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Zusammenfassung

Die Verarbeitung von langfaserverstärkten Thermoplasten (LFT) im Spritzgieß-
verfahren wurde im Laufe des vergangenen Jahrzehnts als Herstellungsver-
fahren für Strukturbauteile in sehr hohen Stückzahlen ohne Nachbearbeitung
etabliert. Während die ersten Anwendungen, die vor allem in der Automobilin-
dustrie zu finden sind, auf einer Polyamidmatrix basierten, steigt aus Kosten-
und Verarbeitungsvorteilen der Anteil von Polypropylen.
Die Eigenschaften von spritzgegossenen faserverstärkten Thermoplasten sind
von der anisotropen, inhomogenen Mikrostruktur abhängig, die durch die Ori-
entierung, die verbleibende Länge und die Dispersion der Fasern charakter-
isiert wird. Die Mikrostruktur entsteht durch die Strömung der fasergefüllten
Schmelze und durch die Interaktion zwischen Schmelze, Fasern und Werkzeug-
wänden. Einfluss auf die Mikrostruktur kann durch die Materialkomposition,
die Prozessführung und die Werkzeuggestaltung genommen werden.
Angesichts der Komplexität dieses Herstellungsprozesses stellt die Simula-
tion ein wertvolles Werkzeug zur Unterstützung des Bauteilentwurfs und der
Prozeßgestaltung in der Entwicklungsphase dar. Die Ergebnisse der Prozeß-
simulation bilden die Grundlage für die Berechnung der Schwindung, des
Verzugs und des Strukturverhaltens bei thermischer und mechanischer Be-
lastung.
Gegenstand der Arbeit ist die Vorhersage der strömungsinduzierten Mikro-
struktur bei der Spritzgießverarbeitung von langfaserverstärktem Polypropy-
len (PP-LGF) mittels Prozeßsimulation. Grundlage hierfür bildet die experi-
mentelle Untersuchung des Einflusses von Materialkomposition, Verarbeitungs-
parametern und Geometriegrößen auf die rheologischen Eigenschaften und
auf die resultierende Mikrostruktur unter prozeßnahen Bedingungen.
Die rheologischen Untersuchungen wurden unter Verwendung einer Flach-
schlitzdüse mit einer Spritzgießmaschine durchgeführt. Mit diesem Aufbau
war gewährleistet, daß die Schmelze die identische thermische und mecha-
nische Vorbeanspruchung des realen Herstellungsprozesses erfährt.
Anhand des Druckverlustes in der Messdüse und des Einlaufdruckverlustes
bei konvergenter Strömung wurde die Scher- und Dehnviskosität von PP-
LGF ermittelt. Im Rahmen der rheologischen Untersuchungen wurde fest-
gestellt, daß die Dehnviskosität etwa zwei Größenordnungen höher als die
Scherviskosität ist. Bezüglich der Verarbeitungsparameter wurde beobachtet,
daß die Viskosität einerseits mit zunehmender Deformationsgeschwindigkeit
und Temperatur und andererseits mit sinkendem Druck abnimmt.
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Hinsichtlich der Werkstoffkomposition wurde ein dominanter Einfluss des Faser-
gehaltes auf die rheologischen Eigenschaften ermittelt. Eine Erhöhung der
Faserlänge von 10mm auf 12mm hatte eine geringe Steigerung der Viskosität
zufolge. Es wurde jedoch festgestellt, daß die Oberflächenbehandlung der
Glasfasern einen signifikanten Einfluss auf die makroskopischen Fließeigen-
schaften der fasergefüllten Schmelze hat.
Für die Scherviskosität wurde kein Zusammenhang mit den Abmessungen
des Fließspaltes festgestellt und im betrachteten Schergeschwindigkeits- und
Temperaturbereich eine gute Übereinstimmung mit kapillarrheometrischen Un-
tersuchungen an reinem PP erzielt. Hinsichtlich der Dehnviskosität wurde je-
doch ein Anstieg mit zunehmender Fließspalthöhe und abnehmendem Veren-
gungsverhältnis ermittelt.
Auf der Grundlage der rheologischen Untersuchungen wurden die Koeffizien-
ten eines orthotropen Materialgesetzes für Polypropylen bei unterschiedlichem
Fasergehalt ermittelt. Eine exponentielle Abhängigkeit der Koeffizienten von
der Deformationsgeschwindigkeit und der Schmelzetemperatur ergab im be-
trachteten Parameterbereich eine gute Übereinstimmung mit den Ergebnissen
der experimentellen Untersuchungen.
Zur Untersuchung des Zusammenhanges zwischen Mikrostruktur und rheo-
logischen Eigenschaften wurde die Morphologie von spritzgegossenen Proben
anhand von Röntgenaufnahmen mittels bildverarbeitender Methoden evaluiert.
Wie bei kurzfaserverstärkten Thermoplasten war der in Kernschicht und Deck-
schicht unterteilbare Aufbau zu beobachten. Während in Wandnähe aufgrund
der Scherströmung ein hoher Ausrichtungsgrad und eine feine Dispersion der
Fasern festzustellen war, zeichnete sich die Kernschicht durch Faserbündel
mit transversaler und parabolischer Orientierung aus.
Eine Erhöhung der Faserausrichtung in Hauptfließrichtung war mit steigen-
der Deformationsgeschwindigkeit und abnehmender Schmelzetemperatur zu
beobachten. Bei einem hohen Faseranteil wurde eine erhöhte Ausrichtung der
Faser aufgrund der geringeren Wahrscheinlichkeit von Kollisionen zwischen
den Fasern ermittelt. Eine schlechtere Qualität der Oberflächenbehandlung
der Glasfasern führte zu einer regelloseren Orientierung der Fasern. Eine
Erhöhung der Kanalhöhe resultierte in einer ausgeprägteren Ausrichtung.
Die Analyse der Strangaufweitung ergab eine Abnahme der elastischen Rück-
verformung mit zunehmender Schergeschwindigkeit, Schmelzetemperatur und
steigendem Faseranteil sowie reduzierter Qualität der Faserschlichte. Für das
mittlere Längen-Durchmesser-Verhältnis wurde anhand der rheologischen Er-
gebnisse mittels theoretischer Überlegungen Werte zwischen 60 und 135,
bei einem Ausgangswert von 588, ermittelt. Die Faserlänge nimmt dabei mit
zunehmendem Fasergehalt und sinkender Schmelzetemperatur ab.
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Zur Evaluierung der Morphologie von LFT wurde die dreidimensionale Mikro-
struktur anhand von Röntgenaufnahmen von Probenquerschnitten mittels com-
putertomographischer Methoden rekonstruiert. Die Methode ermöglicht die
Darstellung der Faserorientierung, Faserlänge und Dispersion bei praxisrele-
vanten Probendimensionen.
Die Ergebnisse der rheologischen Untersuchungen wurden unter Verwendung
des 3D-Füllsimulationswerkzeuges SIGMASOFT verifiziert. Bei hohen Scher-
raten war eine Diskrepanz zwischen berechnetem und experimentell ermittel-
tem Temperaturanstieg in der Kavität festzustellen. Das Ausmaß der Dissi-
pation wurde überschätzt, woraus zu schließen ist, daß die Viskositätswerte
zu hoch waren. Für den Druckverlust in der Kavität war generell eine gute
Übereinstimmung mit den Experimenten zu beobachten, jedoch wurde der
zusätzliche Druckverlust am Einlauf, der durch Dehnströmung und Faseraus-
richtung in Querrichtung auftritt, nicht erfaßt.
Zur Vorhersage der 3D-Faserorientierung auf der Grundlage des simulierten
Strömungsfeldes wurde am Institut für Techno- und Wirtschaftsmathematik
(ITWM) ein Programm entwickelt. Die Orientierungsdynamik wurde durch das
Folgar-Tucker-Modell beschrieben. Die Faser-Wand-Interaktion wurde experi-
mentell untersucht und der stabilisierende Effekt der Wand durch eine erhöhte
Scherrate modellhaft abgebildet.
Auf der Grundlage der experimentell beobachteten Verteilung der Kompo-
nenten des Faserorientierungstensors wurden die Interaktionskoeffizienten für
PP-LGF bestimmt. Es ist zu beachten, daß der Interaktionskoeffizient CI
keine reine Materialgröße ist, sondern bei geringerem Fasergehalt und höherer
Schmelzetemperatur ansteigt. In Verbindung mit der hybriden Abschlussap-
proximation wurden für Werte zwischen CI= 0.005 und CI= 0.025 geringste
Abweichungen zwischen Simulation und experimenteller Verteilung erzielt.
Der Informationsgewinn durch Simulation mit Volumenelementen wurde an-
hand von Anwendungsbeispielen, sowohl bei rezirkulierender Strömung bei
dickwandigen Bauteilen und Quellflußströmung an der Fließfront, als auch
bei der Abbildung von Effekten durch Rippen und Kanten aufgezeigt. Die
Dauer einer Simulation der Werkzeugfüllung und der Faserorientierung für ein
Fahrzeugstrukturbauteil mit einem Volumen von 140 cm3 betrug bei 100000
Zellen für die Bauteilgeometrie und 1,4 Millionen Volumen für das Spritzgieß-
werkzeug etwa 5 Tage.
Die Simulation des Herstellungsprozesses mit Volumenelementen stellt einen
Schritt zu einem integrativen Entwicklungsprozeß dar, da die volumenbasierte
Modellierung in der Konstruktion Stand der Technik ist. Aufgrund der redu-
zierten Dauer für die Modellgenerierung bei der Prozeßsimulation sind sowohl
Kostenvorteile als auch das Potenzial für kürzere Entwicklungszeiten gegeben.
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1

1 Introduction

In the last decade, injection molding of long-fiber reinforced thermoplastics
(LFT) has been established as a low-cost, high volume technique for manu-
facturing parts with complex shape without any post-treatment [1–3]. Appli-
cations are mainly found in the automotive industry with a volume annually
growing by 10% to 15% [4].
While first applications were based on polyamide (PA6 and PA6.6), the market
share of glass fiber reinforced polypropylene (PP) is growing due to cost sav-
ings and ease of processing. With the use of polypropylene, different process-
ing techniques such as gas-assisted injection molding [5] or injection com-
pression molding [6] have emerged in addition to injection molding [7,8].
In order to overcome or justify higher materials costs when compared to short
fiber reinforced thermoplastics, the manufacturing techniques for LFT pellets
with fiber length greater than 10mm have evolved starting from pultrusion by
improving impregnation and throughput [9] or by direct addition of fiber strands
in the mold [10–12].
The benefit of long glass fiber reinforcement either in PP or PA is mainly due
to the enhanced resistance to fiber pull-out resulting in an increase in impact
properties and strength [13–19], even at low temperature levels [20]. Creep
and fatigue resistance are also substantially improved [21,22].
The performance of fiber reinforced thermoplastics manufactured by injec-
tion molding strongly depends on the flow-induced microstructure which is
driven by materials composition, processing conditions and part geometry.
The anisotropic microstructure is characterized by fiber fraction and disper-
sion, fiber length and fiber orientation.
Facing the complexity of this processing technique, simulation becomes a pre-
cious tool already in the concept phase for parts manufactured by injection
molding. Process simulation supports decisions with respect to choice of con-
cepts and materials. The part design is determined in terms of mold filling
including location of gates, vents and weld lines. Tool design requires the
determination of melt feeding, logistics and mold heating. Subsequently, per-
formance including prediction of shrinkage and warpage as well as structural
analysis is evaluated [23].
While simulation based on two-dimensional representation of three-dimensional
part geometry has been extensively used during the last two decades, the
complexity of the parts as well as the trend towards solid modelling in CAD
and CAE demands the step towards three-dimensional process simulation.



