕS)
π

∑
ϕS=0

n (ϕS)
(3.6)

The developed SM algorithm quantifies the 3D fiber orientation by processing a set of two image

stacks from the same µCT data set oriented perpendicularly. From the two image stacks, the

orientation distributions for each angle ϕ and θ is obtained as illustrated in Figure 3.3. Subse-

quently, the orientation density distribution Ψ(ϕ, θ) is generated by mapping the distributions to

the defined coordinate system of the µCT data set and the orientation tensor can be calculated

as shown in Chapter 2.1.1.
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Figure 3.3.: Illustration of the SM algorithm obtaining the 3D fiber orientation by computing the
fiber orientation distribution for ϕ and θ from two image stacks oriented perpendicularly.
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Figure 3.4.: 2D slice from a µCT data set (left) and the measured fiber orientation distribution
obtained manually and from the SM algorithm (right).

The SM algorithm was validated by comparing its output to manual fiber orientation measure-

ments of 2D slices from µCT scans. For the manual measurement, each fiber in the digital image

was detected by clicking the endpoints using a developed MATLAB tool. The outcome was then

compared with the results from the SM algorithm. Figure 3.4 shows the outcome of the com-

parison for a 2D slice of a 30%wt fiber-reinforced polypropylene sample. The scan has a spatial

resolution of 6 µm to avoid any errors due to lack of resolution and to easily identify single fiber

filaments. The results show that the SM algorithm accurately determines the fiber orientation

distribution with a discrepancy of less than 5% when compared to the manual analysis.

1.5 mm 1 mm

Figure 3.5.: Curvature in LFT parts illustrated in selected µCT images: 40% glass fiber-reinforced PP
(left) and 30% glass fiber-reinforced PBT (right).

It is commonly assumed that fibers are perfectly straight [35, 42]. For short fiber compounds,

this assumption might be permissible, but the fibers in LFT compounds can have substantial

curvature, as shown in Figure 3.5. While the majority of the fibers shown in Figure 3.5 are

straight, there are several fibers that show a substantial curvature and waviness. Depending

on the material and process, fiber curvature can be very significant [77]. The fiber curvature

observed in LFT materials and its implication for the material modeling and structural anal-
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ysis was discussed recently by Kunc et al. [121]. However, the impact of fiber curvature on

measurement techniques has not yet been addressed.

In order to illustrate the effect of curvature on the obtained fiber orientation distribution using

the developed SM algorithm, an arbitrary curved fiber is defined as shown in Figure 3.6 (left).

The image is processed with the SM algorithm and compared to a manually measured orienta-

tion of the discretized fiber. For the manual measurement, the length of the curved fiber was

approximated by discretizing the curvature with straight lines, as illustrated in Figure 3.6 (right).

Discretizing 

Figure 3.6.: Arbitrary curved fiber (left) and illustration of the discretized fiber (right).

Figure 3.7 shows the results obtained using the SM method for the curved fiber and the man-

ual measurement of the discretized fiber. The orientation distribution clearly shows five discrete

peaks from the discretized approximation. The SM algorithm generates a continuous orientation

distribution with peaks at the same orientation as obtained from the manual discretization. Cal-

culating the orientation tensor for the obtained fiber distribution, the discretized measurements

result in a11 = 0.78 and the SM algorithm computes a22 = 0.75. For a fiber population, the con-

tinuous distribution is a more accurate description of the orientation of curved fibers compared

to the simplifying assumption of straight fibers in conventional measurement techniques.
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Figure 3.7.: Orientation distribution of arbitrary curved fiber obtained with the SM algorithm and by
manually measuring the discretized approximation.



45

3.1.1. Validation and Comparative Study

A comparative study of fiber orientation measurement techniques was performed comparing the

conventional Method of Ellipses (MoE, see Chapter 2.2.1) and µCT analyses. Two injection

molded samples (samples A and B) with dimensions of 5 x 5 x 2.85 mm3 were extracted from

the center of an injection molded plate (40%wt glass fiber-reinforced PP). The samples were

first scanned at 5 µm and then analyzed using the MoE1.

Table 3.1.: Overview of fiber orientation measurement techniques for a comparative study.

MoE Mimics VG StudioMAX SM Algorithm

Imaging
Technique

Cross-section
polishing and
microscopy

µCT µCT µCT

Detection
Single fiber
(Elliptical

cross-section)

Single fiber
(Centerline

fitting)

Fiber population
(Structure
tensor [78])

Fiber population
(Numerical
projections)

Destructive Yes No No No

Required
Resolution

Very fine
(0.24 µm)

Less than 1/6 of
fiber diameter

Less than
fiber diameter

Less than
fiber diameter

The µCT data sets were analyzed with three different image processing algorithms. Besides the

developed SM algorithm, the commercial software VG StudioMAX 3.0 (see Chapter 2.2.1) and a

proprietary analysis tool developed by SABIC and Materialise NV (Leuven, Belgium) were used.

The latter is a customized module for the image processing software Mimics Innovation Suite,

henceforth referred to as Mimics2. The module identifies single fibers in the 3D µCT data set

and fits centerlines along the axis of each fiber. From the fitted centerlines, Mimics computes the

fiber orientation distribution and the orientation tensor. This approach requires a very fine voxel

size since individual fibers in the scan need to be segmented. Although a 5 µm scan resolution

provides sufficiently high resolution to separate the fibers, the developer suggests a resolution of

less than one sixth of the fiber diameter. The fiber diameter of the scanned sample is 19±1 µm,

making the optimal voxel size 3.2 µm or less for use in Mimics. The main characteristics of the

four analysis tools are summarized in Table 3.1.

Figure 3.8 shows the obtained fiber orientation results for Sample A (the tensor components a11

and a22 are shown in two separate graphs for clarity). The results suggest that all measurement
1The fiber orientation analysis using the Method of Ellipses was performed by Hongyu Chen and Prof. Donald

Baird at the Department of Chemical Engineering, Virginia Polytechnic Institute and State University.
2The fiber orientation analysis with Mimics was performed by Chanjuan Liu at SABIC Analytical Technology

Department.
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techniques show good agreement, particularly in the transition region from the core to the shell

layers.
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Figure 3.8.: Results of the fiber orientation analyses of Sample A for all four measurement techniques:
Tensor components a11 (left) and a22 (right).

Figure 3.9 shows the fiber orientation results of Sample B. Similar to Sample A, the results sug-

gest the measurement techniques match well. Some discrepancies can be seen in results obtained

with the MoE technique in the core layer, indicating some irregularities in the measurements

at a relative thickness of 0.45. These irregularities might be attributed to the fact that the

increments in polishing and cross-section inspection are performed in coarser steps compared

to the µCT analyses. Also, the surface edging required to overcome the ambiguity of the angle

detection [55] might not fully work in the fiber-dense core layer.
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Figure 3.9.: Results of the fiber orientation analyses of Sample B for all four measurement techniques:
Tensor component a11 (left) and a22 (right).

The outcome of the comparative study is that the measurement techniques show strong agree-

ment in the results. In particular, the different analysis tools for µCT scans quantify matching

fiber orientation distributions. Although the actual scan resolution for Mimics is larger the rec-

ommended value (1/6 of fiber diameter = 3.2 µm), the results agree well with VG StudioMAX 3.0

and the developed SM algorithm. Slight differences in the MoE technique might be caused by the

coarser through-thickness resolution. Hence, fewer data points through the thickness are avail-
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able due to the more time-consuming steps of polishing, sample edging and image capturing of

this technique.

Overall, this comparative study shows the advantages of µCT as a non-destructive and time

efficient methodology for fiber orientation analysis. However, the processing of the µCT data is

critical and not trivial. While the analysis tools in comparative study agree well, the outcome of

the fiber orientation analysis is dependent on the appropriate selection of the image processing

algorithm. The developed SM algorithm provides an accurate and time-efficient analysis to

quantify the fiber orientation from µCT. Although the SM algorithm has not been optimized

in terms of computational efficiency, it already provides a fast analysis with an average 30 min

computation time compared to VG StudioMAX 3.0 (15 min) and Mimics (45 min).

3.1.2. Impact of Voxel Size on Fiber Orientation Measurements

In this dissertation, all of the µCT scans are performed on the industrial µCT system Metro-

tom 800 (Carl Zeiss AG, Oberkochen, Germany). The Metrotom 800 offers a wide range of

settings for applications such as metrology, failure detection or microstructure analysis. The

resolution (voxel size) of the scan is one of the most important parameters limiting the scale of

features that can be analyzed. As described in Chapter 2.2.1, scan resolution and sample size

represent an important trade-off for fiber orientation analysis. 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 materials.

A sensitivity analysis of the scan resolution on the results on the fiber orientation analysis
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Figure 3.10.: Results of the sensitivity analysis showing the influence of voxel size on the results of
the fiber orientation analysis for an identical sample: Tensor components a11 (left) and a33 right.
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was performed. The objective was to determine the largest voxel size and largest sample size

without affecting the results of the fiber orientation analysis. An identical sample molded with

dimensions of 10 x 10 x 3.2 mm3 was scanned at resolutions varying from 5 µm to 30 µm and the

fiber orientation was analyzed. The injection molded sample comprises a 40% glass fiber-filled

PP and fibers with a diameter of 19±1 µm. The results of the sensitivity analysis are illustrated

in Figure 3.10.

The outcome of this sensitivity analysis suggests that the same fiber orientation distribution

can be obtained for larger voxel sizes up to 15 µm. While the orientation can still be captured

qualitatively at 30 µm voxel size, there is a clear error due to the lack of resolution. The fiber

orientation analyses for the scans at 5 to 15 µm leads to similar results with discrepancies of less

than 1%. The scan at 30 µm shows qualitatively the same through-thickness orientation, but

the values are skewed. The value for a11 at 30 µm is 0.1 less than the results at smaller voxel

sizes and the a33 value is on average 0.12 larger.
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Figure 3.11.: Illustration of the impact of an irregular fiber bundle on the fiber orientation analysis
for an injection molding sample (40%wt glass fiber-reinforced PP).

It can be concluded that the voxel size impacts the outcome from fiber orientation analyses.

While the sensitivity depends on the material combination of the composite and the fiber size,

the results of this study suggest that accurate fiber orientation can be obtained at a voxel size

less than the diameter of the fiber (19±1 µm). Smaller voxel sizes do not improve the outcome

of the fiber orientation analysis. Hence, it might not be necessary to scan at the smallest

possible voxel size to quantify fiber orientation accurately and larger samples would allow a

better representation of the local properties. In particular, larger sample sizes can be essential

for a robust microstructure analysis, if local irregularities such as voids or non-dispersed fiber
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bundles are expected. Figure 3.11 illustrates the impact of a non-dispersed fiber bundle on the

orientation analysis. The sample contains a irregularly orientated bundle and was scanned at a

voxel size of 10 µm. The fiber orientation for the sample was done separately for the volume that

contains the fiber bundle illustrated by quadrant (a) in Figure 3.11 and the remaining volume.

The irregularly aligned fiber bundle has a significant impact on the results of fiber orientation

analysis. The outcome of the fiber orientation analysis for quadrant (a) shows a largely skewed

orientation at the location of the bundle compared the analysis of the remaining volume.

3.2. Fiber Concentration Characterization

As described in Chapter 2.2.2, the most common approach to measure fiber concentration is by

determining the weight fraction through pyrolysis. Although this method is destructive, it offers

a quick and accurate analysis of the local fiber concentration. However, this approach can only

be applied to a limited scale and is mostly used to measure average fiber weight fraction of a

sample extracted from a molded part. A new approach is to apply µCT scanning and quantify the

through-thickness fiber concentration using image processing. However, no detailed study has

been published discussing this approach. This chapter presents a novel measurement protocol

using µCT to quantify fiber concentration and the validation of the procedure.

The obtained µCT data sets are processed to determine the change of fiber concentration through

the sample thickness by applying an image processing algorithm. The process flow chart of the

procedure is illustrated in Figure 3.12. First, the raw µCT data set is aligned and registered using

VG StudioMAX 3.0. Subsequently, the data set is exported as an image stack (2D slices) oriented

normal to the thickness direction. The 2D slices comprising grayscale images are imported into

MATLAB and the fiber volume fraction through the thickness of the sample is calculated using

the developed algorithm described in the following paragraphs.

The grayscale images are transformed into binary images by segmentation, which requires select-

ing a reasonable threshold value to separate each image into black (matrix) and white (fibers)

pixels as shown in Figure 3.13 (left). In the grayscale 2D slice, each pixel with the coordinates

(x, y) has a distinct grayscale value f(x, y), which depends on the bit depth (e.g. a 16-bit

grayscale image has 65,536 tonal levels).
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VG StudioMAX 3.0

Register data set

Export 2D slices as *.tiff

Load image stack into MATLAB

Calculate relative threshold TK
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Save threshold value
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No
Get next image

TK Adjustment

Figure 3.12.: Flow chart of the procedure for the through-thickness concentration analysis.

A basic thresholding approach is used to convert the grayscale image into a binary image by

setting a global threshold value. The value for each pixel in the binary image is calculated by

g(x, y) =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

1, if f(x, y) > Tk

0, if f(x, y) ≤ Tk

(3.7)

where Tk is the relative grayscale value for thresholding. For each 2D slice z, the fiber volume

fraction ϕf(z) is calculated by the fraction of white pixels in the entire image N ×M :

ϕf(z) =

n

∑
i=1

m

∑
j=1

g(xi, yj)

N ×M
(3.8)

The true Tk is unknown due to the gradual change in the grayscale value between the two phases

as illustrated in Figure 3.13 (left). The choice of the threshold directly determines the size of the



51

segmented phases and, thus, the fiber volume concentration. Even at very fine resolutions, the

true threshold value cannot be detected directly from the µCT data set. A heuristic procedure

for the segmentation is proposed by calculating the threshold value as the midpoint between the

mean value representing the fibers and the mean value of the background. This selection might

not result in the true threshold value, but any uncertainty around the value would merely shift

the obtained fiber volume concentration as shown in Figure 3.13 (center). Hence, selecting a

single value for Tk and performing a normalization step for the entire image stack (µCT data

set) resolves the ambiguity in selecting the true threshold value.
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Figure 3.13.: Transforming a grayscale image into a binary image (left), the obtained fiber volume
fraction for varying relative threshold values (center), and the normalized fiber concentration

distribution (right).

The average fiber concentration of the entire µCT data set ϕf is calculated from the individual

fiber volume concentration ϕf(z) of each slice. The normalized fiber concentration distribution

ϕn
f (z) can be obtained for each image as follows

ϕn
f (z) =

ϕf(z)
ϕf

(3.9)

For a wide range of values for Tk, the normalized fiber concentration distribution is the same, as

shown in Figure 3.13 (right). Only at extreme values, where Tk < 0.3 or Tk > 0.7, skewed distri-

butions are seen. With this approach, it is possible to accurately obtain the through-thickness

fiber concentration from µCT data. If needed, absolute values for the fiber concentration distri-

bution can be calculated by measuring the local fiber concentration of the entire sample through

pyrolysis.

The proposed measurement protocol for the through-thickness fiber concentration analysis using

µCT was validated by performing a milling and pyrolysis procedure. A simple plate geometry

was used to mold samples at 20%wt and 40%wt as shown in Figure 3.14. Samples at the center
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Figure 3.14.: Sketch of the plate geometry (a) and illustration of the sample location for the
microstructure analysis (b).

location of the plate were extracted and measured. The procedure was repeated three times for

each sample.

After the µCT scan of a sample, the identical sample was milled down in defined increments of

0.2 mm along the thickness. The shavings were carefully collected using a vacuum setup and a

25 µm mesh to ensure capturing all material during milling. The fiber weight concentration for

each layer was determined by measuring the sample weight before and after pyrolysis on a high

precision scale Explorer (Ohaus, Parsippany, USA) with an accuracy of ±0.01 mg. After con-

verting the obtained measurements to volume fraction, the results from the µCT measurements

and from the pyrolysis can be compared.

The fiber diameter of the material is 19 µm and single fiber filaments can be clearly identified

in the scans at resolutions below this value. Pre-trial experiments on the impact of resolution

on the results showed that finer resolutions do not change the outcome. Table 4.4 summarizes

the scan parameters used for all subsequent measurements. The sample size at 5.25 µm is

10 x 15 x 2.85 mm3.

Table 3.2.: Zeiss Metrotom 800 scan parameters.

Parameter Value

Voltage [kV] 50
Current [µA] 80

Integration Time [ms] 1000
Gain [-] 8.0

Spot Size [µm] 5.0
Voxel Size [µm] 5.25

The outcome of the comparison is shown in Figure 3.15. The results show strong agreement

between the two measurement procedures. Discrepancies between the results from the milling

procedure and the µCT analysis are less than 2.5% for each of the six samples. Hence, the
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proposed µCT analysis protocol is suitable to accurately and efficiently quantify the fiber con-

centration through the thickness of the part. Not only is the µCT approach non-destructive, it

is a fast analysis of the through-thickness fiber concentration and it also allows additional fiber

orientation analyses of the same µCT data set.
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Figure 3.15.: Comparison of the milling procedure and µCT analysis for the through-thickness fiber
concentration measurements.

3.3. Fiber Length Measurement Concept

As discussed in Chapter 2.2.3, substantial differences in reported fiber length measurement

techniques and the lack of a standard approach raise major concerns about the repeatability and

comparability of previously published results. While there have been several research studies

characterizing the process-induced fiber length reduction, the measurement procedures vary

substantially, calling into question the comparability of reported results. As part of this work,

a new measurement technique was developed and compared to other characterization concepts

in a comparative study.

The developed measurement technique combines elements from other measurement procedures

and aims to minimize the manual input in order to achieve highly reproducible measurements in

a timely manner. Figure 3.16 illustrates the main steps of the developed measurement technique.