2 1 Introduction

The scope of this work is the prediction of flow-induced microstructure dur-
ing injection molding of long glass fiber reinforced polypropylene using three-
dimensional process simulation. Modelling of the injection molding process in
three dimensions is supported experimentally by rheological characterization
in both shear and extensional flow and by two- and three-dimensional evalua-
tion of microstructure.
In chapter 2 the fundamentals of rheometry and rheology are presented with
respect to long fiber reinforced thermoplastics. The influence of parameters
on microstructure is described and approaches for modelling the state of mi-
crostructure and its dynamics are discussed.
Chapter 3 introduces a rheometric technique allowing for rheological charac-
terization of polymer melts at processing conditions as encountered during
manufacturing. Using this rheometer, both shear and extensional viscosity of
long glass fiber reinforced polypropylene are measured with respect to com-
position of materials, processing conditions and geometry of the cavity.
Chapter 4 contains the evaluation of microstructure of long glass fiber rein-
forced polypropylene in terms of two-dimensional fiber orientation and its de-
pendence on materials parameters and processing condition. For the evalu-
ation of three-dimensional microstructure, a technique based on x-ray tomog-
raphy is introduced.
In chapter 5, modelling of microstructural dynamics is addressed. One-way
coupling of interactions between fluid and fibers is described macroscopically.
The flow behavior of fibers in the vicinity of cavity walls is evaluated experimen-
tally. From these observations, a model for treatment of fiber-wall interaction
with respect to numerical simulation is proposed.
Chapter 6 presents the application of three-dimensional simulation of the injec-
tion molding process. Mold filling simulation is performed using a commercial
code while prediction of 3D fiber orientation is based on a proprietary mod-
ule. The rheological and thermal properties derived in chapter 3 are tested by
simulation of the experiments and comparison of predicted pressure and tem-
perature profile versus recorded results. The performance of fiber orientation
prediction is verified using analytical solutions of test examples from literature.
The capability of three-dimensional simulation is demonstrated based on the
simulation of mold filling and prediction of fiber orientation for an automotive
part.
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2 Fundamentals

2.1 Rheometry on long fiber reinforced thermoplastics

2.1.1 Shear flow techniques

2.1.1.1 Rotational Viscometers

Rotational viscometers, such as cone and plate viscometer, coaxial cylinder as
well as torsional and disc viscometers allow for the rheological characterization
of polymer melts at shear rates ranging from 0.01 to 100 s−1 [24–26].
Typically, rotational viscometers are used for neat or short fiber reinforced ther-
moplastics. A cone and plate rheometer has been used by Greene [27] in or-
der to determine the shear viscosity of PP, PA6.6 and PC reinforced by glass
fibers (ψ = 0 to 45%) with an initial fiber length of 3 and 6mm. Static tests
revealed that the viscosity increases with the addition of fibers but yield values
of the neat polymer at high shear rates. The elasticity also increases with fiber
fraction, more pronounced at low frequencies.

2.1.1.2 Extrusion rheometers

The most widely used technique in rheometry on fiber reinforced thermo-
plastics is performed using extrusion rheometers. The majority of studies on
PP [28–36], PA6.6 [37–39], PS [40] or PU [41] reinforced by long glass fibers
have been carried out using capillary rheometers. Rheological experiments
on long fiber reinforced using slit dies have been conducted for PP [42, 43] or
PE [44]. These rheometers are typically feeded by a plunger in a cylinder, an
extruder or an injection molding machine.
Capillary rheometers usually have one pressure transducer and one separate
temperature sensor. The exit effects, entry and exit pressure drop, have to be
accounted for. The exit pressure drop is often of minor importance [45–47] and
therefore can be neglected. Entry effects are eliminated applying the Bagley
procedure, where several dies with different aspect ratio (L/D) are used. The
pressure drop is then plotted versus L/D. By extrapolating the pressure drop
to L/D = 0, the entry pressure drop can be determined and the pressure drop
due to shear flow calculated from the overall pressure drop.
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2.1.2 Elongational flow techniques

2.1.2.1 Homogeneous Stretching

An excellent review on uniaxial elongational rheometry is given in [48]. Labo-
ratory extensional rheometry aims to achieve isothermal homogeneous defor-
mation either at constant stress or steady strain rate [49] and measuring the
resulting stress or displacement, respectively. Tests can be conducted with
samples that may have constant or variable length.

2.1.2.1.1 Variable sample length

For tests at constant elongation rate, a cylindrical sample is attached at one
end to a force transducer and the other end is moved outwards. The sample
length increases and a total strain of 4 can be induced. Errors arise due to
non-uniform deformation and temperature rise. A minimum viscosity of 104

Pas at processing temperature is required in order to neglect surface tension,
gravity and fluid drag.
Constant stress experiments are also called creep experiments since strain is
measured. Cogswell [50] subjected a sample to a constant stress using a spi-
ral shaped cam and weights, Münstedt [51] introduced an apparatus, where
a sample is extended vertically in an oil bath. As the cross-sectional area A
decreases continuously, the pulling forces also reduces. The deformation is
inhomogeneous due to the contraction of the melt strand and the constrain
imposed by the cams. The melt is typically heated using an oil bath, with the
chance of diffusion, especially with polyolefins. The melt viscosity has to be
high and temperature low in order to obtain a detectable signal. For PP the
maximum temperature is approximately Tmax = 175oC [52]. The method is
restricted to low strain rates and requires a complex preparation of the speci-
men. Münstedt [53] proposed a rheometer, in which a sample, placed in an oil
bath, is connected at one end to a load cell and extended by a DC servomotor.
This type has been made commercially available by Göttfert and Rheometrics.

2.1.2.1.2 Constant sample length

Meissner [54,55] introduced a method, where two ends of a sample are pulled
outwards by rotary clamps. The use of inert gas instead of oil reduces the
chance of diffusion. Steady elongational viscosities are obtained at stretch
rates ε̇ lower than 1 s−1. Such an instrument enables the extensional charac-
teristics to be evaluated at relatively low extensional strain rates but at strains
up to 7.
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Meissner’s apparatus has evolved as a commercial instrument, the Rheomet-
rics RME extensional rheometer [56], where nitrogen is used instead of sili-
cone oil. A metal belt induces strains up to seven and a temperature of 350oC
can be achieved.

2.1.2.2 Non-uniform stretching

Meissner also introduced a rheometer, Rheotens, in which the melt is pro-
duced with constant flow rate in a laboratory extruder. The vertical melt strand
is pulled at a linearly increasing velocity by two counter-rotating wheels and
the pull-down force is monitored. The setup is simple and offers a qualitatively
good method for comparing different melts.
However, the extensional viscosity depends on the shape of nozzle. The rate
of deformation and stresses varies spatially and with time [57], therefore the
transient shape of the melt strand has to be known. At elevated stretch rates,
periodic pressure fluctuations may occur [52]. Wagner [58] improved the de-
sign by using a constant extrusion pressure rather than constant flow rate.
The uniaxial extensiometer, feeded by a single-screw extruder, has been ap-
plied to long fiber reinforced PP, LDPE and HDPE at stretching rates between
0.1 to 4 s−1 by Lin [59]. With this setup, it was observed that the drawability
of the melt is reduced by the addition of long fibers. The extensional viscosity
rises with fiber fraction up to a maximum but then decreases. There has been
no difference in viscosity reported depending on the diameter, but the results
using D = 3,5mm are not reliable due to the inhomogeneity of the melt.

2.1.2.3 Biaxial and Planar Extension Instruments

Besides sheet inflation and biaxial sheet stretching, the typical method for
biaxial deformation is squeeze flow. With these rheometers, equi-biaxial elon-
gation can be achieved [60–62]. Due to wall effects, the flow deviates from the
ideal situation. Although the lubricant viscosity is small, a significant contribu-
tion to the stress difference is observed. With the loss of lubricant, shear flow
becomes more pronounced. Errors due to the lubricant are induced when the
sample thickness becomes very small [63].



6 2 Fundamentals

2.1.2.4 Converging Flow

Entrance flows have received considerable attention in experimental, theoret-
ical and computational rheology and are common features of polymer pro-
cessing operations such as injection molding, extrusion and fiber spinning. In
real processing, time scales, strain rates and thermo-mechanical processing
effects differ considerably from those of precision controlled laboratory test
conditions of the constant strain rate devices. Knowledge of low strain rate,
steady state, extensional viscosities of melts subject to very high strains is im-
portant for development of understanding of polymer rheology, but is not so
relevant to actual processing of such melts through complex geometry dies.
Using dies with circular or rectangular cross-section, uniaxial or planar exten-
sional deformation is obtained. In entrance flow, the total pressure drop is
due to shear flow, the viscous and elastic elongational deformation, the re-
organization of velocity profile and the formation of vortices. The shear flow
properties are to be known, the viscous part of the pressure drop has to be
eliminated analytically [64].
In flows through convergent geometries, melts are not exposed to a pure elon-
gational deformation, but are subjected to progressively increasing stretch
rates [65]. There may also be uncertainties in strain history, for example up-
stream of the convergence. Previous research on neat thermoplastics [37]
has demonstrated that strain history has a significant effect on the magnitude
of the measured extensional viscosities. However, the velocity profile is as
encountered in polymer processing. With the simple setup, stretch rates ε̇ up
to 1000 s−1 can be achieved.

2.1.3 Analysis of elongational flow data

2.1.3.1 Cogswell’s analysis

Metzner [66] and later Cogswell [67, 68] estimated extensional properties of
polymer melts by applying continuum mechanics analysis to separate entry
flow into shear and extensional components in the convergent flow regions
encountered in abrupt entry contractions. Cogswell’s model is the oldest and
appears to be the most widely used in the literature.
In Cogswell’s theory it is assumed that ∆p can be written as the direct sum-
mation of two pressure drops, one due to shear viscosity and the other due
to extensional viscosity. Based on the assumption of unconstrained conver-
gent flow with minimum pressure consumption, Cogswell then solved for each
of these two pressure drops individually, applying a force balance on a differ-
ential section of the funnel-shaped entry-flow region and integrating over the
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entire entry section. The analysis assumes plug flow of plane sections in the
convergent flow region. Tensile stress and extensional viscosity can be calcu-
lated from knowledge of the shear viscosity and pressure drop in a convergent
section.
The minimum pressure drop equations are applicable only in the freely conver-
gent situation where the entrance angle is large enough that the die walls do
not interfere with the flow pattern. The model was extended to a constrained
convergence situation. Further improvement was achieved introducing a vari-
able power-law coefficient [69–72] or a Carreau-type constitutive law into the
equation for the pressure drop [52] in order to extend the applicability of the
method to low deformation rates.
The majority of processes involve the forced flow of melts through dies with
complex forms where the melt stream is fixed by the profile of the flow channel
surfaces giving rise to complex extensional strain fields. Although apparently
simple, the flow of melts through abrupt axi-symmetric contraction geometries
encompasses most elements required for developing an understanding of the
processing behavior of polymer melts.

2.1.3.2 Binding’s analysis

Binding [73,74] introduced a more rigorous theoretical analysis assuming con-
vergent flow with minimum energy consumption to relate pressure drop to
extensional rate and viscosity (s. appendix B.1). Viscoelastic effects were
included into the theory [30] and more recently, a variable power-law coeffi-
cient [65] was introduced.

2.1.3.3 Gibson’s analysis

Gibson [45] also derived expressions for extensional properties using a differ-
ent analysis of entry flows. Assuming a spherical velocity field model Gibson
did not attempt to predict the profile of convergence into a capillary, therefore
the theory is applicable from low entrance angle to α = 90o. Dominant source
of the entrance pressure drop is extensional flow, which does not strongly de-
pend on the velocity profile across the die.
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2.1.4 Discussion

When comparing entrance flow to other techniques, fairly good agreement in
extensional viscosity data derived using an extensiometer was observed at
strain rates in the power-law region for HDPE, LDPE, and PS [75, 76] and
PP [76, 77]. At lower strain rates, the entrance flow data yielded an estimate
of extensional viscosity that was too low. Consistency between measured
extensional viscosities of PP [78] was found using free surface melt spinning.
Using Gibson’s, Cogswell’s and Binding’s technique Reasonably good agree-
ment between the predictions was found for PE [79] and PP [52]. Cogswell’s
analysis yields highest values with the tendency to overestimate viscosity, to
yield lower strain rates and to predict smaller natural angles when compared
to Binding’s analysis [79,80]. Modification of Cogswell’s analysis improved its
accuracy [70,77].

2.2 Rheology

2.2.1 Analysis of shear flow

Viscosity is derived from shear stress due to a pressure drop that drives the
flow. In capillary flow, several series of injections with varying cavities are
required in order to obtain a plot of pressure drop versus capillary length, also
known as Bagley plot. Exit effects are eliminated by extrapolating the curve
obtained to zero capillary length. With multiple transducers along the die, the
pressure profile can be derived with one setup. With the assumption of a linear
pressure profile

p(z) = a+ bz (2.1)

the exit pressure becomes
a = pexit (2.2)

and the pressure gradient yields

b =
∂p

∂z
(2.3)
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Assuming a parabolic pressure profile

p(z) = a+ bz + cz2 (2.4)

the coefficients for a power-law type dependence of viscosity on pressure [75,
81]

η = η0 · eαη·p (2.5)

can be derived as

αη =
2c
b2

(2.6)

Shear viscosity was calculated from shear stress at the cavity wall

τ =
∂p

∂z
· h

2
(2.7)

and the apparent shear rate for slit flow

γ̇a =
6Q
wh3

(2.8)

and capillary flow

γ̇a =
4Q
πr3

(2.9)

The influence of channel dimensions is accounted for using

τ =
∂p

∂z
· h

2(1 + h/w)
(2.10)

The effect of a non-parabolic velocity field in the gap-wise direction due to the
non-newtonian flow behavior is accounted for using the true shear rate γ̇. For
slit flow γ̇ yields

γ̇ =
2n+ 1

3n
· γ̇a (2.11)

with the slope of shear stress versus apparent shear rate

n =
d(logτ)
d(logγ̇a)

(2.12)

In capillary flow, the non-newtonian effect is accounted for using

γ̇ =
3n+ 1

4n
· γ̇a (2.13)
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2.2.2 Analysis of extensional flow

Extensional viscosity was derived from entrance pressure drop measurements
in converging dies and shear viscosity using Binding’s analysis (s. appendix
B.1). Power-law behavior is assumed in both shear and extensional flow:

η = k · γ̇n−1 (2.14)

λ = l · ε̇t−1 (2.15)

Based on the pressure signal sampled by the sensors along the converging
die, the entrance pressure drop is derived as depicted in fig. 2.1. The power-
law coefficient for extensional viscosity, t, can be calculated from the entrance
pressure drop with slope t(n+ 1)/(t+ 1).

Q

∆ 
p

t(n+1)/(t+1)

Figure 2.1: Entrance pressure drop versus flow rate

The parameter l is calculated by solving the equation for energy consumption
for l (s. eqn. B.14). Finally, the maximum rate of extension is derived as

ε̇ = (n+ 1) ·
[

k

l(2n+ 1)tnt · Int

]
· γ̇(n+1

t+1 )
H0

(2.16)
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2.2.3 Prediction of extensional viscosity

The prediction of extensional viscosity for suspensions, filled with fibers of
different aspect ratio, originates from Batchelor’s [82] theory for dilute sus-
pensions of a newtonian fluid. The model was then extended to semi-dilute
suspensions [83] and experimentally confirmed by Mewis and Metzner [84].
Shaqfeh and Fredrickson [85] distinguished between randomly oriented and
completely aligned particles in semi-dilute suspensions. A model for an ori-
ented fiber assembly suspended in a newtonian fluid [86] and in a carreau
fluid [87] was proposed by Pipes et al.
For oriented fibers, the resistance of the fluid to extension is strongly related
to the viscous resistance of the matrix since the fibers are inextensible and the
matrix is subject to shearing between the fibers. The extensional viscosity is
derived from both the contributions of the fibers (f ) and the matrix (m)

λ = λf · ϕ+ ηm · (1− ϕ) (2.17)

The share of the fibers depends on fiber fraction and fiber length

λf = k0 · (
l

d
)n+1 · F (n, ϕ) · ε̇n−1 (2.18)

Fiber length appeared to be the determining parameter for extensional viscos-
ity

λf
ηm

= (
l

d
)n+1) · F (n, ϕ) (2.19)

F characterizes the spatial distribution of the fibers and the decrease in shear
rate in the vicinity of the fiber. For a power-law fluid Goddard [88] derived from
Batchelor’s model

F (n, ϕ) =
2

n+ 2

[
1− n
n
· 1

1− (ϕπ )
1−n
2n

]n
(2.20)

Goddard’s model has been modfied by Binding [30] in order to account for the
fiber length distribution rather than for the initial fiber length. Based on the
model of Coffin and Pipes for a Carreau fluid [89], the application to power-law
fluids yields

F (n, ϕ) =
[√

ϕ

π
− 2
]n

(2.21)
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2.3 Flow-induced microstructure

2.3.1 Experimental observations

The morphology of long fiber reinforced thermoplastics processed by injection
molding (fig. 2.2 and 2.3) is highly anisotropic and inhomogeneous due to the
interaction between fluid, fibers and cavity walls.

Figure 2.2: Passenger seat component

Figure 2.3: Fiber skeleton of passenger seat component
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In the case of long fiber reinforced thermoplastics, microstructure is charac-
terized by orientation, length distribution and dispersion of fibers (fig. 2.4).

Figure 2.4: Microstructure of PP-LGF50, x-ray image

2.3.1.1 Fiber orientation

Across the thickness, three different regimes of orientation for both short fiber
filled and long fibers reinforced thermoplastics are observed according to the
velocity profile of non-newtonian fluids. Close to the mold wall, a very thin
layer with random orientation, referred to as the skin layer, is observed. The
random orientation is due to fountain flow. The shell layer is dominated by a
high degree of orientation due to high shear rates. The center section of the
cavity, the core zone, is characterized by a low degree of orientation due to
the lack of shear deformation. In the core region, orientation therefore does
not change substantially and often remains as imposed at the gate section.
When compared to short fiber-reinforced thermoplastics, the thickness of the
core zone of LFT is higher, the orientation in main flow direction increases
and the gap-wise orientation declines [90]. In the core zone, fibers are less
oriented in the main direction of flow [90,91]. The transverse orientation is due
to extensional flow at the diverging cross-section of the gate, with its maximum
at the mid-plane of the cavity.
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For long fiber reinforced thermoplastics, a parabolic fiber orientation due to
fiber bending is observed. The transverse orientation can be conserved during
mold filling, especially in regions with lack of shear flow. The thickness of
the core zone increases with flow rate and cavity height whereas the skin
zone remains unchanged [92]. For the out-of-plane orientation of long fibers
Skourlis [93] found that 80% of the fibers are aligned at an angle less than 20o

with respect to the midplane of the cavity.