First, a sample with the dimensions of at least twice the initial fiber length is extracted to avoid
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Figure 3.16.: Overview of the steps of the developed fiber length measurement technique.

measuring fibers that crossed the cutting plane during extraction (e.g. an initial fiber length

of 15 mm results into extracting round samples with a diameter of 30 mm). Next, the sample

is placed in a brass sample holder and constrained by a brass lattice to ensure that the fibers

stay in place when the matrix is removed. The pyrolysis is performed in a laboratory furnace at

500○C for 2.0 h. Subsequently, a representative downsampling step is performed, adapted from

the epoxy-plug method described by Nguyen and Kunc [61, 101]. All fibers in the defined down-

sampling region are collected by injecting an epoxy resin through the thickness of the fiber bed

using a hypodermic needle. The down-sampling step using the resin injection is an important

step to reduce the overall sample size while collecting a controlled and representative subset of

fibers. The outcome of the down-sampling is shown in Figure 3.17 and the overall objectives of

this procedure are:

1. Collect a representative population of fibers that statistically resembles the fiber length

distribution in the initial sample.

2. Remove all fibers that were cut at the edges of the sample during extraction from the

molded part.

3. Obtain a defined amount of fibers for the actual measurement.

In contrast to the epoxy system applied by Nguyen and Kunc, the method presented here uses

an ultraviolet (UV) curable epoxy (BONDIC Liquid-glue B0027N07MM, Aurora, Canada). This
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UV curable epoxy showed optimal flow behavior for the downsampling step since the viscosity is

sufficiently low to be easily injected through a fine hypodermic needle (22-gauge size), but still

high enough to form a plug with uniform thickness. Figure 3.17 illustrates the downsampling

procedure and shows a µCT scan of the epoxy plug. The UV curable epoxy is a Newtonian fluid

and the viscosity at ambient temperature was measured to be 7.33 P⋅s. Furthermore, the curing

time is less than 5 seconds compared to several hours for the mixing-activated epoxy used by

Nguyen and Kunc [61, 101].

> 1,000,000 fibers 15,000 to 50,000 fibers

15 mm 10 mm

Down-sampling area

3 mm 3.5 mm

Initial sample

µCT scan (3D reconstruction) 
of down-sampled fibers 

Cross section view of epoxy 
column (µCT-Scan)

Figure 3.17.: Down-sampling step: Initial sample after pyrolysis (left) and subsample after resin
injection (center and right).

Any partial collection of fibers from a larger sample can skew the outcome of the fiber length

analysis, as pointed out by Kunc et al. [101, 122]. The cause of this bias comes from the

preferential selection of longer fibers. However, the error can be accounted for by applying the

Kunc correction, as illustrated in Figure 3.18. A population of three short and three long fibers

is down-sampled in a circular region with the diameter d. Although the centroid positions of the

long and short fibers are similar, the down-sampling results in the collection of only one short

fiber, but all three long fibers. It can be assumed that the fibers are oriented in the 2D plane

and the correction can be formulated by applying a geometric correction for the centroid of a

fiber Li passing through the down-sampling area [101]. The corrected frequency N (Li) of fibers

with the length Li is obtained by:

N(Li) = θ (Li) (1 +
4Li

π d
) (3.10)

where θ (Li) is the raw frequency of fibers of length Li obtained after down-sampling and d is

the diameter of the down-sampling area.

After the epoxy plug is cured, all surrounding fibers are removed carefully using a brush. The

fibers embedded within the epoxy are recovered by a second pyrolysis step at 500○C for 1 h. The



56

Fiber Bed

-Down Sampling Region

d

L

Figure 3.18.: Illustration of the Kunc correction procedure. Adapted from [101].

heat ramp is reduced to 5 K/min to slow down the thermal degradation of the epoxy slightly.

This initiates an initial disentanglement of the fibers, which is particularly helpful at higher fiber

concentrations.

In the next step, the fibers are dispersed within an enclosed chamber system using bursts of

slightly compressed air. The air turbulence causes the fibers to disentangle and disperse uni-

formly. A few small air bursts (less than 0.5 seconds each) at a pressure of approximately 1 bar

are sufficient to disperse the fibers uniformly. It takes less than 15 seconds for all fibers to settle.

The fibers fall on a thin glass sheet, which is used to move the sample onto a film scanner. Over-

all, the fiber dispersion step in an enclosed chamber system using turbulent air flow allows the

uniform dispersion of a large amount of fibers in under 30 seconds. A schematic of the current

design of the dispersion chamber is shown in Figure 3.19. The enclosed chamber is made of stain-

less steel and has overall dimensions of 380 mm (height) x 210 mm (width) x 255 mm (depth).

The glass sheet is a laboratory-grade float glass and its dimensions are 210 x 260 x 1 mm3. The

inner surface of the dispersion chamber is polished to ensure a smooth surface and coated with a

thin layer of dry graphite to prevent fibers from sticking to the surface of the chamber. Pre-trial

experiments showed that less than 1% of the glass fibers are lost in the dispersion process.

The dispersed fibers are scanned between 1200 dpi and 2400 dpi to generate a digital image

using a flatbed scanner with a transparency unit (Epson Perfection V750 Pro by Seiko Epson

Corporation, Suwa, Japan). All fibers in the image are automatically detected by an image

processing algorithm developed at the Polymer Engineering Center [82] and based on the work

of Wang [123]. Even bent and intersecting fibers are detected by this algorithm (Figure 3.16).

This ability is particularly important for accurate results when examining LFT materials because

longer fibers can be substantially curved, even after pyrolysis [110]. The current version of the
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Figure 3.19.: Sketch of the dispersion chamber for the preparation of the fiber sample.

algorithm is coded in MATLABTM (Version R2016a) and takes between 5 - 10 min to process

the images of each sample.

To ensure the measured fiber length distribution is statistically representative, between 15,000

and 50,000 fibers were analyzed for each sample. The measurement time is approximately 60

min per sample, excluding furnace time. All measurements obtained with the present method

were repeated five times for each location to ensure accurate results and show the repeatability

of the obtained results.

3.3.1. Validation and Comparative Study of Fiber Length Measurement

Techniques

The material used in this study is a commercially available glass fiber-reinforced PP with 30%wt

(PPGF30) and 40%wt (PPGF40) fiber concentration (SABIC STAMAXTM). The material is

supplied as coated pellets with a nominal fiber length of 15 mm. The material was processed

on a 320-ton Arburg Allrounder 720S (Arburg GmbH + Co KG, Loßburg, Germany) injection

molding machine equipped with a general-purpose screw and diameter of 52 mm. The mold

geometry for this study is a simple fan-gated plaque with a thickness of 2 mm as illustrated in

Figure 3.20. The processing settings are listed in Table 3.3, which follow the general processing

guidelines suggested by the material supplier [124]. Two different molding conditions were

defined: standard and gentle. The standard processing conditions use a higher screw speed

(35 RPM) and back pressure (50 bar) than the gentle conditions (27 RPM and 13 bar).
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Figure 3.20.: Part dimensions and sample locations for fiber length analysis.

As discussed in Chapter 2.2.3, the majority of current measurement procedures manually select

a random subset of fibers from a larger sample after the matrix was removed. These results

can be skewed by both the amount of measured fibers and the bias in downsampling, which is

also pointed out by Nguyen et al. [61, 101]. In order to generate a baseline for the comparative

study of this work, ten identical samples (PPGF40, gentle conditions, position B) were measured

according to the reported conventional measurement procedures (see Chapter 2.2.3), referred

to as manual measurements. The manual measurement procedure was performed as follows.

Samples with the dimensions of 30 x 30 x 2 mm3 were extracted from the molded part and

the matrix was removed by pyrolysis at 500○C for 2.0 h. From each sample, a subset of fibers

was carefully removed randomly using plastic tweezers following the procedures described in

published studies. The measured amount of fibers varied from 282 to 4612 fibers, which is

within the range of the reported studies. The fibers were manually dispersed using fine brushes

and a digital image was created. Each fiber in the digital image was manually detected by

clicking the endpoints using a developed MATLAB tool. The digital images were generated at

Table 3.3.: Processing conditions for the injection molding trials.

Molding Parameter
Standard

Conditions
Gentle

Conditions

Melt Temperature [○C] 250 250
Mold Temperature [○C] 50 50

Back Pressure [bar] 50 13
Screw Speed [RPM] 35 27
Injection Time [s] 2.5 2.5
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2400 dpi, translated to a binary image and the endpoints of each individual fiber were selected

manually. The length of curved fibers was determined by splitting the fiber in segments, fitting

circular arcs to any curved segments and adding the length of all segments. This protocol of

manual measurements is assumed to reflect the capabilities of the conventional measurement

techniques.

The results of this evaluative study are summarized in Figure 3.21, which shows the obtained

weight-average length and the number of fibers in each repetition. The manual technique shows

a substantial variation in the measured fiber length distributions with the weight-average fiber

length varying from 1.03 mm to 3.96 mm (mean of 2.37 mm and standard deviation of 0.95 mm).

The large variation in the measurements confirms the claim by EATC that the variation in

conventional measurement techniques might differ by a factor of two [111].
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Figure 3.21.: Results obtained from conventional (manual) measurements. Ten individual
measurements of sample PPGF40, gentle conditions, location B.

The newly developed measurement technique was compared to the conventional manual ap-

proach, the commercially available FASEP measurement system, and a full analysis provided

by SABIC (Geleen, The Netherlands). The full analysis is a proprietary measurement system

developed by SABIC and based on work by Krasteva [125]. The SABIC procedure analyzes the

entire fiber population in a sample and does not perform any downsampling step. The size of

the sample is 12 x 12 x 3 mm3 comprising approximately 350,000 to 750,000 fibers for a single

measurement. The sample size was determined as the optimal tradeoff between the amount of

fibers that need to measured and the error introduced by cutting fibers when extracting the

sample from the molded part [125]. After pyrolysis, all fibers are dispersed manually in subsets
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of 40,000 to 50,000 fibers. A digital image of each subset is generated and processed with an

automated image processing algorithm. Due to the amount of the overall fibers in a single sam-

ple, the manual dispersion is time-consuming. Table 3.4 summarizes the main characteristics of

the compared measurement approaches.

Table 3.4.: Overview of measurement techniques for a comparative fiber length analysis study.

FASEP Full Analysis Present Work

Fiber
Dispersion

Diluted suspension Manual Turbulent air chamber

Sample Size
Representative

(random) fraction
All fibers

Representative
down-sampling

Measured
Fibers

2000 to 15,0000 350,000 to 750,000 15,000 to 50,0000

Image
Processing

Semi-automatically Fully automatic Fully automatic

Measurement
Duration

2 hours per sample 8 hours per sample
Less than 1 hour

per sample

Two different sets of molded samples were defined for the comparative study: PPGF30 (gentle

conditions, location B) and PPGF40 (gentle conditions, location B), for sample location see

previous Figure 3.20. Measurements were repeated five times at all locations with the present

method and the results are shown as average values, with error bars indicating the standard

deviations. Two repeated measurements were performed with the FASEP system and one repe-

tition for the full analysis. The results for the PPGF40 (gentle conditions, location B) samples

are summarized in Figure 3.22 as average length values and the cumulative length distribu-

tion. Figure 3.23 summarizes the obtained average values for the PPGF30 (gentle conditions,

location B) samples.

While the FASEP measurements barely show any deviation between the two repeated measure-

ments (±0.1mm), the measurements from the present method show a slightly higher deviation.

The full analysis suggests a lower weight average length for the PPGF30, whereas the results for

PPGF40 show a discrepancy of less than 2% between FASEP, the full analysis and the present

method. However, the results from the manual measurement suggest a 27% higher value for the

weight-average fiber length and the standard deviation over the ten repeated samples is 0.95

mm (or 40.0% of the mean).

The fiber length distribution was measured for all process conditions and sample locations using
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Figure 3.22.: Comparison of the outcome of the fiber length measurements for all measurement
protocols (PPGF40, gentle conditions, location B): Average fiber length values, standard deviations

indicated by error bars (right) and cumulative fiber length distribution W (right).
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Figure 3.23.: Comparison of the outcome of the fiber length measurements for all measurement
protocols (PPGF30, gentle conditions, location B): Average fiber length values, standard deviations

indicated by error bars (right) and cumulative fiber length distribution W (right).

the present method and the full analysis for a further comparison between the two measurement

techniques. Five repetitions for the present method and one repetition for the full analysis were

performed for each location. Figure 3.24 shows the weight-average fiber length of the PPGF30

trials, standard conditions (left) and gentle conditions (right). The results from the PPGF40

trials are summarized in Figure 3.25 for the standard conditions (left) and gentle conditions

(right). The results show a strong agreement between the measurement techniques. While some

samples show a slightly larger discrepancy of around 20% (PPGF40 gentle conditions, location

A and PPGF30 gentle conditions, location B), the difference for all other locations is on average

less than 5%.
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Figure 3.24.: Comparison of full analysis and present method for all locations: PPGF30 at standard
conditions (left) and PPGF30 at gentle conditions (right).
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Figure 3.25.: Comparison of full analysis and present method for all locations: PPGF40 at standard
conditions (left) and PPGF30 at gentle conditions (right).

The results of the comparative study show the importance of a standardized measurement tech-

nique for fiber length analysis. The conventional method of manually selecting a subset of

fibers and measuring a small amount of fibers per sample can result in substantial inaccura-

cies and large variations across repeated measurements. As reported by Nguyen and Kunc [61,

101], there is a bias towards longer fibers from manually collecting and analyzing fiber samples.

While measuring a small amount of fibers is certainly less time-consuming regardless of the

actual measurement approach, it is questionable if fewer than 1000 fibers can be statistically

representative of the local fiber length distribution of the sample. The full analysis approach of

a sufficiently large sample might be the ideal procedure since it generates a statistically robust

data set and no correction for down-sampling is necessary. However, the time-consuming sample
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preparation (fiber dispersion and generation of the digital image) might limit the application of

this approach. For example, larger experimental studies on fiber breakage could require repeated

measurements, and analyzing 500,000 fibers per sample without automated fiber dispersion is

very challenging.

Because it dilutes an entire fiber sample in a liquid, the FASEP system does not require any

correction due to down-sampling. However, randomizing the fibers in the suspension and diluting

the mixture requires time-consuming manual effort to be performed correctly. Also, a complete

randomization of fibers within in a highly-diluted suspension might be difficult to achieve for

LFT samples due to the wide range of fibers in the samples. Larger fibers settle faster than

smaller ones. Hence, it is challenging to ensure that a truly randomized sample is extracted

from the diluted mixture. Nevertheless, the FASEP system uses a measurement protocol with

defined steps resulting in repeatable measurements. At the time of this work, it is the only

commercially available measurement system for fiber length analysis.

The outcome of the comparative study shows that the present method can be used to generate

accurate results with a high level of repeatability, while minimizing the manual effort required

to handle, prepare, and analyze a fiber sample. It improves upon the shortcomings of previ-

ously proposed characterization methods and the fiber length of large samples to be accurately

measured in a timely manner to obtain statistically meaningful data.

The proposed methodology also works for other fiber types. Initial tests with carbon fibers and

natural (sisal and hemp) fibers showed that that the same methodology can be applied. Only the

matrix removal steps need to be modified accordingly since pyrolysis is not possible for natural

fiber reinforced composites and a chemical matrix removal is necessary. Carbon fiber reinforced

materials require a nitrogen atmosphere and carefully monitored pyrolysis to prevent oxidation

of the fibers. Moreover, the scan resolution needs to be increased to at least 4800 dpi for carbon

fibers due to the smaller fiber diameter.
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3.4. Discussion and Conclusions of the Developed

Characterization Techniques

The analysis of the microstructural properties of discontinuous fiber-reinforced composites is a

challenging and cumbersome task, but it is a necessary step to obtain a fundamental understand-

ing of the phenomena present in LFT processing. In this work, novel characterization techniques

were developed combining image processing with µCT and optical measurement systems. While

accuracy is the most important objective in developing a measurement procedure, the time re-

quired to take measurements also plays an important role. The developed characterization tools

provide both accuracy and time efficiency, which was highlighted in comparative studies with

conventional measurement procedures.

The comparative studies show that the comparability of reported results across different studies

using different measurement methodologies is limited due to the influence of the measurement

approach causing skewed results. This was particularly evident in the fiber length analysis,

where the conventional measurement approach yielded results that were not repeatable. Hence,

any comparison of reported results across different studies and research groups has to be done

with care due to the discrepancies in measurement techniques. Overall, the outcome highlights

the need for a more standardized approach in characterizing the fiber length of molded samples

to allow a fair and accurate comparison between experimental studies. As it overcomes the

shortcomings of conventional measurement techniques, the developed fiber length measurement

technique is a first step to standardization.

Analyzing the through-thickness fiber orientation and fiber concentration distribution was made

possible using µCT and it proved to be a mighty tool for the fiber microstructure analysis. A

measurement protocol using µCT and image processing was developed and validated for fiber

orientation and fiber concentration analyses. While the investment costs of a µCT system limits

the application of µCT for microstructure analysis of fiber-reinforced samples, it shows clear

advantages over conventional measurement techniques. In fact, µCT allows the analysis of both

fiber concentration and fiber orientation from the same data set. Additionally, image processing

algorithms for fiber length analysis using µCT are being successfully applied to short fiber-

reinforced composites [126]. The non-destructive nature of µCT analysis is particularly useful to

connect the process-microstructure relationship with the microstructure-property relationship,

because the fiber microstructure of test samples can be characterized before mechanical testing.
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Overall, it was shown that the size of the sample and number of repeated measurements are

important to reliably obtain the local information of the microstructural property. A single

sample can carry local heterogeneities or irregularities, which might skew the outcome of a

measurement, if the sample size is small with respect to the heterogeneities. In particular, the

longer fibers in LFT materials can result in non-dispersed fiber bundles, as shown in Figure 3.26.