2.3.1.2 Fiber length

The fiber length declines during plasticization of the melt and during mold
filling. The average fiber length for long fiber reinforced polypropylene with an
initial length of 10mm ranges between 3mm and 5mm. The critical fiber length
lc, determining whether fiber pull-out is expected to occur, yields a value of lc
= 3.1 mm for standard PP and 0.9mm for chemically modified PP [94].
With standard screws in injection molding machines, fiber length can be signif-
icantly reduced prior to the actual mold filling. The reduction in fiber length can
yield values up to 50 to 55%. In simple cavities, the major amount of breakage
occurs in the region with smallest cross-section, i.e. the gate. The average
fiber length can be reduced to 25% to 30% of the initial fiber length.
Very often, a temporary blocking, the log-jamming effect, is reported since the
length of the fibers exceeds the gate dimensions. For long fiber filled PA, jetting
is also observed while PP reinforced by long fibers yields uniform mold filling.
However, a certain extent of breakage due to shear deformation in cavities is
present in regions with recirculating flow, rising with complexity of molds.
Metten [94] found that the variation of average fiber length with flow length
corresponded to the thickness of the freezing layer near the cavity walls at
the end of the filling stage. Fiber breakage occurs when one end of the long
fibers is fixed in the frozen layer and the fiber is subject to shear deformation
imposed by the melt. The thickness of the frozen layer in a mold is smallest at
the gate and at the flow front, due to the supply with melt from the barrel and
fountain flow, respectively.
With increasing flow rate, the location of the region with largest thickness of the
frozen layer and hence with smallest average fiber length is shifted towards the
end of the flow path. As the melt velocity increases from 40mm/s to 70mm/s,
the volume average fiber length declined from 3.3mm to 2.3mm. It was also
found that average fiber length strongly depends on back pressure, decreasing
from 4.5mm to 2.6mm with increasing back pressure from 175bar to 600bar.
Toll [90] found that the average fiber length is higher in the core, since the fiber
length is reduced in the shell region due to breakage.
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2.3.1.3 Fiber fraction and dispersion

Fiber fraction varies on different scales. First, fiber fraction may vary on a
macroscopic level due to geometry, e.g. in ribs and weld lines. For example,
with progressing mold filling, a higher fiber fraction is found at the flow front [2].
Second, according to the skin-shell-core structure, fiber fraction is not constant
in gap-wise direction of the cavity and a migration in the core zone is observed
since in laminar shear flow, the fibers tend to migrate in the region of highest
velocity [13,90].
Third, especially for long fibers, poor dispersion and the formation of clusters
(s. fig. 2.4, 2.5 and 2.6) has been reported [95–97]. The flow of fibers in
bundles preserves the average fiber length since breakage is reduced. How-
ever, there is a trade-off between dispersion and remaining fiber length, since
mechanical performance increases with both fiber dispersion and fiber length.

Figure 2.5: Microstructure of PP-LGF50, x-ray image of the cross-section
transverse to the main direction of flow

Figure 2.6: Microstructure of PP-LGF50, x-ray image of the cross-section par-
allel to the main direction of flow
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2.3.2 Characterization of microstructure

2.3.2.1 Fiber orientation state

The orientation of a single fiber (s. fig. 2.7) with unit length is defined by the
unit vector p, where the components of the vector are given by

p =

 p1

p2

p2

 =

 sin θ · cosϕ
sin θ · sinϕ

cosϕ

 (2.22)

fiber

y

x

z

main direction of flow

ϕ

θ

l

Figure 2.7: Fiber orientation

2.3.2.2 Fiber length distribution

Fiber length has an impact on both rheological and thermo-mechanical prop-
erties of fiber reinforced thermoplastics. To date, fiber length distribution is
determined by pyrolising the matrix of molded specimens or by evaluating pol-
ished sections [98]. The fiber fractions are typically sorted by length into sev-
eral classes and then averaged within each class. According to the method of
averaging, one has to distinguish between average length by number
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lN =
∑
li ·Ni∑
Ni

(2.23)

and the fiber length averaged by volume

lV =
∑
li

2 ·Ni∑
li ·Ni

(2.24)

which provides a better description for the presence of short fiber fractions.
Binding [30] and Shuler [38] used an averaging method for the effective fiber
length leff , for which the stress acting on the power-law type suspension is
taken into account

ln+1
eff =

1
N · lN

·
∑

Ni · lin+2 (2.25)

with the flow exponent n and the total number of fibers N . Applying this
method reflects the influence of a small fraction of long fibers on thermo-
mechanical properties.

2.3.2.3 Fiber dispersion

Fiber concentration and its variation in polymer processing has only been ad-
dressed in a small number of experimental studies [99, 100]. Information on
the aggregation of particles originates almost exclusively from computer sim-
ulations (e.g. [101]).
Ranganathan and Advani [95] introduced a clustering index for characteriza-
tion of fiber dispersion in short fiber filled polymers. The clustering index, de-
rived from mixing analogy, yields a comparison of statistical differences in the
primary variable of interest, e.g. components of the fiber orientation tensor.

2.3.3 Fiber orientation dynamics

In composites processing, the suspension must flow through channels or mold
cavities with varying geometries. As the fibers are dispersed they do not only
interact with each other, but with the walls and inserts in the mold. A model for
the particle orientation must consider the non-linear effects of these interac-
tions [102]. Several biological and engineering applications involve the flow of
a suspension of particles in viscous fluids. Many researchers have addressed
the aspects of fiber orientation in flowing suspensions [103–121].
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2.3.3.1 Fluid-fiber interaction

Predicting the motion of particles in a flow field is a first step to understanding
many complex phenomena such as the flow of red blood cells in the arteries
[122–124], suspended particles in pipe flows [125, 126], the aerodynamics of
bodies in wakes and boundary layers [126, 127], and in polymer processing
and composites manufacturing [128–130].
The majority of macroscopic models currently used for prediction of fiber ori-
entation are based on the classical work of Jeffery [131], who analyzed the
motion of a single ellipsoidal particle in a newtonian fluid. A different model
for fiber orientation was introduced by Modlen [132], based on the assump-
tion that the fibers align according to the deformation of the surrounding fluid.
Dinh and Armstrong obtained the same result while developing a constitutive
law for fiber filled fluids at moderate filler fraction [133]. The model accounts
for transient flow and non-newtonian fluids and has been applied for simulation
of compression molding of glass-mat reinforced thermoplastics [134,135].
Many experiments have been conducted to observe the motion of a particle
in shear flow. Goldsmith and Mason [136] verified Jeffery’s equations for rods
and disks in low Reynolds number flow. Trevelyan and Mason [137] confirmed
the motion of a long circular cylinder in uniform shear flow. Anczurowski et
al. [138] and Okagawa et al. [139] observed the transient orientation evolution
of a dilute suspension of cylinders in Couette flow. Folgar [140], Stover [141],
and Ranganathan [142, 143] observed semi-concentrated suspensions in a
Couette flow apparatus with two concentric cylinders.

2.3.3.2 Fiber-fiber interaction

The prediction using Jeffery’s theory based on the assumption of dilute sus-
pensions becomes inaccurate for concentrated suspensions. Each fiber inter-
acts with many others. Concentrated suspensions are characterized by the
number of particles per unit volume exceeding

N ≥ 1
l2d

(2.26)

For a fiber length of l = 10mm and a diameter of d = 17µm, N yields 0.6 parti-
cles per mm3. For a fiber mass fraction in PP-LGF of 50%, which corresponds
to a fiber volume fraction of 26%, the particle number per unit volume is in the
order of 1200. The interaction between fibers leads to a superposed scatter
on the alignment predicted using Jeffery’s model.
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2.3.3.3 Fiber-wall interaction

Theoretical research has been conducted for the case of particle interaction
with a plane wall [102,125,127,144–149], a curved surface [150], and a fluid-
fluid interface [125,151–153]. Under Poiseuille flow, it has been observed that
a fiber close to a solid wall follows a pole-vaulting motion, and its centroid
location from the wall is periodic [141,154].
Stover studied the motion of a rod-like particle in a shear-thinning fluid under
Poiseuille flow and observed a stabilizing effect on the fiber by the wall of the
container. A fiber aligned along the wall remained there indefinitely, barring
any large external perturbation.
Experiments were conducted to observe fiber orientation in injection molded
parts [155, 156]. Fiber migration in the areas closest to the walls and fiber
alignment in the flow direction outside this region was observed.
The interaction between fibers and the surrounding cavity is addressed exper-
imentally in this work and a modification of Jeffery’s model proposed in order
to account for fiber-wall interaction.

2.3.4 Coupling of flow and orientation

The majority of approaches applied to modelling of polymer processing are
based on a decoupled solution for flow and fiber orientation. While fiber orien-
tation is calculated from the flow field, rheology is not altered by the state of
orientation and its dynamics.
Models for the influence of fiber orientation on rheology were proposed by
Dinh [133] and Shaqfeh [85]. The two-way coupling of flow and orientation
has been examined for axi-symmetric contractions by Lipscomb [157] and for
radially diverging flow by Ranganathan and Advani [113] and Chung and Kwon
[158].
Verweyst [159] derived from isothermal simulations, that for radially diverging
flow, coupling of flow and orientation has a minor effect on velocity and fiber
orientation. However, for abrupt contractions and expansions a substantial
effect is reported in the vicinity of the transition. For shear flow and planar
stretching flow, the most common flow fields in injection molding, the effect of
coupling fiber orientation and rheology was found to negligible.
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2.4 Simulation of the injection molding process

The injection molding process is divided into the following sequence of opera-
tions

• Pre-plasticization: the fiber reinforced thermoplastic supplied either as
compound or pellet is mixed and melt in the screw barrel

• Plasticization: the rotating and backward moving screw pushes the com-
pound to the reservoir at the front end of the screw barrel

• Mold filling: the rotation of the screw is stopped and the melt is injected
at high pressure (higher than 1000bar) into the mold by a system of
runners and gates

• Packing: Once the mold is filled, back pressure is maintained in order to
supply a uniform pressure distribution in the mold and to compensate for
shrinkage of the mold

• Cooling: The melt in the cavity freezes by heat transfer from the core to
the cavity walls

• Ejection of the final part

While short fiber filled polymers are compounded, long fiber reinforced ther-
moplastics are typically supplied as pellets (s.fig. 2.8), manufactured by pul-
trusion, in order to provide fiber length and to achieve high volume fraction.

Figure 2.8: PP-LGF50, x-ray image of pellets with lead glass fiber fraction
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Injection molding is a highly non-linear process due to the thermal, rheological
and mechanical properties of the melt [160]. Two-dimensional analysis of the
injection molding process has been the standard for more than two decades
[161]. While numerous papers exist addressing simulation of injection molding
of short fiber reinforced thermoplastics, numerical modelling of processing of
long fiber reinforced polymers has been the subject of only a limited number
of studies [93,135,162–164].
To date, several trends are emerging. Progress towards three-dimensional
mold filling simulation is inevitable since solid modelling has already become
standard in CAD. Concurrent engineering, which relies on a common geomet-
ric database and unified interfaces, is becoming more important [160]. Sub-
sequent analysis, such as prediction of warpage and shrinkage or structural
analysis will also be performed using 3D models.
The assumption of two-dimensional flow, as stated in the Hele-Shaw approxi-
mation, is satisfactory for a simple geometry when the dimensions in the thick-
ness direction are much smaller than in the flow direction. An injection molded
part typically shows both thin and thick wall sections with drastic changes
causing zones of recirculation. The mold is virtually complex, perhaps with
ribs, and mid-plane generation can become ambiguous. The mold can also
contain multiple runners and inserts. The process itself has been developed
towards co-injection, gas assistance and injection compression molding. Un-
der these circumstances, flow in a mold is typically three-dimensional.
CAE based on solid models has been considered too expensive. With increas-
ing computing power and the transfer from workstations to PC, this fraction will
further be reduced. On the other hand, the expense for data transfer, mod-
elling (e.g. mid-plane generation) and meshing accounts is reduced. With an
increasing amount of information with a 3D analysis, the total gain using 3D
analysis has been estimated as 230 to 280% [165]. So far, three-dimensional
simulation of injection molding has been performed in a limited number of
cases [159,166,167].
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3 Rheology

3.1 Experimental

3.1.1 Rheometer

All experiments were carried out on an injection molding machine with a screw
diameter of d = 35 mm (ARBURG Allrounder 270V 500-150). The extrusion
rheometer, a slit die (Fig.3.1), is mounted on the injection molding machine
using an adapter [168].

Figure 3.1: Modular rheometer
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In the entrance section, the shape of the flow channel is lead from a circular to
a rectangular cross section. Both the adapter and the female die incorporate
drilled holes where transducers can be mounted. The insert is included in the
male die.

The modular design of the cavity allows for fast modifications of the slit geome-
try while the rheometer is still mounted on the injection molding machine. The
flow channel can easily be altered by unmounting the female die and replacing
the insert. In order to achieve quasi-isothermal conditions, the rheometer is
enclosed within frame and ring heaters providing a mold temperature equal to
the melt temperature in the barrel.
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Figure 3.2: Rheometer dimensions and sensor locations (side view)
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Using multiple pressure transducers in order to determine the pressure profile
along the die allows for separation of entrance and exit effects. End correction,
as used in Bagley’s procedure, is therefore not required.
The use of a slit die offers several advantages when compared to capillary
rheometers. First, a slit die represents a typical flow channel as encountered
in injection molding [169]. It also offers a higher degree of freedom for fiber
orientation since the width of the channel is larger than the initial fiber length.
Pressure holes are avoided and flow is less disturbed since a plane channel
and transducers with flat tips are used [47].
On the other hand, there are several drawbacks associated as there is the
effect of finite slit width and slit corners as well as the rearrangement of the
velocity field near the exit of the die [24]. Slit flow is more complex and more
expensive than capillary flow [26].
Cavities with different gap height (h = 1, 2 and 3 mm) and width (w = 25
mm and 18 mm) were used. Two different contraction ratios (2:1, 3:1) were
employed in order to determine extensional viscosity (s. fig 3.3).

9 h = 3 mm27

918 h = 2/3 mm

25

150

17.5 h = 1/2/3 mm

Figure 3.3: Dimensions of cavities and sensor positions (top view)
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3.1.2 Sensors

3.1.2.1 Pressure transducers

The extrusion pressure sensor (KISTLER, s. table 3.1) contains a silicon
measuring element which operates according to the piezo-resistive principle.
Since this measuring element operates reliably even at high temperatures, it
can be fitted directly behind the diaphragm, so that no pressure transmitting
medium such as a push rod, oil or mercury is required. The diaphragm can
be made much thicker and therefore more rugged without compromising ac-
curacy or repeatability. Due to the rugged diaphragm it can be used in very
abrasive processes where highly filled materials are processed. The solid-
state design leads to an extremely high natural frequency allowing transient
pressure changes to be captured. Very accurate results due to of digital com-
pensation can be obtained.

operating temperature range T [oC] 25 - 300
maximum temperature Tmax[oC] 350
operating pressure range p [MPa] 0 - 25 (100)
maximum pressure pmax [MPa] 150
response time t [ms] <3.3
natural frequency f [kHz] >100

Table 3.1: Extrusion sensor, 4090B, KISTLER

Unlike a strain gauge sensor a piezo-resistive sensor is capable of measur-
ing ambient temperature as well as pressure simultaneously. Temperature is
determined by the drift of the measuring bridge, where the voltage for com-
pensation is related to the increase in temperature. Depending on the position
in the cavity, sensors with different maximum pressure operating range (250
to 1000 bar) were used in order to obtain reliable results.

3.1.2.2 Infrared Sensor

3.1.2.2.1 Fundamentals

Temperature measurement using an infrared (IR) sensor is based on the de-
tection of electromagnetic radiation that is emitted due to the brownian motion
of molecules. The energy per time, area and spectral range, i.e. the spec-
tral radiation density Lλ,b, which is is emitted normal to the surface of a black
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body can be determined using Planck’s radiation law. The spectral radiation of
any arbitrary body, Mλ, is derived from the spectral radiation of the black body
Mλ,b (s. fig. 3.4) multiplied by the emissivity ε:

Mλ = Mλ,b ·ε(λ, ϑ) = π · Lλ,b ·ε(λ, ϑ) =
c1

λ5
(
e
c2
λϑ

)
− 1
· ε(λ, ϑ) (3.1)

with h = 6.626 · 10−34 Js , k = 1.381 · 10−23 J/K, respectively, c0 = 2.9979 · 108

m/s, c1 = 2πhc20 = 3.7418 · 10−16 W/m2 and c2 = hc0/k = 1.4388 · 10−2 m/K.

Figure 3.4: Spectral radiation of a black body

In the typical plastics processing range from 200oC to 300oC, the largest frac-
tion of radiation is emitted between 4 and 8 µm.
The wavelength at which the radiation reaches a maximum is shifted from 6
µm to 5 µm with an increase in temperature from 200oC to 300oC. The inverse
proportionality between the position of the maximum of radiant intensity and
absolute temperature ϑ can be expressed using Wien’s law:
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λmax =
α

ϑ
(3.2)

with α = 2.898·10−6mK. The penetration depth of radiation has been evaluated
experimentally for PP-LGF (s. fig. 3.5) from transmission spectra (appendix A)
using an infrared spectrometer (NICOLET). The penetration depth is defined
as distance where the intensity of radiation is reduced to 1/e (36.8%).
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Figure 3.5: Penetration depth for PP vs. fiber fraction

The maximum penetration depth is observed between 4 and 5 µm, where
radiation also reaches highest values (s. fig. 3.4). When the fiber fraction
is varied from 30% to 50%, the penetration depth decreases from 0.37mm to
0.23mm.
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3.1.2.2.2 Principle of Infrared Sensors

When measuring with radiation thermometers, it is essential to know where
and from which depth the radiation is originating. IR sensors yield weighted
values of the temperature of a defined control volume. The radiation does not
only come from the surface, but also from deeper layers since plastics are
penetrable for radiation in the near infrared range. Depending on the absorp-
tion coefficient µ of the melt, the radiation from the opposite wall and reflected
fractions originating either from the probe or the wall can add a significant
amount to the total radiation measured by the IR sensor [170].
The heat radiation emitted by the melt enters the sensor through a wear-
resistant sapphire window and is converted into an electrical signal by a de-
tector located in the sensor connection head. The range of application, e.g.
bandwidth of wavelength, is limited by the type of sensor. Sensors generally
differ by the optical components and the method how the radiation is trans-
ferred from the sapphire window to the detector.
Most sensors use fiber-optics, e.g. quartz glass fibers, for the transmission
of radiation which limits the maximum wavelength to 4 µm (s. fig. A.2). A
large portion of the radiation is neglected and measuring takes place in the
region with steepest slope and therefore errors are likely to rise. In addition,
no continuous signal is obtained since light detective resistance measurement
(LDR) is applied.
The sensor applied in this study contains a sapphire window, a polished tube
and a sapphire lens. The maximum detectable wavelength is only limited by
the transmission of the sapphire window and yields a bandwidth of 0.18 to 7
µm. The detector itself has an operating range from 0.4 to 15 µm.

3.1.2.2.3 Application

The use of IR sensors allows for continuous temperature measurement at
elevated temperature levels and high pressure (s. table 3.2). The flat tip of the
sensor avoids interference with the cavity.

operating temperature range T [oC] 50 - 400
maximum temperature Tmax [oC] 600
maximum pressure pmax [MPa] 100
response time t [ms] 15

Table 3.2: IR sensor, IR THERM 2001, FOS Messtechnik GmbH
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The infrared measuring method with a response time of the sensor less than
15 ms is much faster than conventional thermometers and therefore capable
of detecting changing melt temperatures and temperature peaks. IR sensors
are typically calibrated for a black radiator with ε = 1.0 and need to be re-
calibrated depending on the optical properties of the melt. For this purpose,
the sensor used in this study possesses a built-in thermocouple for on-line
calibration. Time consuming external calibration [171] is not necessary.

3.1.3 Rheometry

3.1.3.1 Materials

Rheological characterization of neat polypropylene (Montell H39S) was per-
formed. Further, polypropylene cylindrical pellets, reinforced by E-Glass fibers
aligned along the cylindrical axis with an initial length of 10mm (FACTOR-PP,
FACT GmbH) were used. With a weight fraction of 30%, 40% and 50%, fiber
volume fraction yielded 13%, 19% and 26%, respectively.
In the case of the 50% reinforcement, the influence of sizing of the fibers on
the bulk viscosity was studied using a special sizing for polypropylene and a
standard sizing for thermoplastics. The effect of fiber length on rheological
properties was examined by comparing the standard material to pellets with
an initial fiber length of 12mm at a fiber fraction of 30% (DSM).

3.1.3.2 Procedure

The pellets were processed within a nominal temperature range from 220oC
to 270oC. The melt was injected after a holding time of 30s with a maximum
pressure of 1350 bar at 8 different flow rates (Q = 5 to 180 cm3/s) with log-
arithmic spacing. 5 injections with a shot volume of V = 105 cm3 per setup
were performed.