Like all material characterization procedures, a robust analysis includes a defined set of repeated

measurements [127]. The outcome of this work suggests that at least three repetitions are

required to overcome any local irregularity that might occur.

5 mm

Undispersed Fiber Bundle

Figure 3.26.: Illustration of an undispersed fiber bundle in an injection molded part (40%wt glass
fiber-reinforced PP).
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4. Experimental Studies

The experimental work is divided into two main studies. The first study consists of injection

molding trials of a simple plate geometry at varying nominal fiber concentration, investigating

the process-induced fiber configuration and the correlation between fiber length, fiber orientation,

and fiber concentration. Second, an experimental design was developed to study fiber breakage

under controlled conditions in simple shear flow, aiming to isolate the effects that drive fiber

attrition in LFT processing.

4.1. Injection Molding Experiments

A critical factor in the process-microstructure relationship for discontinuous fiber-reinforced

thermoplastics is the nominal fiber concentration. As discussed in Chapter 2.1, the fiber concen-

tration in the feed material substantially affects the phenomena of fiber breakage, fiber alignment,

and fiber matrix separation. Consequently, the experimental design of this study was conceptu-

alized around the design factor of nominal fiber concentration, while the processing conditions

were kept constant. The material used in this study is a commercially available long glass

fiber-reinforced polypropylene (SABIC STAMAXTM). Table 4.1 summarizes the main material

properties of the glass fiber-reinforced polypropylene (PPGF).

Table 4.1.: SABIC STAMAXTM LFT material properties according to the material supplier [128].

Material Property Value

Nominal Fiber Length [mm] 15.0
Fiber Diameter [µm] 19±1

Density of Fibers [g/cm3] 2.55
Density of PP [g/cm3] 0.905

Young’s Modulus of Single Fibers [GPa] 73
Ultimate Strength of Single Fibers [MPa] 2600
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Table 4.2.: Outline of the injection molding trials: Nominal fiber concentration and raw material.

Trial Label
Weight and

Concentration
Volume and

Concentration
Feed Material

PPGF05 5 %wt 1.8 %vol 25% PPGF20 and 75% neat PP
PPGF10 10 %wt 3.8 %vol 50% PPGF20 and 50% neat PP
PPGF20 20 %wt 8.2 %vol STAMAXTM 20YM240
PPGF30 30 %wt 13.2 %vol STAMAXTM 30YM240
PPGF40 40 %wt 19.1 %vol STAMAXTM 40YM240
PPGF50 50 %wt 26.2 %vol 83% PPGF60 and 17% neat PP
PPGF60 60 %wt 34.7 %vol STAMAXTM 60YM240

The design-of-experiments (DoE) consists of nominal fiber concentrations varying from 5%wt

to 60%wt. Table 4.2 describes the fiber volume and fiber weight concentration, as well as the

feed material used to achieve the respective nominal concentrations for each trial. PPGF20,

PPGF30, PPGF40 and PPGF60 are provided as compounded pellets by the material supplier

(coated long fiber pellets). PPGF05, PPGF10 and PPGF50 were achieved by mixing higher

fiber concentrations with neat PP (SABICTM PP 579S) in a cement mixer before feeding it into

the hopper of the injection molding machine. The neat PP is the same as the matrix material

of the coated long fiber STAMAXTM pellets.

The parts were molded on a 130-ton Supermac Machinery SM-130 injection molding machine

(Supermac Machinery Inc., Gujarat, India). The processing settings followed processing guide-

lines by SABICTM [124] and are summarized in Table 4.3. The processing conditions are kept

constant unless noted otherwise.

Table 4.3.: Processing conditions for the injection molding trials.

Molding Parameter Value

Melt Temperature [○C] 250
Mold Temperature [○C] 50

Back Pressure [bar] 5
Injection Time [s] 2

Holding Pressure [bar] 300
Holding Time [s] 22

The part geometry used in this study is a simple plate with dimensions of 102 x 305 x 2.85 mm3.

The cavity is filled through a 20 mm edge-gate with the same thickness as the plate and is fed

through a 17 mm full-round runner, as illustrated in Figure 4.1 (a).
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Figure 4.1.: Sketch of the plate geometry and illustration of the sample locations for the
microstructure analysis.

The analysis of the microstructural properties is structured as follows. The local fiber length, the

through-thickness fiber concentration and the through-thickness fiber orientation are measured

at three locations along the centerline of the plate, as shown in Figure 4.1 (b). Location 1 is

close to the gate, Location 2 is in the center of the plate, and Location 3 at the of the flow.

The global concentration variation throughout the entire part was measured by pyrolysis of

13 x 26 x 2.85 mm3 samples extracted from the plate, as illustrated in Figure 4.1 (c). Addition-

ally, the fiber length and fiber concentration measurements were performed on purged material

samples, which were obtained by air shots from a retracted injection unit at 10% of the injection

speed.

The samples were scanned with an industrial µCT system (Metrotom 800, Carl Zeiss AG, Ger-

many). Table 4.4 summarizes the scan parameters used for all measurements. The scan settings

are kept constant unless noted otherwise. The scanned sample volume at 5.25 µm resolution

is 12.5 x 10 x 2.85 mm3. The results of this experimental study are presented and discussed

in the following sections focusing on the three microstructural properties individually before

concluding the outcome of this study and discussing the correlation between fiber length, fiber

orientation, and fiber concentration in Chapter 4.1.4.
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Table 4.4.: Zeiss Metrotom 800 scan parameters.

Parameter Value

Voltage [kV] 50
Current [µA] 80

Integration Time [ms] 1000
Number of Projections [-] 2000

Gain [-] 8.0
Spot Size [µm] 5.0
Voxel Size [µm] 5.25

4.1.1. Experimental Analysis of Fiber Alignment

Figure 4.2 summarizes the measured fiber orientation at Locations 1, 2 and 3 for all trials. The

plots show the fiber orientation along the direction of flow, a11, and in cross-flow direction a22.

The fiber orientation in thickness orientation, a33, is not shown for clarity. Three samples were

analyzed for each location and the low standard deviation of the measurement results suggests

a high reproducibility in the molded samples.

The trials at higher concentrations (PPGF20 to PPGF60) show the expected core-shell-skin

pattern (see Chapter 2.1.1). The core layer consists of fibers predominately aligned along the

cross-flow direction while the fibers in the shell layer are oriented along the direction of flow due

to the fountain flow effect. The orientation in thickness direction a33 is low with average values

of less than 0.06 and is uniform through the thickness for all trials.
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Figure 4.2.: Summary of the measured through-thickness fiber orientation at Locations 1, 2 and 3 for
all trials. a11: −◯− and a22: −◻− (a33 is not shown for clarity).
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The measurements of the samples with 5%wt and 10%wt nominal fiber concentration indicate an

alternating fiber orientation through the thickness of the sample, which is particularly distinctive

at Location 2 (see Figure 4.2):

• Core layer: A thin core layer shows a slight preferential fiber alignment in cross-flow

direction with an a22 value of 0.58 for PPGF05 and 0.63 for PPGF10.

• Layer with fiber orientation along flow direction: After a small transition region, two

thick layers with a strong in-flow fiber alignment can be observed at a relative thickness

of approximately 0.35 (0.65). The measurements suggest a strong fiber alignment in the

direction of flow with average values for a11 of 0.78 for both PPGF05 and PPGF10.

• Cross-flow alignment layer: After a second transition region, the measurements indicate a

distinctive layer with fibers predominately oriented in the cross-flow direction at a relative

layer thickness of approximately 0.15 (0.85). The PPGF05 trial shows a higher degree of

orientation in this layer with an average value for a22 of 0.71 while the results for PPGF10

suggest a value of 0.59.

• After a third transition region, the thin skin layer close to the surface can be identified

with preferential orientation in the direction of flow.

For all trials, the samples close to the gate (Location 1) show a wider core layer than those

at Locations 2 and 3, while the degree of orientation in the shell layer is lower. This can be

explained with the radial flow field close to the gate due to the edge gate.

The measurements for PPGF60 at Location 3 suggest a large core layer and an overall random

fiber orientation, including an overall larger standard deviation for the repeated measurements.

This indicates that the high fiber fraction of 60%wt might have caused a non-uniform flow front

at the end of flow due to the high suspension viscosity.

The measurements show that the nominal fiber concentration affects the degree of orientation in

the core and shell layers as well as the width of the core layer. Figure 4.3 shows the preferential

orientation a11 in the shell layer (left) and the orientation in cross-flow direction a22 in the core

along with the core layer width (right) for all trials. In the shell layer, the fiber alignment in

the direction of flow (a11) increases with increasing nominal fiber concentration, the strongest

alignment occurs with 50%wt, corresponding to a value of 0.85 for a11. The cross-flow fiber

orientation in the core also increases with increasing fiber concentration until 40%wt and slightly
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reduces for higher concentrations. The maximum value for a22 in the core layer is 0.79 for

PPGF40. The core width shows a steady increase from 0.09 at PPGF05 to 0.23 at PPGF60.
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Figure 4.3.: Measured fiber orientation in the shell layer showing degree of in-flow alignment a11 (left)
and core layer showing cross-flow alignment a22 (right) at Location 2 for all trials.

Bay [38] studied the fiber alignment in injection molded strips for varying fiber concentrations of

short fiber-reinforced compounds (aspect ratio between 17 and 25). He reports increasing fiber

orientation with elevating fiber concentration in the shell layers of his molded strip geometries.

Since Bay also reports that the influence of the matrix material is negligible, a comparison with

the present work can be done for the fiber alignment in the shell layers. Bay’s measurements

and the outcome of this work match well, as illustrated in Figure 4.4.

Although Bay’s work does not demonstrate as large of a magnitude drop in fiber alignment

at low nominal fiber concentration, the overall trend of increased alignment at higher fiber

concentration is consistent between the two studies. This finding contradicts the pioneering

work done by Folgar and Tucker [35], which found the opposite in their simple shear experiments
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Figure 4.4.: Comparison of experimentally obtained fiber alignment in the shell layers: Results
reported by Bay [38] for SFT compounds and measurements of the present work at Location 3.
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with decreasing fiber orientation at increasing fiber concentration. The contrasts between this

work and that of Folgar and Tucker will be further discussed in the modeling and simulation

part of this dissertation (see Chapter 5.2).

4.1.2. Experimental Analysis of Fiber Breakage

The local fiber length was measured in the purged material and at three locations along the

centerline of the molded plates. Figure 4.5 summarizes the obtained measurements represented

by the number-average fiber length, LN , and the weight-average fiber length, LW , for all trials.

Overall, the initial fiber length of 15 mm decreases substantially throughout the processing.

The results show that increased nominal fiber concentration results in more fiber breakage and

reduced fiber length in the molded plates. While additional fiber breakage occurs during mold

filling, the majority of the length reduction occurs during plasticating, evident in the measured

fiber length in the purged material. The longest weight-average fiber length, LW , was 4.37 mm

for PPGF10 (29.1% of the initial fiber length) and the shortest value for LW was obtained

for PPGF60 at 1.60 mm (10.7% of the initial fiber length). The measurements for PPGF05

and PPGF10 suggest a steady decrease in LW from the purged material and along the sample

locations in the molded plates. In the purged material, LW was 4.11 mm for PPGF05 and

4.30 mm for PPGF10 and, by location 3, reduced to 3.09 mm (PPGF05) and 2.92 mm (PPGF10).

At higher nominal fiber concentrations, the average fiber length increased from location 1 to

location 3, suggesting that the last filled portion of the part carries longer fibers compared to

the region close to the gate. The increase is most dominant at PPGF40 with a measured LW

value of 1.44 mm at location 1 and 1.75 mm at location 3, or a relative increase of 22%.
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Figure 4.5.: Results of the local fiber length measurements for all trials, showing the number-average
fiber length, LN , and the weight-average fiber length, LW at four locations: in the purged material,
close to the gate (Loc. 1), at the center of the plate (Loc. 2), and at the end of the flow (Loc. 3).
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Figure 4.6 shows the fiber length in the plate (averaged for locations 1 through 3) as a function of

the nominal fiber volume concentration. Evidently, the fiber concentration has an impact on the

residual fiber length. The effect is most distinct for weight-average fiber length, which decreases

from 3.25 mm at PPGF05 to 1.08 mm at PPGF60. Overall, the measurements highlight the

severe fiber breakage that is present during LFT injection molding. The measured weight-

average in the plate is only 21.7% of the initial length (15 mm) for PPGF05 or less than 7.5%

for PPGF60.
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Figure 4.6.: Average fiber length in the molded plate for all trials (averaged for locations 1 through 3).

4.1.3. Experimental Analysis of Fiber Matrix Separation

Global Concentration Gradient Analysis using Pyrolysis

The global fiber concentration variation throughout the molded plates was determined by py-

rolysis. The measurements for each trial were repeated three times. The results are depicted as

variation relative to the nominal fiber volume concentration. As expected, the uniform filling

pattern and the simple part geometry result in symmetric global fiber concentrations as shown

in the obtained results for PPGF30 in Figure 4.7.

The average value for each trial is calculated averaging three repeated measurements and by

averaging along the symmetry axis for each measured plate (Figure 4.7). The results for all trials

are shown in Figure 4.8. The measurements show regions of low and elevated fiber concentration

for each trial. PPGF05 has a peak of up to 20% higher fiber concentration along the center of

the plate. PPGF10 to PPGF60 show a tendency of depleted fiber concentration close to the
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Figure 4.7.: Measured global fiber concentration for PPGF30 by pyrolysis: three repeated
measurements and the resulting average.

gate and increased fiber concentration towards the end of the flow.

Figure 4.9 shows the variation of fiber concentration along the centerline of the molded part.

The results for PPGF05 show a peak in the center of the plate for a large region (relative flow

length of 0.2 to 0.7). The other trials show a common trend of -5.2% fibers close to the gate

compared to the nominal fiber concentration and 11% more fibers at the end of the flow.
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Figure 4.8.: Results of the global concentration gradient analysis for all trials.
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Figure 4.9.: Variation of fiber concentration along the plate length for all trials.

To evaluate the fiber concentration variation in the raw pellets caused by the material pro-

duction, ten pellets were selected randomly and the weight fraction was determined through

pyrolysis. The measurements were repeated ten times for the different pellet types used in this

study. Additionally, the fiber concentration in the purged material (air shots) was measured to

investigate the homogeneity of the material before the injection stage. Material from five air

shots were recovered and 5 g randomly selected samples were measured. While the measured

concentration in the pellets and the purged material are slightly below the nominal value, the

measurements show that the fiber concentration is homogenous in the raw pellet material as

well as after the plasticating phase in the purged material (Table 4.5).

Table 4.5.: Measured fiber concentration in the pellets and in the purged material.

Feed
Material

Nominal
Concentration

Measured
Concentration in

the Pellets

Measured
Concentration in

the Purged Material

PPGF20 20%wt 19.82 ± 0.44%wt 19.99 ± 0.08%wt
PPGF30 30%wt 29.32 ± 0.49%wt 29.45 ± 0.27%wt
PPGF40 40%wt 39.56 ± 0.63%wt 39.72 ± 0.10%wt
PPGF60 60%wt 59.49 ± 0.29%wt 59.30 ± 0.23%wt

Through-thickness Concentration Analysis using µCT

Figure 4.10 shows the measured through-thickness fiber concentrations at Locations 1, 2, and 3

for all trials. The results suggest that the fiber concentration varies substantially in the thickness
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direction of all molded plates. The trials at higher concentrations (PPGF20 to PPGF60) show

a common pattern in the measured concentration distribution. The measurements indicate a

core layer with significantly higher fiber concentrations, which reach values of up to 1.5 times

of the nominal concentration for PPGF40 (Location 2). The shell layer and surface region

have fewer fibers. For samples close to the gate (Location 1), the width of the core layer is

wider than at Locations 2 and 3. There are also secondary concentration peaks close to the

sample surfaces (relative thickness of 0.1), reaching values of 1.05 (PPGF20, Location 2) to 1.5

(PPGF40, Location 2). Only PPGF60 shows a fairly constant through-thickness concentration

at the end of the flow path (Location 3).
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Figure 4.10.: Summary of the through-thickness fiber concentration of Locations 1, 2, and 3 for all
trials.
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The trials at diluted suspensions (PPGF05 and PPGF10) show a different trend in through-

thickness fiber concentration. At Location 1, the core layers for both trials have a fiber depleted

core with a normalized fiber concentration of 0.75 and these trials show a maximum of 1.25 in

the transition region between shell and core at a relative thickness of approximately 0.3 (0.7).

PPGF05 shows a similar pattern of a minimum in the core enclosed by two maxima at Locations

2 and 3 as well. On the other side, the PPGF10 results suggest a minor peak of approximately

1.1 in the core layer, which indicates a through-thickness pattern similar to these found at higher

concentrations.
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Figure 4.11.: Illustration of core layer thickness δ and fiber concentration maximum ϕmax
f .

For a more concise evaluation, two characteristic values can be defined based on the shape

of the normalized fiber volume concentration: the core layer width δ and the maximum fiber

concentration in the core layer ϕmax
f , as illustrated in Figure 4.11. The core layer width and

maximum concentration measured at Location 2 for all trials is shown in Figure 4.12. The

relative core width increases at higher nominal fiber concentrations from 0.10 (PPGF05) to 0.26

(PPGF60). While the maximum fiber concentration in the core layer is 0.97 for PPGF05, it

increases to 1.50 for PPGF40, which is the overall highest fiber concentration for all trials. For

PPGF50 and PPGF60, it decreases to 1.36 and 1.27, respectively.

Fiber Packing Density Analysis

The average distance between fibers is an important property indicating how densely the fibers

are packed in the network and it can be used to further relate the microstructural properties.