3.1.3.3 Data Acquisition

Pressure and temperature signals were sampled at a rate of 100 Hz using
a Data Acquisition Board (max. 16 channels, 250 kHz) and LABVIEW (both
National Instruments) running on Windows NT. The signals were stored in
ASCII type format on the local hard disk and then transferred via LAN for
further processing.
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3.1.3.4 Data Analysis

Signal processing is required for peak detection of both temperature and pres-
sure. The maximum and average values during each injection were calculated
and then again averaged over 5 injections. In contrast to short fibers, where
flow is stabilized by the presence of fibers, a variation in pressure up to 30%,
especially at higher fiber fraction is reported in previous studies using capillary
rheometers [35,37,38], due to temporary fiber blockage or jamming at the en-
try. In this study, the maximum variation in pressure accounts for up to 20%,
even at highest shear rates (fig. 3.6).
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Figure 3.6: Pressure signal versus sensor location, Q = 180 cm3/s

A graphical user interface (MATLAB) was designed for signal processing of
pressure and temperature, data analysis for calculating pressure drop, shear
stress, shear and extensional viscosity for both linear and parabolic pressure
profiles and visualization of these quantities depending on materials, channel
geometry and processing parameters.
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3.2 Pressure Profile

3.2.1 Pressure Drop

The pressure profile along the cavity is depicted for neat and filled PP in figs.
3.7 and 3.8. The exit is located at z = 0. Assuming a linear profile based on
the 3 sensors close to the exit provides a good fit to the experimental values.
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Figure 3.7: Pressure drop, PP, 250oC

At the entrance, the experimental values deviate from this linear profile sug-
gesting entrance effects [172]. Non-linear pressure profiles with a curvature
upwards could be caused either by a strong dependence of viscosity on pres-
sure, due to viscous heating [75, 81] or insufficient die length [172]. Convex
curvature occurs due to pressure dependent slip at high shear stresses [173].
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Previous work by Mutel [43] on PP exhibited linear profiles for both neat and
filled PP with variations less than 1% but non-linearity increased with cavity
height. It was therefore suggested, that the distance between the entrance
and the first pressure sensor should be greater than 20 times the height of
the cavity in order to assure fully developed flow. Crowson [28] obtained non-
linear Bagley plots for neat PP and assumed the presence of this effect to be
due to the dependence of viscosity on pressure.
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Figure 3.8: Pressure drop, PP-LGF50, 250oC
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3.2.2 Exit Pressure

The exit pressure drop is due to the viscous loss in the vicinity of the exit,
caused by the re-arrangement of the velocity field. For both linear and parabolic
interpolation between the three sensors located closest to the exit, the extrap-
olation of the pressure profile yields negative values for the exit pressure drop
∆pexit. The pressure at the exit should be equal to zero.
For neat PP, the exit pressure loss is increasing with shear rate from 1% to 3%
of the total pressure drop. With increasing melt temperature, the exit pressure
loss is slightly declining. With increasing fiber fraction, the amount of exit pres-
sure loss is yielding a greater share of the overall pressure drop. Gibson [45]
observed an exit pressure loss two orders of magnitude higher for filled PA
compared to neat PA in capillary flow. In this work, an exit pressure loss of
3% to 5% was observed for PP-LGF50. Based on these results, the assump-
tion of a linear pressure profile was confirmed and the exit pressure loss was
considered to be negligible.

3.2.3 Entrance Pressure

At the transition from the circular cross-section to a rectangular shape in the
adapter of the rheometer, entrance pressure loss is observed. The amount of
entrance pressure drop is calculated from the difference between total pres-
sure drop and pressure drop derived by extrapolating the linear pressure pro-
file between the three sensors located closest to the exit of the cavity to the
sensor located close to the gate.
Entrance pressure loss is only due to viscous dissipation. In capillary rheom-
etry, entrance pressure loss can account for half of the total pressure drop, as
observed by Gibson [45]. The entrance pressure loss ∆pE slightly increases
with melt temperature. Obendrauf [52] measured entrance pressure loss for 6
different types of PP. ∆pE , increasing with molecular weight, differed by one
order of magnitude.
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As observed earlier by Crowson [28], increasing entrance effects with fiber
fraction were found (s. fig 3.9). While for neat PP, the entrance pressure loss
yielded between 8% to 10% of the total pressure drop, ∆pent was found to
be 10% to 11% for PP-LGF50. However the entrance pressure drop declined
with increasing shear rate affirming the statement of Gibson [45], that the the
entrance pressure drop reduces with increasing orientation in the skin zone of
the melt.
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Figure 3.9: Entry Pressure drop vs. fiber fraction, T = 250oC
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3.3 Shear stress

From the pressure drop, measured at various shear rates, shear stress is
derived from eqn. 2.7 using the correction for cavity dimensions (eqn. 2.10).
For different slit heights, the values for shear stress depicted in fig. 3.10 were
obtained.
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Figure 3.10: Shear stress, PP, T = 220oC

With the combination of cavities mounted on the injection molding machine,
true shear rates ranging from 400 to 40000 s−1 were obtained. Shear stress
yields values of up to τ = 0.1MPa at which melt fracture is likely to occur.
The results derived using the cavities with a height of 2mm and 3mm, respec-
tively, yield similar values. However, the results measured using the slit with
a height of 1mm differ significantly and will not be used for further consid-
erations limiting the validity of experimental results to a range of shear rate
between 400 to 10000 s−1.
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The addition of fibers (ψ = 0.5) nearly doubles the values obtained for shear
stress, as depicted in fig. 3.11. The slope of the stress curves versus shear
rate becomes less steeper and the deviation from a linear curve becomes
more pronounced for fiber filled PP.
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Figure 3.11: Shear stress versus fiber fraction, h = 2mm, T = 220oC

From shear stress, shear viscosity was calculated and non-newtonian flow be-
havior accounted using the correction by Weissenberg and Rabinovich (eqn.
2.11). Therefore all plots of shear viscosity depict true shear viscosity includ-
ing correction for channel dimensions and non-newtonian behavior versus true
shear rate.
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3.4 Viscosity

3.4.1 Influence of processing parameters on viscosity

3.4.1.1 Rate of deformation

The extensional viscosity of long fiber reinforced polypropylene, λ, was found
to be 60 times higher than shear viscosity (s. fig. 3.12). In agreement with
previous studies on long fiber reinforced thermoplastics [31, 46, 174, 175], a
power-law type relation shows good agreement with results for both shear
and extensional viscosity in the evaluated range of deformation rates.

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
5

10
6

γ [s−1]

η 
[P

a 
s]

λ
η

Figure 3.12: Shear and extensional viscosity, PP-LGF50, 250oC

Thinning with rate of deformation is more pronounced in shear flow, since
the slope of the curve is steeper for shear viscosity compared to extensional
viscosity. With increasing shear rate from 103s−1 to 2·104s−1, viscosity of
PP-LGF50 declines by 90%.
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3.4.1.2 Temperature

As depicted in fig. 3.13, shear viscosity of neat PP is a strong function of
temperature. Increasing the temperature from 220oC to 235oC reduces shear
viscosity by 7%. Further increase in temperature to 270oC yields a reduction
in shear viscosity in the order of 20%.
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Figure 3.13: Shear viscosity vs. temperature, PP

From literature, only a few number of studies carried out at different temper-
ature levels are known since each polymer grade has a recommended pro-
cessing temperature.
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Crowson [29] evaluated the shear viscosity of glass fiber reinforced PP with
respect to melt temperature, fiber fraction and fiber length. For neat PP, he
observed a reduction in viscosity of 60% with a melt temperature increasing
from 180oC to 270oC.
For PP with a fiber mass fraction of 50%, as depicted in fig. 3.14, the effect
of temperature on shear viscosity is still present. However, the temperature
dependence of shear viscosity becomes slightly more pronounced with fiber
fraction. For instance, an increase in temperature from 220oC to 235oC or
270oC induces a reduction in viscosity by 8% and 25% respectively. Similar
behavior of short fiber reinforced PP with a mass fraction of 20% was found
by Crowson.
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Figure 3.14: Shear viscosity versus temperature, PP-LGF50
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The extensional viscosity of PP-LGF50 (fig. 3.15) is also affected by melt tem-
perature. With an increase in temperature from 220oC to 235oC and 270oC,
the extensional viscosity declines by 7% and 21%, respectively.
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Figure 3.15: Extensional Viscosity versus temperature, PP-LGF50

With decreasing fiber fraction, the temperature dependence of extensional vis-
cosity is also declining. For instance, the same temperature variation from
220oC to 235oC and 270oC, causes a decrease in extensional viscosity of
PP-LGF30 in the order of 3% and 10%, respectively.
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3.4.1.3 Pressure

At elevated strain rates (γ̇ > 103 s−1), viscosity strongly depends on pressure
which drives the flow [176]. Carter [177] found, that the viscosity of polypropy-
lene doubled with an increase of the hydrostatic pressure from 0 to 60MPa.
Binding [178] examined the dependence of shear and extensional viscosity of
neat thermoplastics within a range of deformation between 50 and 2500 s−1
and a pressure range from 1 to 70MPa. It was found that the dependence
of viscosity, especially extensional viscosity, for PP is greater than for PE but
less pronounced than for PS. Based on a power-law type relation between
viscosity and pressure,

η = η0 · eαη·p λ = λ0 · eαλ·p (3.3)

Binding [178] derived the values for pressure coefficients for both shear and
extensional viscosity of neat PP as listed in table 3.3.

T [oC] αη [1/GPa] αλ [1/GPa]
190 7.6 19.3
200 6.4 17.9
230 6.9 15.5

Table 3.3: Pressure coefficient for shear and extensional viscosity of neat PP

The dependence of viscosity appeared to be insensitive to changes in tem-
perature. However, Binding’s results are in good agreement with Crowson [36]
who found similar values for neat PP (αη = 5.8 1/GPa). With the setup used in
this study, the results listed in table 3.4 were obtained. Generally, the results
are in agreement with Binding’s and Crowson’s results. However, αη rises with
temperature but decreases with fiber fraction.

αη [1/GPa] T [oC]
ψ [%] 220 235 250 270

0 5.60 7.17 10.42 10.62
30 3.99 4.95 6.22 8.07
40 4.31 5.05 5.96 5.94
50 3.60 3.83 4.59 4.98

Table 3.4: Pressure coefficient for shear viscosity of fiber reinforced PP
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3.4.2 Materials

3.4.2.1 Fiber fraction

A substantial increase in shear viscosity with the addition of long fibers is
observed at low shear rates, as depicted in fig. 3.16. Shear thinning at high
rates of deformation becomes more significant with increasing fiber fraction.
For instance, the power-law coefficient n decreases from 0.28 for neat PP to
0.24 for PP-LGF50. The effect of fiber fraction on shear viscosity becomes
less pronounced with increasing temperature.
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Figure 3.16: Shear Viscosity vs. fiber fraction, 220oC
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For neat PP, the extensional viscosity could not be derived since the entrance
pressure drop was too low using the current setup. However, varying fiber
mass fraction from 30% to 50% (fig. 3.17) yields an increase in extensional
viscosity in the order of 55%.
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Figure 3.17: Extensional Viscosity vs. fiber fraction, 220oC

As observed for shear viscosity, the difference in extensional viscosity for dif-
ferent fiber fractions decreases at elevated melt temperature. The thinning
behavior with rate of extension is not as pronounced for extensional flow as in
shear flow and does not vary significantly with fiber fraction. The power-law
coefficient for extensional viscosity ranged from 0.31 to 0.3.
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3.4.2.2 Fiber length

A substantial growth in shear viscosity was found with increasing initial fiber
length from 10mm to 12mm, as depicted in fig. 3.18. Reflecting the results
obtained at different values for melt temperature, an average increase in shear
viscosity by 50% is observed at low shear rates. Shear-thinning is more pro-
nounced while the temperature dependence of viscosity remains unchanged.
In literature [29], an increase by a factor of four was found at low shear rates
when fiber length was altered from 5mm to 20mm. While virtually no difference
is found for a shear rate above 100 s−1, PP filled with shorter fibers tends to
newtonian flow behavior at low shear rates.
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Figure 3.18: Viscosity vs. Fiber length, PP-LGF30, 220oC
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In previous studies [30], it was observed that the shear viscosity also depends
on fiber length distribution. A broad distribution yields higher values of shear
viscosity.
The difference in extensional viscosity almost diminishes if the fiber length is
increased from 10 to 12mm. In earlier work [30], an increase of 50% and
170% was derived for PP-LGF with an increase in initial fiber length from 5mm
to 6mm and 10mm, respectively.
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Figure 3.19: Extensional Viscosity vs. Fiber length, PP-LGF30, 220oC



46 3 Rheology

3.4.2.3 Sizing

For long fiber reinforced PP, a difference in shear viscosity was observed de-
pending on the surface treatment of the glass fibers. A standard silane sizing
of the glass fibers for thermoplastics leads to significantly lower values when
compared to a sizing optimized for PP (fig. 3.20). At low shear rates, the dif-
ference is approximately 20%. Again, the difference reduces at higher shear
rates but not as rapid as observed when varying fiber fraction.
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Figure 3.20: Shear Viscosity vs. Sizing, PP-LGF50, 220oC

While the dependence of flow properties on the finish of fibers has received lit-
tle attention, the sensitivity of mechanical properties of glass fiber filled polypropy-
lene on the composition of coupling agents has been reported. For example,
the bending strength of PP-GF with a standard silane finish of the glass fiber
is less than half of that obtained by surface treatment of the fibers with silane
modified with maleic-anhydride [179].
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The effect of fiber sizing on extensional viscosity is depicted in fig. 3.21. Eval-
uating the values for extensional viscosity derived at different levels of melt
temperature, an optimized fiber sizing yields an increase by one third when
compared to PP-LGF50 with a standard finish of the glass fibers.
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Figure 3.21: Extensional Viscosity vs. Sizing, PP-LGF50, 250oC
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3.4.3 Channel geometry

3.4.3.1 Slit flow versus capillary flow

In order to evaluate the influence of rheometer type and channel dimensions,
the shear viscosity of neat PP measured using the slit die were validated ver-
sus the results obtained using a capillary rheometer (L = 30mm, D = 1mm).
As depicted in fig. 3.22, good agreement in apparent shear viscosity is found
in the evaluated range of shear rate.
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Figure 3.22: Shear Viscosity of PP at 250 and 270 oC, capillary versus slit die

From capillary rheometry it is observed, that the curves for 250 and 270 oC
remain parallel and that shear viscosity deviates from a power-law behavior for
shear rates below 500s−1. Shear viscosity obtained using the slit die yields
lower values than those derived from capillary rheometry. At higher shear
rates, the curves appear to yield similar values implying a higher degree of
shear-thinning.
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3.4.3.2 Channel height

While there was virtually no difference between the results obtained using slit
dies with different height for neat PP, higher values for shear viscosity with in-
creasing channel height were found for fiber filled PP (fig. 3.23). For instance,
the shear viscosity of PP-LGF40 increases by roughly 8% when varying the
cavity height from 2mm to 3mm.
In capillary rheometry, shear viscosity was found to increase by approximately
10% when decreasing the capillary diameter from 2mm to 1mm (s. table 3.7).
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Figure 3.23: Shear Viscosity versus channel height, PP and PP-LGF40,
220oC
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In extensional flow, the dependence of flow properties on channel height be-
comes more pronounced. Higher values in extensional viscosity with an in-
crease of roughly 14% are observed when the channel height is increased
from 2 to 3mm (fig. 3.24).
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Figure 3.24: Extensional Viscosity vs. Channel height, PP-LGF40, 220oC

In capillary rheometry, the effect of channel dimensions on extensional vis-
cosity measurement has also been reported [30]. However, the extensional
viscosity of PP-LGF50 was found to be more than two times higher using a
capillary with a diameter of D = 1mm when compared to the results obtained
with a capillary diameter of D = 2mm.
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3.4.3.3 Contraction ratio

The contraction ratio of the converging die also influences the extensional vis-
cosity, as depicted in fig. 3.25. Using a slit die with a higher contraction ratio
yields higher values of extensional viscosity. The difference in extensional vis-
cosity for different ratios of contraction was found to grow with fiber fraction and
rate of extension as well as with declining temperature. A maximum difference
of approximately 20% was observed.
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Figure 3.25: Extensional viscosity versus Contraction ratio, PP-LGF50, 220oC

Using a die with a smaller contraction ratio, higher rates of extension were
achieved but less reliable results were obtained. However, the dependence of
extensional viscosity on rate of deformation is not significantly affected by the
contraction ratio.
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3.5 Modelling of Flow properties

3.5.1 Orthotropic constitutive law

The difference in resistance to shear and extensional deformation is described
using the trouton ratio of extensional viscosity and shear viscosity. While for
neat thermoplastics a trouton ratio between 8 and 9 is typical, the difference
becomes substantial for long fiber reinforced thermoplastics with a trouton
ratio of 60 and higher.
In contrary to solid mechanics, the anisotropic behavior of composite materials
during flow has not received very much attention. To the author’s knowledge,
extensional viscosity has yet not been subject to profound numerical simu-
lations of polymer processing since it implies the modification of the Navier-
Stokes equations. Simplified approaches [180] were derived in order to ac-
count for extensional viscosity by modifying shear viscosity.
Gibson [60] proposed an orthotropic constitutive law
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where η and λ denote shear and extensional viscosity, respectively. The dif-
ference between in-plane and out-of-plane extensional viscosity is captured
by λ⊥. Since it is difficult to obtain λ⊥ experimentally, the use of the value for
extensional viscosity of the neat thermoplastics is proposed.
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3.5.2 Power-law coefficients

The use of a power-law type relationship for both shear and extensional vis-
cosity has lead to good agreement with experimental results. If the temperature-
invariant form

η = k · eβη(T−T0) · γ̇n−1 (3.5)

λ = l · eβλ(T−T0) · ε̇t−1 (3.6)

is introduced, the coefficients listed in table 3.5 are derived with T0 = 175oC:

ψ k0 βη n l0 βλ t
[1] [104 Pa sn] [1/K] [1] [106 Pa st] [1/K] [1]
0 1.0135 -0.0045 0.2831

0.3 1.3327 -0.0049 0.2829 1.0853 -0.0021 0.3027
0.4 2.1430 -0.0060 0.2547 1.2502 -0.0037 0.3188
0.5 2.7873 -0.0057 0.2447 1.6943 -0.0048 0.3019

0.3 1 1.9387 -0.0045 0.2531 0.9672 (0.00042) 0.2871
0.5 2 2.0202 -0.0057 0.2607 1.2520 -0.0036 0.3246

Table 3.5: Power-law coefficients for shear and extensional viscosity

The error by introducing a power-law type relationship for the dependency of
both shear and extensional viscosity on rate of deformation and temperature
is listed in table 3.6. The standard deviation is higher for extensional viscosity
since the coefficients for shear viscosity are included in the calculation.

ψ [1] ση [%] σλ [%]
0 4.59 -

0.3 2.94 6.82
0.4 4.04 7.58
0.5 2.88 7.36

0.31 2.41 2.38
0.52 2.51 2.75

Table 3.6: Standard deviation of power-law relationship

1l = 12mm
2standard sizing
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3.6 Discussion of results

3.6.1 Comparison with previous results

The results obtained for shear and extensional viscosity were compared to
values found in literature (s. table 3.7). For PP, the amount of data available is
not as plenty as for other thermoplastics, e.g. PA6.6.

ψ l0 T k0 n l0 t
[%] [mm] [oC] [Pa sn ] [1] [Pa st] [1] source
10 10 1685 0.483
20 10 2303 0.447

PP 30 10 180 3092 0.414 [42]
40 10 4365 0.404
50 10 9307 0.303
0 785 0.58 6.63 ·104 0.61

50 5 1284 0.58 6.5 ·105 0.56
PP 50 6 200 1558 0.54 9.62 ·105 0.58 [30]1

50 6 2403 0.47 1.07 ·105 0.62
50 10 3 1472 0.56 4.98 ·105 0.56
50 10 4 1194 0.58 1.15 ·106 0.57
50 10 1311 0.57 1.7 ·106 0.58

PP 50 10 3 200 1570 0.57 3.06 ·105 0.554 [30]2

50 10 1208 0.56 7.48 ·105 0.57
PP 20 6 200 3200 0.50 [27]
PP 30 15 210 3780 0.346 1.0 ·105 0.346 [181]

0 9357 0.30
5 4.5 11083 0.27

PP 10 4.5 230 11925 0.26 [31]
20 4.5 13787 0.25
30 4.5 16959 0.21

PP 50 10 235 954 0.528 1.03 ·105 0.564 [182]

Table 3.7: Power-law coefficients for shear and extensional viscosity, from
literature

1Capillary, diameter D = 1mm
2Capillary, diameter D = 2mm
3passed trough cutter, l ≤ 10mm
4passed trough injection molding machine
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It should also be noted that the data was obtained at one specific melt temper-
ature using different instruments, such as capillary or squeeze flow rheome-
ters. Comparing the results is very difficult since fiber fraction as well as initial
fiber length are deviating.
Power-law coefficients for the shear viscosity of neat PP with different molec-
ular weight are listed in table 3.8. The shear viscosity, measured using a
capillary rheometer, can differ by a factor of 4 depending on molecular weight.
A deviation in shear-thinning behavior is also observed. However, the flow
exponent is within a range between n = 0.275 and n = 0.386, confirming the
values derived in this work

MW k0 n
[Pa sn ] [1]

1171 235111 0.262
534 23070 0.275
407 11048 0.333
316 6802 0.372
222 11074 0.294
179 5146 0.386

Table 3.8: Power-law coefficients for shear viscosity for PP with different
molecular weights, T = 200oC

Throughout all different sources, the trend of declining power-law index for
shear viscosity with increasing fiber fraction is observed and confirmed by the
results of this study.
For extensional viscosity, the results obtained were compared to the data de-
rived by Binding [30] and McClelland [182] for PP-LGF50 with an initial fiber
length of l = 10mm. Both studies were carried out using a capillary rheometer
supplied with melt from a piston-cylinder system.