The average distance between fibers was determined from the µCT scans to obtain a better
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Figure 4.12.: Maximum fiber concentration in the core layer and core layer width at Location 2 for all
trials.

understanding of the fiber packing density. For each individual fiber in the 2D slices, the distance

of the closest adjacent fiber is determined by performing the nearest neighborhood algorithm in

the image processing software Fiji [129], as illustrated in Figure 4.13. The analysis was performed

on the center location of all samples. The shell and the core layer were analyzed separately

for each sample by processing 2D slices of the in-flow direction and the cross-flow direction

separately. Hence, the fibers in the corresponding layer are sliced perpendicularly, leading to a

circular shape in the 2D slice, which improves the accuracy of the nearest neighborhood analysis.

1

3

2

12
 µ

m
   

Figure 4.13.: Illustration of the packing density analysis using the nearest neighborhood algorithm.

Figure 4.14 summarizes the obtained average distance between fibers in the core and shell

layer for all samples. As expected, the distance decreases from 68.1 µm (PPGF05) to 11.6

µm (PPGF60) with an increase in nominal fiber concentration. The findings at higher nominal

fiber concentrations (PPGF20 to PPGF60) suggest that the average distance between fibers in

the shell layer is larger than in the core layer. The difference between core and shell is the largest
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for PPGF20, PPGF30 and PPGF40, while it is lowest for PPGF60. The PPGF05 measurements

show a slightly larger average distance between the fibers in the shell than in the core. For the

PPGF10, the measured distance is almost the same for core and shell. Due to the scan resolution

of 5.25 µm, the results for higher fiber concentrations (PPGF50 and PPGF60) should be treated

cautiously in terms of the absolute distance values obtained in this study.
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Figure 4.14.: Results of the fiber packing density analysis: Average distance between fibers in the
shell and core layer.

Flow Front Analysis

Partial mold fillings were conducted to investigate the transient fiber concentration during mold

filling and at the flow front. The partial mold fillings, or short shots, were molded at the same

processing conditions without a packing phase for the PP with a nominal fiber concentration

of 40%wt (PPGF40). Short shots at 25%, 50%, 75% and 90% fill were done and the fiber

concentration was measured using µCT and pyrolysis. Figure 4.15 shows photographs of partially

molded parts and the relative sample locations, which are 5 mm, 10 mm and 17 mm from the

advancing flow front. Additional measurements of the local fiber concentration through pyrolysis

were performed to obtain the fiber concentration gradient along the flow length. Slices between

5 mm and 15 mm were cut from a 20 mm wide strip along the center line of the partial mold

fillings.

Figure 4.16 shows the measured through-thickness fiber concentration for the partially filled

moldings at a nominal fiber concentration of 40%wt (PPGF40). The results suggest a fairly

uniform fiber concentration through the thickness at the flow front without a distinct fiber ag-

glomeration in the core layer for all fillings (Figure 4.16, left), but a decreased fiber concentration

towards the surface. At 10 mm from the flow front (Figure 4.16, center), the measurements sug-
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Figure 4.15.: Flow front analysis: PPGF40 short shots (photos) at 25%, 50%, 75% and 90% fill, 3D
reconstruction of a µCT scan of the flow front, and sample locations for the measurements.

gest fiber agglomerating in the core. The peak in fiber concentration in the core decreases with

increasing mold fill; the peak is 1.5 times the nominal fiber concentration at 25% fill and 1.1

times the nominal fiber concentration for 90% fill. The analysis of samples extracted 17 mm

from the flow front show the most distinct core-shell structure. The peak fiber concentration in
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Figure 4.16.: Measured through-thickness fiber concentration at the flow front for partially filled
cavity molding (25%, 50%, 75% and 90% fill) at a nominal fiber concentration of 40%wt (PPGF40): At

the flow front (left), 10 mm from the flow front (center) and 17 mm from the flow front (right).
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the core shows a maximum of approximately 1.4 for 50%, 75% and 90% fill. For the 25% fill,

the peak is larger at 1.6 times the nominal fiber concentration.

Figure 4.17 summarizes the measured local fiber concentration with increasing distance from the

melt front (three repeated measurements per location). The measurements suggest a substantial

peak at the flow front itself can be observed, which reaches between 48%wt for the 75% mold fill

and up to 54.7%wt for the 25% mold fill trial. Values above the nominal concentration (40%wt)

are measured up to 25 mm from the flow front. At distances above 25 mm, the measured fiber

concentration is on average 38.5%wt.
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Figure 4.17.: Measured fiber concentration with increasing distance to the flow front for partial mold
fillings (25%, 50%, 75% and 90% fill) at a nominal fiber concentration of 40%wt (PPGF40). The

illustration of the partial mold fillings for reference (top).



85

4.1.4. Discussion of Injection Molding Experiments

The results of this experimental study highlight the substantial impact of the process on the

microstructure, inducing a heterogeneous fiber configuration along the flow path as well as

through the thickness of the injection molded plates.

The through-thickness orientation at higher fiber concentrations (PPGF20 to PPGF60) show

the expected core-shell-skin pattern (see Section 2.1). The measurements suggest that the fiber

alignment in both the core and shell slightly increases with increasing concentration. Through-

out all trials, the core layer width increases steadily from a relative width of 0.09 at PPGF05 to

0.23 at PPGF60. The measurements at lower concentrations (PPGF05 and PPGF10) suggest an

additional layer in the through-thickness fiber orientation. This might be related to the packing

density of the fibers and the free volume of the fibers in the suspension. In general, a suspension

of randomly oriented rods can be divided into three regimes, depending on the volume con-

centration, ϕf , and the aspect ratio, ar, of the fibers [130]. In the dilute regime (ϕf < 1/a2r),

fibers are sufficiently far apart so that there are no contacts between neighboring fibers. The

semi-concentrated regime is characterized by some restrictions of fiber movement due to interac-

tions between adjacent fibers. The movement and rotation of fibers in the concentrated regime

is highly restricted in all direction and the high packing density results in constant interactions

between fibers. Evans and Gibson [131] found experimentally that the maximum volume con-

centration for randomly oriented fibers can be computed by ϕf ,max = 5.3/ar. This relationship
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Figure 4.18.: Illustration of the concentration regimes for fiber suspension and measured fiber aspect
ratio from all trials in this study.
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can be used to estimate the dividing line between semi-concentrated and concentrated regimes

[132]. Figure 4.18 illustrates the three regimes and indicates the location of the measured fiber

lengths from all trials in this study. The PPGF05 and PPGF10 are within the semi-concentrated

regime, suggesting that the fibers have less restriction in movement as opposed to trials with

higher concentrations. Hence, this might explain the additional orientation layer for the lower

fiber concentrations as the fibers have room and more free volume to move and rotate during

mold fill.

The analysis of the through-thickness fiber concentration showed a substantial fiber agglomera-

tion in the core layer and fewer fibers in the shell layers. Figure 4.19 shows a stitched set of low

resolution µCT scans of a complete PPGF40 plate (left) and 2D slices of high resolution scans

of the core layer and the shell layer respectively (right). This figure highlights qualitatively the

fiber concentration gradient induced by injection molding process. At a nominal fiber concen-

tration of 40%wt, the measurements suggest 1.5 times the normal concentration of fibers in the

core. The degree of fiber agglomeration can safely be assumed to have an impact on the other

microstructural properties.

Shell

Shell

Core

Core

Figure 4.19.: Qualitative illustration of the process-induced fiber matrix separation in LFT injection
molding for PPGF40: Stitched set of low resolution µCT scans (left) and 2D slices of high resolution

scans of the core layer and the shell layer (right).

The measured through-thickness fiber concentration shows a core-shell pattern similar to that

found in the fiber orientation analysis. In fact, the measurements suggest a correlation between

the through-thickness orientation and concentration of the fibers. Figure 4.20 shows combined
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(c) PPGF40 (d) PPGF60

(b) PPGF20
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Figure 4.20.: Correlation of the through-thickness fiber concentration and fiber orientation for
PPGF05 (a), PPGF20 (b), PPGF40 (c), and PPGF60 (d) at Location 3.

plots of the through-thickness analysis for PPGF05 (a), PPGF20 (b), PPGF40 (c), and PPGF60

(d) at Location 3. The fiber agglomeration in the core aligns with the fiber alignment in the

core layer. Noticeably, the width of core layer for both the fiber concentration and the fiber

orientation matches well. Particularly interesting is the correlation for PPGF05 with the two

layers surrounding the core layer. In these two layers, the maximum fiber concentration coincides

with the peak fiber alignment along the direction of flow (a11).

The emerging core-shell-skin pattern for the fiber orientation is attributed to the fountain flow

effect [35, 41] (see also Chapter 2.1.1). The observed through-thickness fiber concentration

distribution might also be related to the fountain flow phenomenon, as the overall deformation

at the advancing flow front causes substantial reorientation of the fibers. The degree of fiber

alignment determines how closely the fibers can pack together, or vice versa.

The fiber concentration at any stage during mold filling is not low enough to allow a completely

random fiber orientation. In fact, the fiber concentration in most of the trials is in the concen-

trated regime, as previously shown in Figure 4.18. Hence, the fibers need to be always aligned

to some degree. The peak fiber concentration found at the advancing flow front in the PPGF40

partial mold fillings implies strong fiber alignment to accommodate the agglomerating fibers.
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This high packing density at the flow front might not be able to carry through the reorientation

process at the advancing flow front, at least not for all fibers at the flow front. Hence, the

fiber concentration in the shell layers is lower than in the core. Furthermore, Andersson and

Toll [40] suggest that the fibers in the core are compressed by the fibers that move through the

fountain flow. Furthermore, they argue that stresses emerge acting on the core layer fibers due

to the elasticity of the fibers going through the reorientation process, which further compresses

the fibers in the core layer and packs them more densely. This hypothesis would also explain

why the trials at diluted concentrations (PPGF05 and PPGF10) show different trends in the

through-thickness concentration. The low fiber concentration in these trials allows for more

random fiber orientation through the part and the alignment-concentration dependence is not

as pronounced.

The analysis of fiber concentration through pyrolysis for the entire molded plate shows that there

is also a global concentration gradient. The measurements show increasing fiber concentration

along the flow path for all trials. While the concentration peak for PPGF05 is in the center of

the plate, the measurements of the other trials suggest peaks at the end of the flow. Throughout

all trials, the samples close to the gate have the lowest fiber concentration. The findings are

aligned with what has been reported in other studies [40, 47–51], which show similar trends.

Advancing Front
Fiber Pull-Out

Melt

Partially Embedded FibersFrozen Layer

Fiber Breakage

Mold Surface

Figure 4.21.: Fiber pull-out and fiber breakage during cavity filling due to partly embedded fibers.

Although no clear explanation for this phenomenon has been established, a reasonable hypothesis

for the variation is the interaction between partially embedded fibers and the molten core at

the interface of the solidified layer during mold filling. Two mechanisms can cause a change in

fiber concentration, as shown in Figure 4.21. Partially embedded fibers in the solidified layers
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are exposed to deformation and stresses caused by the advancement of the molten core during

cavity filling. Ultimately, the fibers can be either sheared off or pulled out and swept along

with the molten core. Either mechanism can result in an increased fiber concentration at the

last filled part of the cavity. Analyzing the fiber concentration of the partial mold fillings lends

support to the theory because it shows a significant peak in fiber concentration at the melt front

for all partial mold fillings. This peak suggests that an elevated concentration of fibers is carried

along the flow front. Measurements of the raw pellet material and plasticated material before

the injection phase (purged material) confirm that the fiber concentration is constant. Hence,

the observed concentration gradients in the molded plates are due to the process-induced fiber

matrix separation during cavity fill.
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Figure 4.22.: Qualitative illustration of the normalized mechanical properties as function of fiber
aspect ratio for tensile modulus, tensile strength, and impact strength, adapted from [71]. The graph

shows the measured residual fiber length in the molded plates (LN ), indicating the expected normalized
properties.

The fiber length measurements suggest that substantial fiber breakage occurs throughout the

entire process. The residual weight-average fiber length, LW , in the molded plates reduces to

approximately 3.25 mm for PPGF05 and 1.08 mm for PPGF60. Figure 4.22 shows a qualitative

illustration of the expected effect on the mechanical properties using Schemme’s graph [71] (see

also Section 2.1.4), highlighting the challenges that process-induced fiber breakage poses for the

mechanical performance of the molded part. For all nominal fiber concentrations, Schemme’s

work suggests that the measured residual lengths are within a range where tensile strength and

impact strength are very sensitive to the residual fiber length. Hence, even slight improvements
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in preventing fiber breakage could significantly increase the mechanical performance, while small

decreases in fiber length could significantly degrade performance.

4.2. Fiber Breakage Study under Controlled Conditions

The results from the previous chapter on fiber breakage in injection molding highlight the severe

reduction of fiber length during processing. However, investigating the underlying physics of fiber

breakage experimentally in an injection molding process is challenging, because of the complex

and changing flow conditions that the fibers are exposed to throughout the various stages of the

process. The plasticating stage was identified as the main source of fiber breakage, reducing the

fiber length from initially 15 mm to less than 10% of the initial length (PPGF60) before cavity

fill. Isolating the mechanisms that cause the fiber breakage during plasticating is limited due

to the overlapping effects of fiber-fiber interactions, fiber-mold wall interactions, hydrodynamic

effects and, especially, melting effects (see Chapter 2.1.3). At the same time, researchers have

expressed the need for basic experimental studies at defined processing conditions to develop a

theoretical framework for modeling fiber breakage [5].

Consequently, an experimental setup was developed as part of this work to study fiber breakage

under controlled conditions. The device is a scaled Couette rheometer [133], consisting of con-

centric inner and outer cylinders with a annular gap, as shown in Figure 4.23. While the inner

cylinder rotates at a defined speed Ω (or torque T), the outer cylinder is stationary, exposing the

material to a simple shear flow within the annular gap. The temperature is controlled through

Fixed Outer Cylinder
Thermocouple

Rotating Inner Cylinder

Heater Bands

Fiber-Filled Material

80 mm

35
 m

m

45
 m

m

Ω, T

Spring-Loaded Lid

Figure 4.23.: Illustration of the Couette Rheometer set-up for fiber breakage study.
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insulated heater bands surrounding the outer cylinder and a thermocouple measuring the melt

temperature. The dimensions of the Couette rheometer are designed to be characteristic of

the conditions during plasticating in injection molding. The diameter of the inner cylinder is

45 mm, the annular gap is 5 mm, and the length of the annular volume is 80 mm. Ultimately,

the characteristic dimensions of the Couette rheometer setup allow a correlation of the findings

to regular LFT processes. The Couette rheometer setup is attached to the drive unit of a Plasti

CorderTM torque rheometer (C.W. Brabender Instruments Inc., Hackensack, NJ), controlling

the rotational speed or torque of the inner cylinder. The individual parts, photos, and technical

drawings of the Couette rheometer are shown in Appendix B.

The experimental setup and the experimental plan were conceptualized to isolate and quantify

the effects that drive fiber breakage in LFT processing for controlled conditions. The objective

of this procedure is to obtain a fundamental and quantitative understanding of the underlying

physics of fiber breakage, which can be related to LFT injection molding. The setup allows

control of the following processing conditions:

• Melt temperature, TMelt

• The processing speed, Ω, or Torque, T

• The residence time, tR

Additionally, the influence of the material properties on fiber breakage can be studied by selecting

corresponding compounds with defined nominal fiber concentration ϕf , initial fiber length LInitial,

and matrix material. Table 4.6 summarizes the framework for the experimental study and

highlights the process characteristics that can be investigated with the developed setup. The

experimental procedure and the design of experiments are discussed in the next section.

The degree of fiber breakage can be quantified along the dimensions processing conditions and

material properties using the Couette rheometer setup. To comprehend the impact of these

dimensions on fiber breakage and capture it analytically, a mathematical framework is adapted

and applied. Shon et al. [134] proposed a basic kinetic model to describe the fiber breakage in

continuous and batch mixers. Their model suggests that the rate of fiber length reduction is

described by
dL

dt
= −kf (L0 − L∞) (4.1)

where L0 is the starting fiber length, L∞ is the asymptotic value and kf is the fiber breakage rate
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constant. The parameters L∞ and kf are fitting parameters, depending on the flow conditions

and material properties [134]. The interpretation of L∞ is that a minimal fiber length exists at

which no further breakage occurs for given process conditions. Integrating equation 4.1 yields

the exponential decay function

L (t) = (L0 − L∞) e−kf t +L∞ (4.2)

Shon et al. did not discuss the implications of the model parameters kf and LInitial nor propose

any physical interpretation for the parameters. However, the model offers a concise way of

capturing fiber attrition in the Couette rheometer. Hence, it is applied to fit the experimental

data and compare the impact of processing conditions and material properties. The graphical

interpretation is illustrated in Figure 4.24, showing arbitrary obtained measurements and the

fitted decay function.

A general hypothesis regarding the influence of processing conditions and material properties

can be stated as follows

L∞ = f ( ϕf , L0, d, σu, γ̇, η (T , γ̇ )) (4.3)

kf = f ( ϕf , d, σu, γ̇, η (T , γ̇) ) (4.4)

where ϕf (fiber concentration), d (fiber diameter), L0 (initial fiber length) and σu (ultimate

strength of the fiber) are material properties, while γ̇ (shear rate) and η (T , γ̇) (suspension

viscosity) are process conditions.

Table 4.6.: Proposed target values for the experimental fiber attrition study.

Processing Parameters Impact on Fiber Breakage

TMelt Suspension viscosity and degree of hydrodynamic stress

tR
Total deformation of the material, rate of fiber breakage and

steady state fiber length

γ̇
Degree of hydrodynamic stress, fiber-fiber interactions

and fiber-wall interactions
(γ̇ tR) Total deformation of the material

Material Property Impact on Fiber Breakage

ϕf Fiber-fiber interactions and suspension viscosity
LInitial Change in the rate of breakage

Matrix Material Suspension viscosity and degree of hydrodynamic stress



93

0

5

10

15

0 25 50 75 100 125 150

1
kf

L∞

Residence Time [s]

Fi
be

r L
en

gt
h 

[m
m

] Fitted Shon’s Model
Data Points

Figure 4.24.: Illustration of an arbitrary fiber length reduction over time in the Couette rheometer
fitted by Shon’s kinetic model [134].

4.2.1. Experimental Methodology and Design of Experiments

All experiments were conducted under isothermal conditions to exclude any fiber breakage due

to melting effects and interactions of fibers with partially molten pellets. Before the beginning of

each experiment, the unfilled Couette rheometer is heated up to the defined processing tempera-

ture. The material at ambient temperature is filled in the annular gap until completely full. The

filling processes takes less than 120 s, using a specially designed funnel system. The processing

begins only when the material has reached the defined temperature. Depending on the nominal

fiber concentration, the heat-up time takes up to 5 min. To ensure a uniform temperature in

the melt, the temperature is measured with an external immersion thermocouple. The Couette

rheometer is closed and attached to the Brabender as soon as the desired melt temperature is

reached. The lid is spring loaded, forcing the inner cylinder to move out of the fixed outer cylin-

der, as shown previously in Figure 4.23. This ensures that any air trapped within the material

is removed.

The material is processed at a constant rotational speed of the inner cylinder and for a defined

period of time. After processing, the still molten sample is removed from the Couette and

prepared for fiber length measurements, according to the developed fiber length presented in

Chapter 3.3. From each processed specimen at least two samples were extracted for the fiber

length analysis. Figure 4.25 shows a typical specimen after being processed in the Couette

rheometer and the sample locations for the fiber length measurements.
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30 mm

Extracted Sample

Couette Rheometer Specimen

Figure 4.25.: Photo of a molded Couette rheometer specimen and the locations for extracting two
samples (Ø=30 mm) for the fiber length analysis.

All Couette rheometer experiments are performed with the same glass fiber-reinforced PP as

used in the injection molding trials (SABIC STAMAXTM PPGF) and the material properties

are listed in Section 4.1.

The experimental plan is divided into three studies. The first study examines the fiber length

reduction over time. While the processing speed is varied, the melt temperature and the fiber

weight fraction are kept constant, as summarized in Table 4.7. The experiments were conducted

at varying residence times to capture the history of the fiber length reduction. Figure 4.26

illustrates the profile of the processing speed. The residence time is defined as the time after

the processing speed has been reached until the drive unit is turned off. The acceleration of the

drive unit was measured to be 82±3 RPM per second. Hence, the ramp up time is approximately

0.6 s for 50 RPM, 1.2 s for 100 RPM, and 1.8 s for 150 RPM.
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Figure 4.26.: Schematic of the defined processing speed and residence time.
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Table 4.7.: Overview of processing conditions for the experimental study on fiber length reduction
over time.

Temperature Processing Speed Fiber Concentration

Trial 1 50 RPM 250○C 30%wt
Trial 2 100 RPM 250○C 30%wt
Trial 3 150 RPM 250○C 30%wt

Pre-trial experiments showed that residence times of 20 s, 40 s, 60 s, 120 s and 180 s would

sufficiently capture the fiber length reduction over time for studied processing conditions and

material. Measurements of the fiber length at lower residence times result in large measurement

deviations caused by non-dispersed fiber bundles, as shown in Figure 4.27. The first 20 seconds

of processing are characterized by dispersing the coated fiber bundles and substantial fiber

reorientation, resulting into a heterogeneous fiber microstructure. While the dispersion and

reorientation of the fibers can be studied with the Couette rheometer setup, this work focuses

on the fiber breakages when the fibers are fully dispersed (residence time > 20 s).

3 mm

1

23

3

21

3

12

Undispersed Fiber Bundles

Figure 4.27.: µCT images illustrating undispersed fiber bundles at low residence times: 30%wt.,
100 RPM, 250○C and 5 seconds residence time.

The second study focuses on the equilibrium value or unbreakable length, L∞, at which point

no additional fiber breakage occurs for given process conditions. The study aims to quantify

the impact of melt temperature, processing speed, and fiber concentration on L∞. This study

was designed as a full factorial DOE with three factors and three levels, as shown in Table 4.8.

All experiments in this study are conducted at a residence time of 180 s or 240 s and pre-trial

experiments were conducted to ensure that L∞ was reached.

In the third part of the Couette rheometer study, the initial fiber length of the feed material
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Table 4.8.: Summary of the full factorial DOE focusing on the impact of processing conditions and
fiber concentration on the unbreakable fiber length, L∞.

Processing Speed Temperature Fiber Concentration

Low 50 RPM 220○C 20%wt
Medium 100 RPM 250○C 30%wt

High 150 RPM 280○C 40%wt

was varied to investigate how the initial fiber length affects the fiber breakage. The processing

speed and the melt temperature were kept constant at 100 RPM and 250○C, respectively. The

fiber concentration is 30%wt and the initial fiber lengths of 2.5 mm, 5.0 mm, 10 mm and 15 mm

were examined. The experiments at each initial length were conducted at 20 s, 40 s, 60 s, 120 s

and 180 s to capture the fiber length reduction over time.

2.5 to 15 mm

Coated Fiber Bundle

Thermoplastic Matrix

15 mm

10 mm

5 mm

2.5 mm

Continous Strands
50 mm

Cutting

Cut Pellets

Figure 4.28.: Preparation of feed material with varying initial fiber length by cutting continuous
strands of PPGF30 material to defined pellet lengths.

The variation in initial fiber length was reached by producing feed material with varying pellet

length. Since the fibers in LFT pellets are aligned along the pellet axis, the fiber length is uniform

and equals the length of the pellet. The feed material with different pellet lengths was specially

prepared. The material supplier provided un-pelletized, continuous strands of the commercially

available STAMAXTM PPGF from a laboratory scale compounding line. The continuous strand

was cut into defined length using an automated wire cutter (Artos Model 40-725, Artos Engi-

neering, Brookfield, WI), as illustrated in Figure 4.28. While the glass fiber material and the PP

matrix of the continuous strand are identical to the commercially available SABIC STAMAX

pellets, slight differences in pellet diameter and fiber concentration are present1. Hence, a direct

1The diameter of the continuous strand is slightly smaller (3.3 mm compared to 3.5 mm) and less uniform.
The fiber concentration is slightly larger than in the commercial pellets (31.62 ± 0.58%wt compared to
29.32 ± 0.49%wt). This can be attributed to the different scale of the laboratory compounding line (e.g,
different throughput, pulling speed, and die design).
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comparison with results of the commercially available SABIC STAMAXTM pellets needs to be

done with caution.

4.2.2. Study of Fiber Length Reduction Over Time

The residual fiber length at varying residence times was measured for three different processing

speeds (50 RPM, 100 RPM and 150 RPM) while the isothermal melt temperature (250○C)

and fiber concentration (30%wt) were held constant. Figures 4.29 and 4.30 show the obtained

measurements for the number-average fiber length, LN , and weight-average fiber length, LW ,

respectively. The markers indicate the measured length average and the standard deviation

represented by error bars. The solid lines show the fitted exponential decay model and the

obtained fitting parameters (k f ,N and L∞) are summarized in Table 4.9.

Table 4.9.: Summary of fitted model parameters for the measured fiber length reduction over time.
Values fitted to LN and LW separately. R2 indicated as a measure of the fitted parameters.

LN LW

k f ,N L∞,N R2 k f ,W L∞,W R2

50 RPM 0.027 0.781 0.994 0.025 1.663 0.995
100 RPM 0.053 0.688 0.970 0.042 1.219 0.991
150 RPM 0.053 0.557 0.964 0.062 1.062 0.972

The results show that substantial fiber breakage occurs in the Couette rheometer for all pro-

cessing speeds with a reduction of fiber length down to less than 11% of the initial fiber length

(15 mm). The results confirm the expected exponential decay of fiber length over time until it

reaches an asymptotic value, L∞, at which the average fiber length does not reduce further. The

impact of processing speed on fiber breakage is evident on both the rate of fiber attrition and the

unbreakable length L∞. An increase from 50 RPM to 150 RPM results in a reduction in L∞,W

of 36.1%. While L∞ is reached at approximately 120 s for 150 RPM, it takes approximately

180 s at 50 RPM.
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Figure 4.29.: Measurements of the number-average fiber length, LN , showing the fiber length
reduction over time for 250○C, 30%wt and varying processing speeds: 50 RPM, 100 RPM and

150 RPM.
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Figure 4.30.: Measurements of the weight-average fiber length, LW , showing the fiber length reduction
over time for 250○C, 30%wt and varying processing speeds: 50 RPM, 100 RPM and 150 RPM.

4.2.3. Study of Unbreakable Length L∞

The investigation of the impact of processing conditions and fiber concentration on L∞ allows a

concise analysis of the mechanisms that drive fiber attrition, because it excludes fiber breakage

and transient attrition at lower residence times. Figures 4.31 (results for LN ) and 4.32 (results

for LW ) summarize the results of the three factor, three level DOE.

The isothermal melt temperature was varied between 220○C, 250○C, and 280○C, representing the

processing temperature range suggested by the material supplier [124]. The melt temperature

affects the suspension viscosity and, consequently, the stresses that the fibers are exposed to
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Figure 4.31.: Outcome of DOE on the unbreakable length L∞ showing the obtained number-average
fiber length LN for 20%wt (left), 30%wt (center), and 40%wt (right).
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Figure 4.32.: Outcome of DOE on the unbreakable length L∞ showing the obtained weight-average
fiber length LW for 20%wt (left), 30%wt (center), and 40%wt (right).

during processing. This interdependency is evident in the obtained results. Throughout all

conditions in the DOE, an increased temperature results in longer residual fiber lengths. The

most substantial impact of melt temperature can be seen for 20%wt fiber concentration at a

processing speed of 50 RPM. The measurements suggest a LW value of 5.32 mm and 3.21 mm

for melt temperatures of 280○C and 220○C, respectively. This a relative reduction of 40% due

to the change in temperature.

Varying the nominal fiber concentration implies a change in two fiber breakage mechanisms.

First, increased fiber concentration results in more fiber-fiber interactions and, second, elevated

fiber-mold surface interactions. While the two types of interaction cannot be separated exper-

imentally, the measurements can be used to quantify the effect of fiber interactions as a whole

(fiber-fiber and fiber-mold) on the residual fiber length. In all trials, an increased fiber concen-

tration resulted in reduced residual fiber length. At 100 RPM and 220○C, the measured value

for LW is 1.31 mm for a fiber concentration of 20%wt and reduces to 0.73 mm for the 40%wt

trial.
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Processing speed also had the expected effect on the residual fiber length - an elevated processing

speed causes evaluated fiber breakage for all combinations of the DOE, as show previously in

Figures 4.31 and 4.32.

The data of the DOE were analyzed statistically to test the relative significance of melt temper-

ature, processing speed and fiber concentration. An analysis of variance (ANOVA) was applied

to the measurements to determine differences in means between the factors and the level of the

factors of the DOE [135]. Figure 4.33 shows the main effect plots with respect to unbreakable

length L∞,W . All three factors influence L∞,W and have a statistically significant impact on the

process-induced fiber breakage.
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Figure 4.33.: Results of the statistical analysis (ANOVA) showing the main effect plots for L∞,W for
melt temperature (left), processing speed (center), and fiber concentration (right).

Figure 4.34 shows the interaction plots obtained from the ANOVA. The results indicate that

processing speed and fiber concentration are statistically independent factors in the DOE. The

effect of these two factors on L∞,W varies over the different levels. Fiber concentration has a

larger effect at lower processing speeds than at higher processing speeds. The analysis suggests

that melt temperature and fiber concentration affect L∞,W independently, because their indi-

vidual effects are constant across the different levels. The results suggest that the interactions

between processing speed and temperature are inconsistent. At higher processing speed, the

analysis suggests no interactions between the two factors. However, the effect of the processing

speed at 50 RPM depends on the level of the factor melt temperature.
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Figure 4.34.: Results of the statistical analysis (ANOVA) showing the interaction plots for L∞,W for
processing speed-temperature (left), processing speed-fiber concentration (center), and

temperature-fiber concentration (right).

4.2.4. Impact of Initial Fiber Length

The effect of the initial fiber length on fiber breakage was evaluated for constant processing

conditions (250○C) and constant nominal fiber concentration (30%wt). Figures 4.35 and 4.36

show the fiber length reduction for varying initial fiber lengths (2.5 mm, 5 mm, 10 mm, and

15 mm).

The results suggest that the unbreakable fiber length, L∞, converges to the same value, indepen-

dent of the initial length of the fibers. For the defined processing conditions, L∞,W reached a

value of 0.782±0.124 mm and L∞,N reached a value 0.515±0.073 mm. The rate of fiber breakage
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Figure 4.35.: Experimental results, showing the reduction of the number-average fiber length, LN ,
over time at 250○, 30%wt, 100 RPM and varying initial fiber length: 2.5 mm, 5 mm, 10 mm, and

15 mm.
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Figure 4.36.: Experimental results, showing the reduction of the weight-average fiber length, LW , over
time at 250○, 30%wt, 100 RPM and varying initial fiber length: 2.5 mm, 5 mm, 10 mm, and 15 mm.

is similar for all initial fiber lengths, which is evident by the obtained values for the fiber break-

age rate coefficient, k f , as shown in Figure 4.37. The average value for k f ,N is 0.030±0.002 s−1

and 0.042±0.0026 s−1 for k f ,W . Consequently, the rate of fiber breakage and the unbreakable

length are independent for constant processing conditions. Furthermore, it can be concluded

that any increase in initial fiber length results in longer residence times until the unbreakable

length is reached.
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Figure 4.37.: Obtained fiber breakage rate coefficient, kf , for varying initial fiber length: 2.5 mm,
5 mm, 10 mm, and 15 mm. The horizontal lines indicate the averages values of kf .
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4.2.5. Discussion of the Fiber Breakage Study under Controlled Conditions

The fiber length degradation in a Couette flow under controlled conditions was studied exper-

imentally and the impact of processing conditions (melt temperature, processing speed, fiber

concentration and initial fiber length) on fiber attrition was quantified. The developed experi-

mental procedure proved to be a valuable tool to generate quantitative results of fiber breakage

for LFT materials. The results highlight the severe fiber length reduction observed in LFT

processing, where the harshest processing conditions result in a residual fiber length that is less

than 5% of the initial fiber length (40%wt, 150 RPM, 220○C, 180 s). The DOE focusing on

L∞ showed that the effect of fiber concentration, melt temperature and processing speed on the

residual length is statistically significant. The initial length of the fibers at constant processing

conditions does not affect the rate of fiber breakage nor L∞, but increases the time at which

L∞ is reached. While the results obtained with the developed Couette rheometer setup might

not be transferred directly to the complex flow conditions present in LFT injection molding,

it suggests that the benefits of increasing the initial fiber length of the feed material to obtain

longer residual fiber lengths is limited without optimizing the processing conditions.

The presented results for the Couette rheometer study are valuable experimental data that

serve as a starting point for understanding the underlying physics of fiber breakage and deriving

improved processing guidelines for LFT materials. The outcome of the statistical analysis of the

DOE focusing on L∞ suggests a set of important correlations for the processing of LFT:

• All three factors prove to be significant in their effect on the unbreakable length in the

Couette rheometer experiments within the tested range.

• The experimental results suggest that the largest effect stems from fiber concentration. As

the range of 20%wt to 40%wt represents the most relevant range for industry applications

[23], the trade-off between fiber concentration and residual fiber length can be an important

consideration in the part design. Depending on the process conditions, an optimal value

for the nominal fiber concentration can be found for a desired fiber length.

• The ANOVA analysis suggests that the factor melt temperature is statistically independent

of fiber concentration and to some extent independent of processing speed, the control

of the temperature profile is an ideal parameter to optimize a process for reduced fiber

breakage. However, the outcome of the DOE suggests that the correlation is not linear for
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the investigated material. An increase in melt temperature from 250○C to 280○C results

in a larger increase in residual fiber length than an increase from 220○C to 250○C.

• The impact of processing speed on fiber breakage appears to be most significant at lower

speeds. Although only three speeds were tested, the trend points towards a declining effect

at higher processing speeds (or shear rates). Transferring this outcome to the injection

molding process, there may be substantial reduction in fiber breakage by lowering the screw

speed, which aligns with work by Inoue et al. [21]. The results of this study indicate that

the impact of processing speed on fiber breakage is not linear and that that there might

be a threshold in shear rate at which a change in screw speeds becomes more significant.

The overall results from the DOE focusing on L∞ can be summarized to illustrate how the pro-

cessing conditions and fiber concentration affect the residual fiber length by plotting L∞,W as the

product of the matrix viscosity, ηM , and the average shear rate, γ̇ (see Figure 4.38). The graph

shows the how the residual fiber length reduces with harsher processing conditions (increased

processing speed and lower melt temperature). The data provide a starting point and suggest

a framework for modeling the unbreakable length L∞,W as a function of processing conditions,

which is shifted by the nominal fiber concentration. The application of the experimental data

from the Coeutte rheometer experiments for modeling will be discussed in detail in Chapter 5.3.

0

2

4

6

0 2000 4000 6000 8000 10000

y = 3896.4 x -0.934

R² = 0.883420%wt

y = 290.56 x -0.659

R² = 0.93430%wt

y = 60.897 x-0.516

R² = 0.909740%wt

1

3

5

W
ei

gh
t-A

ve
ra

ge
 F

ib
er

 L
en

gt
h 

L W
 [m

m
]

Matrix Viscosity • Average Shear Rate [Pa • s]  

Figure 4.38.: Measurements of L∞,W from the DOE plotted as function of average shear rate, γ̇,
times the suspension viscosity, ηS .
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4.3. Conclusions of Experimental Studies

The outcome of the injection molding experiments demonstrates the significant impact of the

process on the fiber microstructure in the molded part. The measurements suggest that the

common assumptions of a uniform fiber length and fiber concentration throughout a molded

part are not valid. In fact, processing LFT materials results in a fiber microstructure that is

significantly heterogeneous. Furthermore, the experiments indicate correlations between fiber

alignment, fiber matrix separation, and fiber breakage. Conventionally, the process-induced fiber

orientation, fiber length, and fiber concentration are investigated separately and interdependen-

cies are neglected. This work shows that an isolated analysis of the microstructural properties

is not well-founded. For example, the measurements of the through-thickness orientation and

concentration highlight a correlation that has not been addressed before. Consequently, an ex-

tended theoretical framework is required to capture the link between fiber alignment and fiber

matrix separation during processing.

The experimental results highlight the challenge that fiber breakage phenomena pose for pro-

cessing long glass fiber-reinforced thermoplastics. The fiber length in the injection molded parts

can reduce to less than 10% of the initial fiber length. Furthermore, the fiber length is not

constant along the flow path and can vary up to 25% throughout the part. The developed

Couette rheometer setup in combination with the developed measurement technique proved to

be a valuable tool to study the fiber breakage of long glass fiber-reinforced thermoplastics under

controlled conditions. Using the proposed methodology, a repeatable, accurate and robust set of

experimental data can be obtained. The findings from this study are very valuable and can close

a gap in available experimental data as it allows the isolation of the impact of process variables

on fiber breakage.
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5. Evaluation of Modeling Approaches

This chapter presents the results of an evaluative study of numerical models that are used to

predict the process-induced fiber microstructure in LFT injection molding. The simulation of

the mold filling for fiber-reinforced composites is commonly decoupled on two scales. First,

the actual mold filling is solved independently of any change in the fiber microstructure. This

simplification assumes that a change of fiber orientation, length or concentration does not affect

the flow behavior of the suspension. The second decoupling assumes that the phenomena of fiber

alignment, fiber matrix separation, and fiber breakage are independent. All injection molding

simulations in this work are performed using Moldex3DTM (Version R15, Service Pack 1), which

uses a 3D finite volume method to solve the governing equations. The details of the numerical

solver can be found in [136]. The transient, non-Newtonian and non-isothermal flow of the melt

during cavity fill can be described by the following governing equations. The conservation of

mass is described as

0 = ∂ρ

∂t
+∇ ⋅ (ρu) (5.1)

where t is the time, ρ the density, and u the velocity vector.

The conservation of momentum is expressed as

ρ(∂u
∂t
+u ⋅ ∇u) = −∇ ⋅σ + ρg (5.2)

where σ represents the total stress tensor and g is the gravity field.

The total stress tensor, σ, for Generalized Newtonian Fluid is written as

σ = −pI + η (∇u +∇uT ) (5.3)

where p is the pressure and η is the viscosity of the fluid, described by an appropriate viscosity

model to account for the temperature, pressure and shear rate dependency of polymers.
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The conservation of energy is described by

ρCP (
∂T

∂t
+u ⋅ ∇T) = ∇ ⋅ (k∇T ) + η γ̇2 (5.4)

where Cp is the specific heat, k is the thermal conductivity and T is the temperature. The mold

filling simulation is highly dependent on the material properties and the rheological and thermal

conditions. The viscosity is modeled using the Cross-William-Landel-Ferry (Cross-WLF) model

to account for shear thinning and temperature dependency [137, 138]. The pressure-volume-

temperature (pvT) is modeled using the modified Tait model [139]. All models and model

parameters used for the mold filling simulations in this work are listed in Appendix A.

25% Fill 50% Fill 75% Fill 90% Fill

tfill = 0.5 s tfill = 1.0 s tfill = 1.5 s tfill = 1.8 s

Figure 5.1.: Mold filling study, comparing the simulated mold front advanced with experimental short
shots for PPGF40 (see experimental study in Chapter 4.1).
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The flow rate as a boundary condition is defined at the mold inlet and no slip is assumed at

the mold walls [24]. The plate geometry was discretized into approximately 600,000 elements

(hybrid mesh) with at least 16 elements through the thickness to capture the through-thickness

variation of fiber orientation and fiber concentration accurately, following a sensitivity study on

the impact of meshing on fiber orientation published by Foss et al. [24]. A mold fill study was

done to validate the simulation by comparing experimental partial mold fillings (short shots)

with the melt front prediction obtained with Moldex3DTM. This mold fill study was done for

the PPGF40 injection molding trials (see Section 4.1) and the results are shown in Figure 5.1.

Although the mold filling simulations do not fully capture the shape of the melt front, the melt

front predictions show strong agreement with the experiments.

In the following sections, the prominent models for fiber alignment (Folgar-Tucker Model [35]),

for fiber matrix separation (Suspension Balance Model [116]), and for fiber breakage (Phelps-

Tucker Model [5]) are evaluated. All three models are implemented in the commercial version

of Moldex3DTM. The simulation results are tested and compared with the experimental results

from the previous chapter to evaluate whether the models are capable of predicting the process-

induced microstructure.

5.1. Two Phase Suspension Model for Fiber Concentration

Prediction

The two phase suspension model proposed by Morris and Boulay [116] was adapted by Tseng

et al. for injection molding simulations (see Section 2.3.2) and implemented as a simulation

module in Moldex3DTM (Version R15 Service Pack 1). The adapted model requires the input of

the particle friction index, n, which is assumed to be a material dependent model parameter and

can be obtained from experiments [36]. Although Tseng et al. [36] do not discuss the procedure

to obtain n empirically, the boundaries for the model parameter are set to 2 < n < 9 in

Moldex3DTM. A sensitivity study of the particle friction index was performed for the injection

molding trial with 20%wt fiber concentration (PPGF20). Figure 5.2 shows the simulation results

for varying particle friction indices at location 1 (gate region), location 2 (center of the plate),

and location 3 (end of flow region). The results suggest that the effect of the particle friction

index, n, on the through-thickness fiber concentration is negligible. Varying the values for n

from the lowest value (2) to the highest (9), results in a change of less than 1.5% in the predicted
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Figure 5.2.: Predicted through-thickness fiber concentration for PPGF20 at locations 1, 2, and 3, for
varying particle friction indices: n = 2, 5, and 9.

through-thickness results. The same sensitivity of n on the fiber concentration was found for

the simulations of PPGF30 and PPGF40. Consequently, the particle friction index was set to

n = 3 (default value [36]) for the comparison with experimental results.

Figure 5.3 shows the predicted through-thickness fiber concentration for PPGF20, PPGF30, and

PPGF40 at locations 1 through 3 using n = 3. For all concentrations, the simulation results sug-

gest a layer with depleted fiber concentration close to the surface. The degree of fiber depletion

in this layer reduces along the flow path. The effect is most dominant for PPGF20 with a normal-

ized fiber volume concentration of 0.61 in the surface layer at location 1 and 0.95 at location 3.

The simulation suggests a constant fiber concentration in the core layer and little difference in

concentration from locations 1 to 3. For PPGF20, the normalized volume concentration in the

core layer is 1.0 at location 1 and increases to approximately 1.04 at location 3. The predicted

change in the concentration in the core layer for PPGF30 and PPGF40 is negligible.
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Figure 5.3.: Predicted through-thickness fiber concentration for locations 1, 2, and 3, for PPGF20
(left), PPGF30 (center), and PPGF40 (right), using particle friction indices of n = 3 (default value).

In Figure 5.4, the predicted fiber concentration along the flow path for PPGF20, PPGF30,
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and PPGF40 suggest an increasing fiber concentration along the flow path. For PPGF20, the

normalized fiber volume concentration increases from 0.94 at location 1 to 1.02 at location 3.
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Figure 5.4.: Predicted fiber concentration along the flow path for PPGF20, PPGF30, and PPGF40,
using particle friction indices of n = 3 (default value).

Figure 5.5 shows the comparison between measurements and simulation results for the fiber

concentration along the flow path for PPGF20, PPGF30, and PPGF40. Although the trend of

increasing fiber concentration towards the end of the flow path is captured by the simulation,

the degree of fiber matrix separation is significantly underestimated.

Comparing the predicted through-thickness fiber concentration with the measurements shows

large discrepancies. Figure 5.6 shows the comparison for PPGF20 at location 2. It is seen that

the simulation results do not predict the experimentally observed fiber agglomeration in the

core. Moreover, the predicted decrease in fiber concentration close to the surfaces do not agree

with the measurements, which suggest a slight increase in concentration.
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Figure 5.5.: Predicted (markers) and measured (solid lines) fiber concentration along the flow path for
PPGF20, PPGF30, and PPGF40.
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at location 2.

5.2. Folgar-Tucker Model for Fiber Orientation Prediction

The Folgar-Tucker model estimates the process-induced fiber alignment from the flow kinematics

and is considered a baseline for fiber orientation modeling in the field of discontinuous fiber-

reinforced composites [9, 140]. The fiber reorientation is modeled as an isotropic rotary diffusion

process and comprises a material dependent fitting parameter, CI , which accounts for the fiber-

fiber interaction of the suspension. Wang and Tucker [114] expanded the original model to

the Folgar-Tucker RSC model by adding a second fitting parameter (κ) that slows down the

orientation evolution (see also Section 2.3.1). In this work, the Folgar-Tucker RSC model is

used to evaluate how well the process-induced fiber orientation can be estimated from process

simulations.

Conventionally, the model parameters CI and κ are assumed to be an intrinsic property of

the material, depending on the material (fiber concentration, fiber length, fiber diameter, fiber

stiffness) and independent of the process conditions [141]. The parameter is obtained either

by fitting simulation results to measured fiber orientation data [24, 35], by relating the fiber

orientation evolution to rheological measurements [142] or by particle level simulation [143].

The fitting procedure is time-consuming and costly, leading most researchers and engineers to

use default values instead of following a defined procedure of obtaining CI and κ, resulting in

less accurate fiber orientation predictions [24, 35, 141, 144].

To evaluate the Folgar-Tucker RSC model in this work, different parameter sets of CI and κ

are tested for the injection molding simulation of molded plates at 20%wt, 30%wt, and 40%wt
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fiber concentration (see Section 4.1). The values for the fitting parameters are obtained in three

different ways. First, the CI and κ values are directly fitted to the measured fiber orientation,

representing the baseline of this evaluation as the best fit results. Second, published empirical

relationships that claim general transferability for CI are used to calculate the appropriate

values. Lastly, a recently proposed particle level simulation (PLS) approach [145] is applied to

find the fiber-fiber interaction coefficients. Finally, the simulation outcome using the different

parameter sets are compared with the measured fiber orientation.

For all injection molding simulations, the initial condition of the fiber orientation at the melt

entrance point was assumed to be random. As shown by Tseng et al. [146], the initial fiber

orientation in the sprue for injection molding does not affect the predicted orientation in the

molded part due to large deformations that the material experiences during mold filling. The

Invariant Based Optimal Fitting (IBOF) closure was used for all simulations, because it proved to

be an accurate and efficient closure approximation for the fourth-order orientation tensor [147].

Fitting CI and κ to the measured fiber orientation data was done iteratively by first varying

CI until the predicted fiber orientation matches the experimental values in the shell layers. The

values for κ were changed to improve the match in the skin and core layers. Figures 5.7, 5.8,

and 5.9 show the simulation results using the best fitted parameters compared to the measure-

ments at location 2 for PPGF20, PPGF30, and PPGF40, respectively. The results suggest that

the predicted fiber orientation matches very well in the skin and the shell layers. However, the

simulation results show large discrepancies in the core layer. For PPGF40, the Folgar-Tucker

RSC model predicts a low fiber alignment in cross-flow direction with a value of a22 = 0.31,

while the measurements suggest a value of 0.79 for a22. It was not possible to find a parameter

set of CI and κ that results in an improved fiber orientation prediction in the core layer without

substantially overestimating the orientation in the skin and shell layers.
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Figure 5.7.: Comparison of the measured through-thickness fiber orientation for PPGF20 at
location 2 and the predicted results, using CI = 0.020 and κ = 0.09
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Figure 5.8.: Comparison of the measured through-thickness fiber orientation for PPGF30 at
location 2 and the predicted results, using CI = 0.015 and κ = 0.12

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1
Relative Part Thickness [-]

Te
ns

or
 C

om
po

ne
nt

 a
ij [

-]

a11 [Measurement]
a22 [Measurement]
a33 [Measurement]

a11 [Simulation]
a22 [Simulation]
a33 [Simulation]

Figure 5.9.: Comparison of the measured through-thickness fiber orientation for PPGF40 at
location 2 and the predicted results, using CI = 0.0095 and κ = 0.15
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Recently, a PLS approach was proposed [145], which simulates the motion and interactions

of single fibers in simple flow conditions for concentrated fiber suspensions. The PLS is a

mechanistic model approach based on the work of Schmid et al. [148]; it was refined first by

Londono-Hurtado [25] and later expanded by Ramirez [149] and Perez [34]. The PLS approach

simulates the motion of fiber for defined flow conditions and it was utilized in this work as

a numerical rheometer to fit the model parameters CI and κ. The obtained CI values are

used as input value for the Moldex3DTM simulations of the molded plates and compared to the

measurements. The work flow is illustrated in Figure 5.10
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Figure 5.10.: Overview of work flow for evaluating the Folgar-Tucker model: Optimizing the CI

coefficient by using a single particle simulation and numerical rheometer (top); Comparison of
Moldex3D simulations (right) with the measured fiber orientation (bottom).

The PLS represents each fiber in the system as a flexible chain of segments or beam elements

interconnected by nodes [25, 34, 149]. The PLS models all relevant effects on a micro-level,

including hydrodynamic forces, fiber flexibility, and excluded volume forces due to fiber-fiber

and fiber-wall contacts. Hence, the individual deformation, alignment, and motion of the fibers

in a fluid can be simulated and the orientation can be traced. In particular, the impact of material

properties on the fiber alignment at defined processing conditions can be studied numerically.

The simulation of the numerical rheometer comprises a designed cell that is exposed to a simple

shear flow for defined flow conditions. A fiber cluster with defined properties is placed in a shear
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Figure 5.11.: Illustration of the numerical rheometer, defined as a shear cell with periodic boundary
conditions.

cell and periodic boundary conditions are defined [145, 149], as illustrated in Figure 5.11. The

periodic boundary conditions are adapted from the original work of Lees and Edwards [150]

and generate a continuous domain of the suspension, preserving the fiber concentration and the

interactions between the fibers at low computational cost [149]. No walls are defined for the

numerical rheometer to avoid any fiber-wall interactions. The inputs for the numerical rheometer

are summarized in Table 5.1.

Table 5.1.: Input values for the PLS of the numerical rheometer to obtain values for CI and κ.

PPGF20 PPGF30 PPGF40

Fiber Volume Concentration 8.2%vol 13.2%vol 19.1%vol
Fiber Aspect Ratio 60 50 40

Fiber Young’s Modulus 73 GPa 73 GPa 73 GPa
Matrix Viscosity 84.3 Pa⋅s 84.3 Pa⋅s 84.3 Pa⋅s

Shear Rate 150 s−1 150 s−1 150 s−1

Residence Time 1 s 1 s 1 s
Number of Fibers 660 480 420
Fiber Element Size 0.095 mm 0.095 mm 0.095 mm

The simulation of the numerical rheometer using the defined fiber aspect ratio and volume

concentration results in a unique fiber orientation evolution for PPGF20, PPGF30, and PPGF40.

The orientation data is used to fit the Folgar-Tucker RSC model by optimizing the values for

CI and κ. The fitting was done using an optimization procedure based on the Gauss-Newton

algorithm for non-linear least square problems [151]. First, the value for CI was fitted to the

steady state orientation, followed by adjusting κ to best match the transient fiber orientation,

as illustrated in Figure 5.12.
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Figure 5.12.: Illustration of the fiber orientation evolution in the shear cell obtained with the PLS for
PPGF30 (markers) and the fitted Folgar-Tucker model (solid line).

Next, values for CI were obtained from empirical relationships reported in literature. Bay et

al. [38] derived an empirical relationship for CI based on their experimental results, given by

CI = 0.00184 exp (1 − 0.7184 ϕf ar) (5.5)

where ϕf is the fiber volume fraction and ar is the fiber aspect ratio. Phan-Thien et al. [143]

proposed the following relationship based on their direct fiber simulation approach, given by

CI = 0.03 exp (0.224 ϕf ar) (5.6)

Both relationships suggest that the fiber-fiber interaction coefficient depends on the fiber length

and the fiber concentration, but the suggested trends are opposite. While Bay suggests that CI

decreases with increasing fiber volume concentration or fiber aspect ratio, Phan-Thien suggest

an increasing CI . The work by Phan-Thien and Bay do not include an empirical relationship for

κ. Hence, κ is set to be 1 for this study, which leads to the original Folgar-Tucker model [152].

Table 5.2 summarizes the obtained parameter sets of CI and κ. The parameters were used to

predict the fiber orientation from the injection molding simulation for PPGF20, PPGF30, and

PPGF40. Figures 5.13, 5.14, and 5.15 show the results of the simulation, depicting the values

of a11 and a33 for the different parameter sets. The comparison to the measurements show

that the CI values suggested by Bay et al. substantially overestimate the fiber alignment in the

shell layers for all trials. Phan-Thien’s empirical relationship suggests values for CI that lead
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Table 5.2.: CI and κ values for PPGF20, PPGF30, and PPGF40 obtained by four means: i)
Phan-Thien et al. [143], ii) Bay et al. [38], iii) the numerical rheometer, and iv) fitted to the measured

fiber orientation.

PPGF20 PPGF30 PPGF40
CI κ CI κ CI κ

Phan-Thien et al. [143] 0.02003 - 0.02316 - 0.02460 -
Bay et al. [38] 0.00054 - 0.00016 - 0.00007 -

Numerical Rheometer 0.00350 0.63 0.00510 0.18 0.00557 0.15
Fitted to Measurements 0.02000 0.09 0.01500 0.12 0.00950 0.15

to good agreement with the measurements for PPGF20 and PPGF30, but underestimate the

fiber alignment at PPGF40. The parameter set of CI and κ obtained from numerical rheometer

simulation predicted the fiber orientation for PPGF40 well, but overestimated the orientation for

the lower fiber concentrations. None of the simulations were able to fully capture the measured

through-thickness fiber orientation with the distinct skin-shell-core pattern.
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Figure 5.13.: Comparison of predicted and measured fiber orientation at location 2 for PPGF20,
showing the tensor components a11 (left) and a33 (right). The CI and κ values are obtained from:

i) Phan-Thien et al. [143], ii) Bay et al. [38], iii) numerical rheometer, and iv) fitted to measurements.
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Figure 5.14.: Comparison of predicted and measured fiber orientation at location 2 for PPGF30,
showing the tensor components a11 (left) and a33 (right). The CI and κ values are obtained from:

i) Phan-Thien et al. [143], ii) Bay et al. [38], iii) numerical rheometer, and iv) fitted to measurements.
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Figure 5.15.: Comparison of predicted and measured fiber orientation at location 2 for PPGF40,
showing the tensor components a11 (left) and a33 (right). The CI and κ values are obtained from:

i) Phan-Thien et al. [143], ii) Bay et al. [38], iii) numerical rheometer, and iv) fitted to measurements.



119

5.3. Phelps-Tucker Model for Fiber Breakage Prediction

The experimental data obtained from the Couette rheometer study (Section 4.2.3) allow a fun-

damental evaluation of fiber breakage models. The Phelps-Tucker model [5] for fiber attrition

is based on buckling failure as the driving mechanism for fiber breakage during processing (see

also Section 2.3.3). In their work, Phelps et al. derive an unbreakable length, L∞ (or Lub):

L∞ =
⎡⎢⎢⎢⎢⎣

π3Ef d
4
f

4 ζ ηm γ̇

⎤⎥⎥⎥⎥⎦

1/4

(5.7)

where ζ is the dimensionless drag coefficient, ηm the viscosity of the polymer matrix and γ̇ is

the magnitude of the rate-of-deformation tensor. Ef is the elastic modulus of the fiber and df

is the diameter of the fiber. Hence, the unbreakable fiber length predicted by the Phelps-Tucker

model is dependent on the flow conditions (γ̇), the material properties (ηm, df , and Ef ) and

the fitting parameter (ζ). The dimensionless drag coefficient ζ is assumed to be a material

dependent parameter and must be fitted to experimental data [5]. As the first step of evaluating

the model, values for ζ are calculated from the experimental data of the Couette rheometer

study, because the unbreakable length was obtained for varying processing conditions in this

study (see Section 4.23). By rearranging Equation 5.7, the values for ζ can be computed by

ζ =
π3Ef d

4
f

4L4
∞ ηm γ̇

(5.8)

Although Phelps et al. [5] did not explicitly state that ζ is dependent on the fiber concentration,

it was shown from the Couette rheometer experiments that L∞ depends on the fiber concentra-

tion. Because the other parameters in Equation 5.8 are independent of the fiber concentration,

the fitting parameter ζ must reflect the dependency on fiber concentration and separate ζ values

are obtained for each fiber concentration (20%wt, 30%wt, and 40%wt). Table 5.3 summarizes

the average values calculated for the dimensionless drag coefficient, ζ.

Table 5.3.: Obtained values for ζ from the Couette rheometer experiments (see Chapter 4.2.3) .

Average Value for ζ
Standard Error of
Obtained ζ Values

20%wt 3.67 1.51
30%wt 8.63 2.00
40%wt 36.73 7.08
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Although ζ should not be dependent on the processing conditions, the calculated values show a

large range when the processing conditions are changed at constant nominal fiber concentration,

reflected in the large standard errors. In fact, the calculated values for ζ vary from 18.96

(150 RPM, 220○C, 30%wt) to 0.754 (50 RPM, 280○C, 30%wt). Figure 5.16 shows the predicted

values for L∞ based on Equation 5.7 and the calculated average value for the dimensionless

drag coefficient, ζ. The figure shows the measurements and the Phelps-Tucker model prediction

for the varying processing conditions (ηm ⋅ γ̇). At more gentle processing conditions (high

temperature and low processing speed) the model predictions show substantial discrepancies,

especially for the 20%wt and 30%wt Couette rheometer experiments.
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Figure 5.16.: Phelps-Tucker model prediction for L∞ (solid line) and comparison to experimental
data (markers) for 20%wt, 30%wt, and 40%wt fiber concentration.

The Phelps-Tucker model was further evaluated by implementing the model into MATLAB and

fitting the fiber breakage coefficient CB and the dimensionless parameter S to the measured data.

The fitting was done using an optimization procedure based on the Gauss-Newton algorithm

for non-linear least square problems [151]. The inputs for the fitting procedure are listed in

Table 5.4. The shear rate was solved analytically as a simple Couette flow, using the measured

viscosity data of the matrix material and assuming a constant temperature (see Appendix A).

The values for ζ are calculated from Equation 5.8 and the experimental data for L∞. The model

parameters CB and S are fitted within the bounds of 0.0001 < CB < 0.1 and 0.1 < S < 2, following

the suggestions of Phelps et al. [5, 112].

From this optimization procedure, distinct combinations of the three model parameters (ζ, CB,

and S) are obtained for each of the process conditions and fiber concentrations. To evaluate the
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capability of the model to predict fiber breakage, each parameter set obtained from one condition

was used to predict the fiber length for the remaining process conditions. The performance of

the model prediction is evaluated by calculating the relative error between the predicted weight-

average fiber length, LW , and the measurements. This evaluative study was done separately for

the three fiber concentrations (20%wt, 30%wt, and 40%wt).

Table 5.4.: Summary of input values for Phelps-Tucker model parameter fitting scheme.

Input Property Value

Elastic modulus 73 GPa
Fiber diameter 19 µm

Average shear rate Analytical solution for a Couette flow (see Appendix B)
Melt viscosity Obtained from a material card (see Appendix A)

Drag coefficient, ζ Calculated from experimental data (see Section 4.2.3)
Breakage coefficient, CB Range of 0.0001 to 0.1 (according to [5, 112])

Distribution shape factor, S Range of 0.1 to 2 (according to [5, 112])
Fiber length measurements Couette rheometer experiments (see Section 4.2.3)

Figures 5.17, 5.18, and 5.19 summarize the results of the evaluative study for 20%wt, 30%wt, and

40%wt, respectively. Each figure shows the obtained model parameters for the defined process

condition (top) and the relative error between the predicted and the measured value for LW is

illustrated in a color map (bottom). It was possible to fit a model set of parameters (ζ, CB, and

S) for each condition that predicts the fiber length with less than 5% relative error, as shown by

the diagonal components of the color map. However, the results suggest that the performance of

predicting the fiber length for changing processing conditions is limited and large relative errors

are obtained. In fact, there is set of model parameters that estimates LW with less than 50%

relative error for all processing conditions and the majority of the predictions result in more

than 75% relative error.
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Figure 5.17.: Results of emulating the fiber breakage in Couette rheometer experiments with the
Phelps-Tucker model for 20%wt fiber concentration at varying processing conditions. A set of model
parameters (ζ, CB , and S) is obtained for each processing condition (top) and used to simulate the

remaining trials. The relative error between predicted and measured weight-average fiber length, LW ,
is shown as a color map (bottom).
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Figure 5.18.: Results of emulating the fiber breakage in Couette rheometer experiments with the
Phelps-Tucker model for 30%wt fiber concentration at varying processing conditions. A set of model
parameters (ζ, CB , and S) is obtained for each processing condition (top) and used to simulate the

remaining trials. The relative error between predicted and measured weight-average fiber length, LW ,
is shown as a color map (bottom).
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Figure 5.19.: Results of emulating the fiber breakage in Couette rheometer experiments with the
Phelps-Tucker model for 40%wt fiber concentration at varying processing conditions. A set of model
parameters (ζ, CB , and S) is obtained for each processing condition (top) and used to simulate the

remaining trials. The relative error between predicted and measured weight-average fiber length, LW ,
is shown as a color map (bottom).

Next, the model evaluation was extended to the fiber breakage history observed experimentally

in the Coeutte rheometer study at 30%wt, 100 RPM and 250○C. The optimization of the fitting

parameters was done for seven residence times (20 s, 30 s, 40 s, 60 s, 90 s, 120 s, and 180 s).

The best fit for the parameter set (CB, S, ζ) for the given experimental data was found to be

CB = 0.002, S = 0.1, and ζ = 12.42 (calculated from L∞). Figure 5.20 shows the predicted fiber

length reduction over time for the fitted model parameters and the measurements. The results

suggests that the Phelps-Tucker model captures the fiber breakage with a 20.8% relative error

for LW and 45.12% relative error for LN within the investigated residence times.

In a last step to evaluate the Phelps-Tucker model, injection molding simulations of the sim-

ple plate geometry were performed for the PPGF30 trial and the outcome was compared the

measurements (see Chapter 4.1). Two sets of model parameters (CB, S, ζ) were defined for the

simulations. First, the default values according to Tseng et al. [36] and Huang et al. [153] were

used (CB = 0.02, S = 0.25, ζ = 3). The second set of parameters consists of the fitted values
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Figure 5.20.: Fiber length reduction over time for 250○C, 30%wt, and 100 RPM: LN and LW

predicted using the Phelps-Tucker model for the optimized model parameters compared to
measurements.

obtained from the Couette rheometer study for PPGF30 (CB = 0.002, S = 0.1, ζ = 12.42). The

initial fiber length in the injection molding simulation was set to the measured fiber length for

the purged material (LW = 3.10 mm). The initial fiber length was defined at the melt entrance

of the sprue.

Figure 5.21 shows the comparison of the simulation results and the measurements for location 1,

location 2, and location 3. The simulation with the default parameter set substantially under-

estimates the residual fiber length and shows a relative error -85.6%. The parameter set fitted

to the Couette rheometer experiments overestimates the residual fiber length with a relative

error of 25.2%. The experiments suggest a slight increase along the flow path from 1.86 mm at

location 1 to 2.13 mm at location 3. This tendency is not captured by the simulation, which. in
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Figure 5.21.: Measured and predicted weight-average fiber length, LW , for injection molded plate and
the PPGF30 trial. The default parameters for the Phelps-Tucker Model are CB = 0.02, S = 0.25, ζ = 3

and for the fitted parameters from the Couette rheometer are CB = 0.002, S = 0.1, ζ = 12.42.
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fact, suggests a decreasing residual fiber length along the flow path.

A potential reason for the discrepancies in predicting fiber length using the Phelps-Tucker model

might be the assumption of buckling as the sole failure mechanism. While Forgacs and Mason

[154] reported buckling deformation of a threadlike particle in a diluted suspension for shear

deformation, it is not proven that buckling is the primary cause of fiber breakage while pro-

cessing concentrated fiber-reinforced thermoplastics. In fact, qualitative observations of LFT

samples suggest that fibers frequently show large bending deformation, as illustrated in Fig-

ure 5.22. Hence, the assumption that buckling is the sole failure mechanism, as the fundamental

assumption of the Phelps-Tucker model [5], might not be appropriate in all cases.

1 mm

Figure 5.22.: Illustration of fibers experiencing bending deformation in LFT injection, showing a 2D
slice from a µCT scan of an injection molded sample (20%wt nominal fiber concentration).

A first model based on bending failure was suggested by Osswald [155]. This modeling approach

was tested with the experimental data from the Couette rheometer. The Osswald model assumes

that a single fiber can undergo bending deformation caused by the hydrodynamic drag of the

moving melt, as shown in Figure 5.23. The hydrodynamic drag acting on the fiber due to the

melt moving at speed U0 can be approximated as a chain of spheres [149]. The Stokes’ drag

exerted on a single sphere in a viscous fluid is then given by

FSphere = 6ηmU0 (5.9)

where ηm is the viscosity of the matrix. Representing the fiber as a chain of spheres with the

same diameter as the fiber, the hydrodynamic force exerted on the fiber is the distributed load,

w, calculated by

w = 6ηmU0

df
(5.10)

where df is the diameter of the fiber.
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Figure 5.23.: Illustration of a fiber experiencing bending deformation. Adapted from [155].

The largest bending moment is exerted at the fixed end of the fiber. Assuming Euler-Bernoulli

beam theory, the maximum stresses at the fiber surfaces can be computed by

σmax = ±
96ηmU0L

2

π d3f
(5.11)

Failure due to bending occurs if the stress exceeds the ultimate strength of the fiber, σu. Conse-

quently, the unbreakable length, L∞, can be defined as the maximum length at which no more

failure occurs for given flow conditions:

L∞ =
⎛
⎝

π σu d
3
f

96ηmU0

⎞
⎠

1/2

(5.12)

Dividing both sides by the fiber diameter df results in

L∞
df
= (

π σu df

96ηmU0
)
1/2

(5.13)

The parameter, h, is introduced to describe a characteristic distance, such as channel depth,

runner size or cavity thickness [155]. Adding h to the numerator and denominator of the right-

hand term gives
L∞
df
= (

π σu df h

96ηmU0 h
)
1/2

(5.14)

The characteristic shear rate can be defined as γ̇=U0/h, so that

L∞
df
= (

π σu df

96ηm γ̇ h
)
1/2

(5.15)
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It is assumed that h is proportional to df , h∝ df , so that

L∞
df
∝ (

π σu df

96ηm γ̇ df
)
1/2

(5.16)

The proportionality can be resolved by introducing a dimensionless constant, λ, which gives

L∞
df
= λ( σu

ηm γ̇
)
1/2

(5.17)

The parameter λ, or attrition number [155], is a material dependent property and a measure

of fiber interactions that cause fiber attrition during processing. The parameter is assumed

to capture the effects of fiber concentration (fiber-fiber interactions) and fiber-wall interactions.

Values for λ can be obtained from the measured L∞ values of the Couette rheometer experiments

and by rearranging Equation 5.18, such that

λ = L∞
df
(ηm γ̇

σu
)
1/2

(5.18)

Table 5.5 summarizes the average values calculated for the attrition number, λ. While each fiber

concentration (20%wt, 30%wt, and 40%wt) should result in a different value for the attrition

number, the processing conditions should not cause a change of λ, such that λ is independent

of any change in melt temperature and processing speed. Although the calculated λ values vary

with respect to the processing conditions, the overall range in obtained values is significantly

smaller compared to the calculated values for ζ of the Phelps-Tucker model.

Table 5.5.: Obtained values for λ from the Couette rheometer experiments (see Chapter 4.2.3).

Average Value for λ
Standard Error of
Obtained λ Values

20%wt 0.125 0.013
30%wt 0.083 0.004
40%wt 0.055 0.002
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Figure 5.24.: Osswald model prediction for L∞ (solid line) and comparison to experimental data
(markers) for 20%wt, 30%wt, and 40%wt fiber concentration.

Figure 5.24 shows the prediction of the Osswald model for L∞ and the measurements for the

varying processing conditions, represented by (ηm ⋅ γ̇). The model predictions are based on

Equation 5.18, using the calculated average value for the dimensionless drag coefficient, λ.

The results show good agreement for the 30%wt and 40%wt experiments, but the predictions

for 20%wt show large discrepancies at gentle processing conditions (high temperature and low

processing speed) as well as harsh processing conditions (low temperature and high processing

speed). Figure 5.25 shows a comparison of the previous results obtained with the Phelps-

Tucker model and the outcome of the new model based on bending failure. For the investigated

processing conditions, the Osswald model captures the fiber attrition much better throughout
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the entire range of processing conditions. In particular, the results show that the Osswald

model is able to predict the residual fiber length for gentle processing conditions better than the

Phelps-Tucker model.

5.4. Discussion and Conclusions

The evaluation of models used to predict the process-induced fiber microstructure of discontinu-

ous fiber-reinforced composites revealed shortcomings in the models’ capability to estimate the

state of the fibers in the molded part. A research project administered by the Pacific Northwest

National Laboratory (PNNL) [156] focused on evaluating the performance of numerical tools for

carbon fiber-reinforced thermoplastics, including process-simulation and the structural analysis.

In their study, the researchers defined a relative error of 15% as the threshold for the prediction

of fiber orientation. Applying the PNNL criterion for the evaluative study of the simulation

tools used in this work, most of the simulation results fail to meet the threshold. Overall, it

can be concluded that the models are limited in their applications without being able to ac-

curately account for process-induced microstructure and the simulation results would always

require experimental validation.

The two phase suspension model adapted for Moldex3DTM was not able to capture the fiber

matrix separation that was observed experimentally. The variation in thickness direction showed

substantial discrepancies. In particular, the fiber agglomeration in the core layer was not cap-

tured by the model. Although an increase in fiber concentration along the flow path was pre-

dicted, the extent of increase was significantly underestimated when compared to the measure-

ments. The outcome of the evaluation suggests that the model is not suitable to estimate fiber

matrix separation in LFT injection molding at this point. Morris and Boulay [116] originally

derived the two phase suspension model for spherical particles and tested it for simple flow con-

ditions under isothermal conditions. Tseng et al. [36] adapted the model for concentrated fiber

suspension by incorporating an effective particle radius. The discrepancies found in this work

might be rooted in the simplification of adapting the original suspension model for spherical

particles to concentrated fiber suspensions. This approach neglects the fiber-fiber interactions

present in LFT injection molding and does not address the potential correlation between fiber

alignment and fiber matrix separation. Furthermore, the highly dynamic flow conditions in

injection molding might require further adaptation from the original Morris and Boulay model
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that incorporates the isothermal characteristics of the process and the melt solidification. In

conclusion, the evaluative study suggests that the adapted two phase suspension model requires

an extended framework that specifically addresses the material behavior of concentrated fiber

suspensions before it can be used to predict the fiber matrix separation in LFT injection molding.

The Folgar-Tucker model has found widespread industrial acceptance to predict fiber orienta-

tion to account for the process-induced anisotropy in molded parts. The model requires a set of

material-dependent model parameters that are conventionally fit to experiments. In this work, a

PLS approach was used to substitute the experimental fitting procedure by defining a numerical

rheometer simulation. The obtained model parameters were applied for predicting the fiber ori-

entation of injection molded plates at varying nominal fiber concentration. While the simulation

results show good agreement for the 40%wt moldings, the results at lower concentration overes-

timate the fiber orientation in the shell layer substantially. More severe discrepancies between

simulation and measurements were found using the empirical relationship for CI suggested by

Bay et al. [38], which overestimated the fiber alignment in the shell substantially for all tri-

als. The empirical relationship proposed by Phan-Thien resulted in acceptable fiber orientation

predictions for PPGF20 and PPGF30, but underestimated the fiber orientation at PPGF40.

The overall results for the obtained fiber-fiber interaction coefficients obtained by the different

methods are shown in Figure 5.26. The outcome underlines the challenges of obtaining correct

model parameters, because the simulation results are highly dependent on the correct choice of

the parameters.

Interestingly, the predicted fiber orientation in the core layer shows substantial discrepancies

for the parameter sets tested in this work. In fact, it was not possible to match the predicted

fiber orientation in the core without causing severe discrepancies in the skin and shell layers.

Similar errors in the prediction of fiber orientation using the Folgar-Tucker model were reported

by Kleindel et al. [157]. Their results showed that the Folgar-Tucker model estimated the fiber

orientation correctly in the shell layers, but the fiber alignment in the core layer and the width of

the core was significantly underestimated. Recently, Tseng et al. [146] addressed the challenges

in simulating the fiber orientation in the core layer for injection molding of discontinuous fiber-

reinforced thermoplastics. The authors propose an adapted viscosity model, introducing a yield-

stress viscosity at low shear rates. They expanded the existing Cross-WLF model by adding

the yield stress term represented by the Arrhenius-Eyring equation [146]. This approach led to

improved fiber orientation predictions in the core layer. More research is necessary to determine
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if the root cause of the discrepancies between simulation and experiment is in fact caused by

the modeling of the suspension viscosity. Another reason for the discrepancies might be the

simplifying assumption of a constant fiber concentration during processing. The experimental

study in this work showed substantial variation of the fiber concentration along the flow path

and through the thickness of the molded plates. Furthermore, it was established in this work and

in past studies [9, 35, 38, 141, 143] that the process-induced fiber orientation depends on fiber

concentration. Hence, any local change in fiber concentration throughout the process affects the

fiber orientation behavior. This relationship cannot be captured with a constant CI value, but

would require a model for CI that includes the effect of fiber matrix separation.
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Figure 5.26.: Comparison of the CI values for PPGF20, PPGF30, and PPGF40, obtained from
published empirical relationship (Phan-Thien et al. [143] and Bay et al. [38]), from the numerical

rheometer simulations, and by fitting CI to measurements.

The Phelps-Tucker model for fiber breakage prediction was evaluated using the experimental data

from the Couette rheometer study. The simulation results showed that three model parameters

can always be adapted to match experimental results. However, it was not possible to show that

the model parameters are material-dependent and intrinsic properties. The evaluative study

suggests that changing only processing conditions and keeping the model parameters constant

results in large errors in the predicted residual lengths for the Couette rheometer experiments.

Additionally, the Phelps-Tucker model was tested for the injection molding trials by using default

model parameters and a fitted parameter set obtained from the Couette rheometer experiments.

For all cases, the simulation results showed a relative error of more than 25%, highlighting
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the limitation of using the Phelps-Tucker model for predicting fiber breakage in LFT injection

molding. A potential cause for the discrepancies can be related to the fundamental assumption in

the Phelps-Tucker model that fibers solely break due to buckling. A preliminary model proposed

by Osswald, which assumes bending failure as the driving mechanism for breakage, was tested

with the experimental data from Couette rheometer and compared to the Phelps-Tucker model.

The results show that the Osswald model captures the measured residual fiber length at long

residence times much better than the Phelps-Tucker model. While this is not yet a full validation

of the Osswald model, it is a starting point for developing improved fiber breakage models.
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6. Summary

This dissertation presented a fundamental analysis of the process-induced fiber configuration

in LFT processing. The work focused on three tasks: i) to develop characterization method-

ologies for quantifying the microstructural properties, ii) to perform experimental studies an-

alyzing the process phenomena, and iii) to evaluate available predictive models. Along these

three dimensions, this work outlined the profound complexity that is embedded in the process-

microstructure relationship for LFT materials and contributes to a better understanding of the

underlying physics of the mechanisms that cause fiber alignment, fiber breakage, and fiber matrix

separation.

Chapter 3 summarized the characterization techniques developed as part of this dissertation.

The developed methodologies apply µCT and optical measurement systems, combined with

image processing algorithms to accurately and efficiently quantify the fiber properties. Fur-

thermore, comparative studies with conventional methodologies were performed, highlighting

the challenges in quantifying the microstructural properties in molded samples. The findings

can serve as a first step to a standardized approach in characterizing the process-induced fiber

configuration, enabling the comparability across experimental research studies.

The experimental studies presented in Chapter 4 resulted in a comprehensive analysis of the

process-induced fiber microstructure. The measurements of injection molded samples suggested

substantial fiber matrix separation, contradicting the common assumption of a uniform fiber con-

centration throughout molded parts. The results showed correlation between the microstructural

properties, in particular between the measured through-thickness fiber orientation and fiber con-

centration. The design and development of an experimental procedure to study fiber breakage

under controlled conditions using a Couette rheoemeter setup proved to be a novel and valu-

able tool. This work generated experimental data for a systematic analysis of the underlying

physics of fiber breakage. The findings revealed the severe challenges posed by fiber breakage in

LFT processing. In fact, the outcome of this work shows that the process-induced fiber break-



135

age might be the most promising process parameter to be optimized in order to expand the

application of LFT materials.

In Chapter 5, modeling approaches in LFT processing were evaluated by applying the find-

ings of the experimental work. The outcome showed that current attempts at modeling the

process-induced change in fiber configuration have room for improvement. Even for the sim-

ple plate geometry of the injection molding trials or the controlled process conditions of the

Couette rheometer experiments, the models failed to provide acceptable results. All predictive

tools depend on empirical fitting parameters, without a defined procedure on how to obtain

these parameters or a constitutive relationship. However, the outcome of the simulations can

depend substantially on the correct choice of parameters. This work showed that default values

for the model parameters cannot be assumed to result in accurate simulation outcomes. Nev-

ertheless, a truly predictive tool used in industrial product development processes requires that

fitting parameters must be characterizable a priori, with little experimental input and ideally

through constitutive relationships. The state-of-the-art models tested in this work do not meet

these requirements. The findings in this work suggest that the shortcomings of predictive tools

might stem from the decoupled approach, where fiber breakage, fiber alignment and fiber matrix

separation are each modeled separately.

6.1. Contributions

The work presented in this dissertation contributes the following new elements to the character-

ization of the process-induced fiber configuration in LFT molding:

• Development of Characterization Techniques

– Developed methodologies to accurately quantify the fiber microstructure, including

the development of i) a new methodology for fiber length measurements using a novel

sample preparation technique and image processing algorithm, ii) an image processing

algorithm based on simple geometric projections to quantify the fiber orientation from

µCT scans, and iii) a novel analysis technique to measure the through-thickness fiber

concentration using µCT.

– Validated the developed characterization procedures for long glass fiber-reinforced PP

samples and compared to conventional techniques.
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– Contributed to the attempt of standardization of the characterization of the fiber

microstructure for discontinuous fiber-reinforced thermoplastics to provide compara-

bility of experimental studies.

• Experimental Studies

– Comprehensively characterized the process-induced fiber microstructure for injection

molded plates at nominal fiber concentrations varying from 5%wt to 60%wt, including

fiber length, fiber orientation, and fiber concentration measurements.

– Discovered substantial fiber matrix separation in LFT injection that occurs during

mold filling. The findings refute the common assumption of a uniform fiber concen-

tration in molded parts, which is assumed to have a significant impact on material

modeling and structural analyses of injection molded LFT parts.

– Analyzed the correlation between the fiber length, fiber orientation, and fiber con-

centration. The findings suggest that a holistic analysis is required to fully capture

the process-induced fiber microstructure, as opposed to the conventional approaches

of characterizing the microstructural properties individually.

– Developed a novel experimental setup to study fiber breakage under controlled con-

ditions, enabling a fundamental study of the underlying physics of fiber breakage.

– Completed experimental studies that quantify the effect of processing conditions and

material properties on fiber breakage under controlled conditions.

• Evaluation of Modeling Approaches

– Completed a comprehensive assessment of predictive models using the experimental

results of this work, indicating that the phenomena of fiber breakage, fiber alignment,

and fiber matrix separation cannot be estimated accurately.

– Showed that the adapted two phase suspension model was not suitable for estimating

the fiber matrix separation in LFT injection molding. The findings suggest that the

framework of the model needs to be reevaluated fundamentally to make it suitable

for concentrated fiber suspensions.

– Demonstrated that the Folgar-Tucker model provided acceptable results for the fiber

orientation in the skin and shell layers, but was inaccurate for the fiber orientation

prediction in the core layer. However, the simulation outcome strongly depends on the
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correct choice of the fiber-fiber interaction coefficient. The outcome of the evaluative

study suggested that accounting for fiber matrix separation is necessary to obtain

correct prediction for the fiber orientation in the core layer.

– Tested the Phelps-Tucker model and found that the model could not accurately pre-

dict fiber breakage for either the Couette rheometer experiments or the injection

molding trials. The analysis showed that the choice of correct model parameters is

crucial, but also that it was not possible to find intrinsic parameters, rejecting the

model as a truly predictive model.

– Applied the Osswald model for fiber breakage and showed improved predictions of

fiber breakage, suggesting that bending failure might be the driving mechanism for

fiber breakage during processing.

6.2. Recommendations for Future Work

More work is required to obtain a complete understanding of the process-induced fiber configu-

ration and further exploration may target the following avenues:

• Fiber Breakage

– Similar to through-thickness variation of fiber concentration and fiber orientation,

it is excepted that the fiber length varies along the thickness direction of molded

samples. Hence, an adapted fiber length measurement procedure to accurately obtain

the through-thickness fiber length distribution would allow further correlation of the

relationship between the microstructural properties.

– A fundamental analysis of the driving mechanism causing fiber breakage in con-

centrated suspensions is necessary, especially for LFT materials. While the bending

failure model proposed by Osswald shows better predictive capability than the Phelps-

Tucker model, further work is required to clearly identify how fibers break during LFT

processing.

– The Couette rheometer setup proved to be a valuable tool and enables a wide range

further studies along different materials and process parameters. In particular, a

study with diluted suspensions would be an important avenue to explore. Testing

highly diluted suspensions and comparing them to concentrated suspension would
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allow a study of the influence of fiber-fiber interactions and hydrodynamic effects.

• Fiber Matrix Separation

– The substantial fiber agglomeration in the core layer found in this work may depend

on the processing conditions. Hence, an experimental investigation into the effect of

process parameters on the through-thickness fiber concentration would be important.

Furthermore, the impact of the gate design on fiber migration needs to be identified.

– Modeling the fiber matrix separation is an important task to be able to predict

the fiber concentration in molded parts. As shown in this dissertation, more work

is necessary to reliably estimate the migration of fibers during processing. While

it is possible to adapt the two phase suspension model, it might be necessary to

define a completely new framework for modeling the fiber matrix separation in LFT

injection molding, incorporating the dependency of fiber-fiber interactions and fiber

orientation.

– The substantial fiber matrix separation observed in this work can be assumed to have

a profound impact on the mechanical performance of a molded part. It is necessary

to examine the effect on material modeling and structural analysis by comparing

the common assumption of a uniform fiber concentration and the measured fiber

concentration distribution.

• Fiber Alignment

– An important next step is to expand the Folgar-Tucker model with a fiber-fiber inter-

action coefficient that depends on the local fiber concentration to account for the fiber

matrix separation observed in this work. This might be able to overcome the discrep-

ancies in predicting the fiber orientation in the core layers. However, this requires

a suitable model for fiber migration (see above). A first step might be to define an

empirical function for CI that accounts for the spatial change in fiber concentration,

such as CI = f(ϕf ,x , y , z), where ϕf is the local fiber concentration and x, y, and z

are the coordinates of the cavity.

– The simulation of a numerical rheometer using the PLS approach provides important

insights into fiber motion and fiber alignment for defined flow conditions and material

properties. Of particular interest would be a study on how the fiber flexibility affects
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the fiber orientation. While the Folgar-Tucker model assumes rigid fibers, the flexi-

bility observed for longer fibers might require an adjustment of the model. Tracking

single fibers and performing numerical experiments using the PLS approach would

help estimate the impact of flexibility.
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A. Viscosity Data

The viscosity is modeled using the Cross-William-Landel-Ferry (Cross-WLF) equation, given by

η (T , γ̇,p) = η0

1 + (η0 γ̇
τ∗
)1−n

(A.1)

where η0 is the zero shear viscosity, τ∗ is the critical shear stress, p the pressure and n is the

power law index. The zero shear viscosity is calculated by

η0 (T ,p) =D1 exp [
−A1 (T − T ∗)
A2 + (T − T ∗)

] (A.2)

where D1 and A1 are fitting parameters, T is the temperature and the reference temperature,

T ∗, is obtained by

T ∗ =D2 +D3 p (A.3)

where D2 is the glass transition temperature at low pressure and D3 is a fitting parameter

accounting for the pressure dependency. The pressure dependency term, A2, is given by

A2 = Ã2 +D3 p (A.4)

where Ã2 is a fitting parameter.

The model parameters for the materials used in this dissertation are obtained from the Moldex3DTM

Databank (Version R15, Service Pack 1) and summarized in Table A.1 (PP 579S), Table A.2

(PPGF20), Table A.3 (PPGF30), and Table A.4 (PPGF40).



160

Table A.1.: Summary of parameter values of the Cross-WLF model values for SABIC® PP 579S,
obtained from the Moldex3DTM Material Databank (Version R15, Service Pack 1)

Coefficient Value Units

n 0.28593 [-]
τ∗ 38278 Pa
D1 1.747E+13 Pa⋅s
D2 263.15 K
D3 0 KPa−1

A1 30.85 [-]
Ã2 51.6 K

Table A.2.: Summary of parameter values of the Cross-WLF model values for SABIC® STAMAXTM

20YM240, obtained from the Moldex3DTM Material Databank (Version R15, Service Pack 1)

Coefficient Value Units

n 0.296 [-]
τ∗ 27990 Pa
D1 4.113E+15 Pa⋅s
D2 263.15 K
D3 0 KPa−1

A1 36.424 [-]
Ã2 51.6 K

Table A.3.: Summary of parameter values of the Cross-WLF model values for SABIC® STAMAXTM

30YM240, obtained from the Moldex3DTM Material Databank (Version R15, Service Pack 1)

Coefficient Value Units

n 0.33 [-]
τ∗ 20670 Pa
D1 4.9E+17 Pa⋅s
D2 263.15 K
D3 0 KPa−1

A1 40.48 [-]
Ã2 51.6 K

Table A.4.: Summary of parameter values of the Cross-WLF model values for SABIC® STAMAXTM

40YM240, obtained from the Moldex3DTM Material Databank (Version R15, Service Pack 1)

Coefficient Value Units

n 0.3395 [-]
τ∗ 17500 Pa
D1 7.06E+17 Pa⋅s
D2 263.15 K
D3 0 KPa−1

A1 41.562 [-]
Ã2 51.6 K
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B. Couette Rheometer

B.1. Couette Rheometer Design

The individual parts of the Couette rheometer are displayed in Figure B.1, showing: (1) the inner

cylinder, (2) the fixture and base, (3) the heater band, (4) the fixed outer cylinder, (5) the spring-

loaded aluminum socket with a compression spring (Music Compression Wire 720x080x250 from

LEE Spring Company, Brooklyn, NY), (6) the outer cap, (7) the inner cap, (8) the large brass

bearing, (9) the small brass bearing, and (10) the thermocouple (type SEFE-J-1 from OMEGA

Engineering Inc., Stamford, CT). A technical drawing of the Couette rheometer setup is depicted

in Figure B.2.

(1)

(2) (3)

(4)

(5)

(6) (7)
(9)

(8) (10)

Figure B.1.: Photo of the individual parts of the Couette rheometer setup.
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D

A A

D

DRAWN Coutte Rheometer Assembly

Figure B.2.: Technical drawing of the Couette Rheometer setup. Measurements shown in millimeter
(mm).
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B.2. Couette Rheometer flow

The Couette flow in the annular gap is a drag flow induced by the stationary outer cylinder and

the rotating inner cylinder as schematically depicted in Figure B.3.

ω

Ri

R0

Figure B.3.: Schematic illustration of the Couette flow. Figure directly taken from [8].

The average shear rate can be calculated by

γ̇ = RiΩ

h
(B.1)

where Ri is the radius of the inner cylinder, Ω is the angular velocity of the rotating inner

cylinder and h is the annular gap between the inner cylinder and outer cylinder.
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