1T = 255oC
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In fig. 3.26, the results for PP-LGF50 obtained in this work using a slit rheome-
ter are extrapolated to a melt temperature of 200oC and then plotted versus
the results of Binding obtained for different capillary diameter.
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Figure 3.26: Extensional viscosity of PP-LGF50, T = 200oC

The results derived from capillary rheometry are higher than the values ob-
tained using a slit rheometer. Based on a higher bandwidth of rate of exten-
sions (up to 104 s−1), the thinning behavior was found to be less pronounced
in capillary rheometers. However, an increase in capillary diameter from D =
1mm to D = 2mm lead to a reduction in extensional viscosity in the order of
57%, whereas shear viscosity was not significantly altered (minus 8%).



3.6 Discussion of results 57

The results of McClelland were obtained using the same rheometer as used
by Binding, but with a capillary diameter of D = 4mm. For this diameter, the re-
sults of McClelland yielded values lower than those obtained using slit rheom-
etry (s. fig. 3.27).
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Figure 3.27: Extensional viscosity of PP-LGF50, T = 235oC

Comparing the experimental results with the results of Binding and McClel-
land, it was found that the results obtained using the slit rheometer yielded the
values for the capillary die with a small diameter (D = 2mm) at low rates of
extension, at higher rates the results obtained for a diameter of D = 4mm.
While the absolute values for extensional viscosity are in the same range, a
substantial deviation in thinning behavior is observed. The decline of exten-
sional viscosity is strongly related to the shear-thinning behavior of the melt.
The absolute values for extensional viscosity of neat PP was found to increase
with molecular weight by a factor of 7 [52].
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3.6.2 Error in pressure measurement

The reliability of pressure data is affected by the accuracy of the sensor, the
pressure fluctuation during processing and the error in interpolation of the
pressure profile along the die. Since each pressure sensor is calibrated with
the amplifier and the signal is digitally compensated, the accuracy of the pres-
sure sensor is very high. In order to minimize this error, the sensor were
located along the die with respect to the operating range of the sensor and the
expected pressure value at that location. The standard deviation in calculation
of shear viscosity due to pressure fluctuation and interpolation is depicted in
fig. 3.28.
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Figure 3.28: Maximum (left) and mean standard deviation (right) in shear vis-
cosity calculation
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Adding the error in pressure measurement and the error in deriving the consti-
tutive law proposed for long glass fiber reinforced polypropylene, a maximum
standard deviation of approximately 10% and 14% for shear and extensional
viscosity, respectively, is derived.

3.6.3 Error in temperature measurement

Suspensions with high viscosity may generate substantial heat near the cavity
walls at high shear rates. This heat will lower the viscosity in the vicinity of the
wall and therefore make the melt appear more shear thinning.
Since temperature has a substantial effect on viscosity, it is essential to know
at which temperature the measurement took place. It is also mandatory to
validate the temperature measurement of the different sensor types.
In order to analyze the temperature profile along the die, the temperature sig-
nals were compared by replacing the piezo-resistive sensor close to the en-
trance (x = 0mm) and to the exit of the die (x = 105mm) by the infrared sensor.
With these two setups, three exemplary flow rates were applied and the differ-
ence in temperature recorded.

∆T [oC]
ψ T γ̇ piezoresistive sensor infrared sensor
[1] [oC] [s−1] entrance exit total entrance exit total

600 2.60 3.06 -0.45 4.60 6.96 2.36
0 220 4740 2.94 5.32 -2.39 7.14 13.12 5.98

10800 3.26 5.59 -2.32 8.44 17.28 8.84
600 1.68 1.07 0.61 -2.03 2.11 4.15

0 250 4740 2.29 3.60 -1.31 1.00 7.32 6.31
10800 2.35 4.05 -1.70 2.41 11.01 8.60

600 4.97 6.26 -1.29 12.34 13.27 0.92
0.5 220 4740 7.58 9.70 -2.12 17.44 23.26 5.52

10800 7.05 10.08 -3.03 19.81 27.50 7.69
600 3.57 4.23 -0.65 6.16 10.94 4.78

0.5 250 4740 5.17 7.62 -2.45 11.56 18.19 6.63
10800 6.13 8.38 -2.25 12.91 23.94 11.04

Table 3.9: Temperature rise as measured for PP and PP-LGF50
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It is observed, that the melt entering the die has already been subject to an
increase in temperature which is in the order of magnitude of the actual in-
crease along the die. Comparing the temperature signal recorded using the
piezo-resistive and the infrared sensor, respectively, a significant difference is
found.
Using the temperature output of the piezo-resistive sensor, the level of tem-
perature is substantially lower compared to the recording of the infrared sen-
sor. The most significant feature is that a temperature drop along the die is
recorded. The sensor does not capture the melt temperature, but the temper-
ature within the ambience of the sensor.
In polymer processing, substantial increase in temperature during flow has
been reported. Crowson [36] observed an increase in temperature of 73oC
during extrusion of neat PP at a shear rate of 3·105 s−1, corresponding to a
pressure drop of 1400 bar.
In order to determine the temperature rise analytically, Crowson used a simpli-
fied thermal analysis based on the assumption of adiabatic and incompress-
ible flow. The change in temperature consists of two fractions. On one hand,
dissipation leads to a significant rise with increasing flow length. On the other
hand, temperature declines due to the pressure drop along the die. The
change in temperature can then be calculated as a function of pressure drop
using

∆T =
∆p
ρcp
· (1− αT ) (3.7)

The first term accounts for the temperature rise due to dissipation which is
caused by shear deformation. The second term describes the temperature
drop resulting from the pressure drop along the die. Since the pressure de-
creases, the melt expands and therefore temperature decreases.
The amount of dissipation in shear flow can also be calculated from the energy
balance equation. For one-dimensional, quasi-isothermal flow one derives

ρcp ·
∂T

∂x
= ηγ̇2 (3.8)

Using the thermal properties for PP and PP-LGF50 (s. appendix C), the tem-
perature rise along a distance ∆x due to dissipation can be calculated as a
function of viscosity using

∆T
∆x

=
1

ρcpvx
· ηγ̇2 (3.9)
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Fig. 3.29 depicts the temperature rise for neat PP measured using the piezo-
resistive sensor (’PR’) and the infrared sensor (’IR’) versus the predictions
based on the energy balance and the assumption of incompressibility, respec-
tively.
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Figure 3.29: Temperature Profile, PP, 250 oC

The approach of incompressibility, due to the linear dependence of tempera-
ture rise on pressure drop, does not capture the non-linear temperature rise
accurately. Adding the temperature drop caused by the expansion of the melt
increases the difference.
However, the prediction based on the energy balance equation shows good
agreement with data obtained using the infrared sensor, especially consider-
ing the temperature drop due to expansion which has to be added.
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For PP-LGF50, the temperature rise predicted using the energy balance equa-
tion exceeds the experimentally recorded data (fig. 3.30). Again, the data
recorded the piezo-resistive sensor yields the temperature drop predicted.
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Figure 3.30: Temperature Profile, PP-LGF50, 250 oC

From the results above, it is deducted that the piezo-resistive sensors are not
adequate for reliable measurement of temperature. The results obtained using
the infrared sensor yielded good agreement with predictions for neat PP.
For fiber filled thermoplastics, the difference between prediction and experi-
mental data became evident. The infrared sensor was statically calibrated for
the fiber filled material, the flow of the fiber suspension and re-orientation of
the fibers may induce errors due to refraction. It is also noteworthy, that the
infrared sensor detects radiation emitted by a melt volume determined by the
penetration depth of radiation, as discussed in section 3.1.2.2 and appendix
A.
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The importance of dissipation can be estimated using the Nahme-Griffith num-
ber which equates heat generated by viscous dissipation to heat conduction

Na =
−βh2τ γ̇

k
(3.10)

For neat PP and PP-LGF50, Na is listed in table 3.10 at the lowest and highest
melt temperature applied during processing.

ψ T β τ γ̇ k Na
[1] [oC] [1/oC] [MPa] [s−1] [W/mK] [1]
0 220 -0.0045 0.113 21240 0.196 221
0 270 -0.0045 0.091 16790 0.168 164

0.5 220 -0.0057 0.186 24710 0.403 260
0.5 270 -0.0057 0.156 20400 0.382 190

Table 3.10: Nahme-Griffith number for PP and PP-LGF50

The typical range of Na for neat polymers is 0 < Na < 200, which is exceeded
here at low temperature levels and high fiber fractions. For Na < 0.5 [183]
or Na < 1 [26], the viscosity is considered to be unaffected by dissipation.
Hence it must be concluded that the reliability of results obtained for shear
and extensional viscosity is affected by dissipation.
In order to improve the accuracy of rheological measurements, a numerical
solution of the momentum and energy equations must be performed. The
dependence of viscosity on temperature, shear rate and pressure must be
accounted for. Heat conduction and convection must be considered as well as
heat transfer from the melt to cavity walls. A detailed analysis is beyond the
scope of this work. An analysis of thermal effects in extrusion dies is given by
Pittman and Sander [184].
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4 Microstructure

4.1 Techniques

The microstructure of thermoplastics filled with fibers is induced by flow and
affected by fiber-fiber interaction and is therefore non-homogeneous. For long
fibers, interaction with the cavity walls also affects the orientation. In order
to have a complete description of the microstructure, information about the
spatial distribution of fiber alignment, dispersion and length is required.
However, there is no technique allowing for a one-step, non-destructive spatial
evaluation of microstructure. Three-dimensional information on morphology is
either based on a moving detector applying the principle of tomography which
was proposed by Radon [185] and originally applied by Cormack [186] and
Hounsfield [187]. The second approach is a semi-destructive method where
the part is sectioned, images are taken and then re-assembled in order to
obtain the three-dimensional microstructure.
In order to detect the heterogeneous microstructure of fiber filled thermoplas-
tics, several techniques have been employed. These techniques are either
destructive or non-destructive and may account for two-dimensional or three-
dimensional fiber orientation. The suitability of any technique for the evaluation
of three-dimensional microstructure is determined by the size of volume to be
detected and resolution of detection.
Optical techniques have been employed since the mid 1970s. Using the op-
tical reflection technique, samples are sectioned and polished and then eval-
uated using light microscopy. For glass fiber filled polymers, the lack of con-
trast due to matching refractive index, requires sputtering of fibers. The two-
dimensional microstructure of fiber filled polymers has been examined in a
number of studies [188–192].
Using tracer fibers, three-dimensional evaluation of fiber orientation in trans-
parent thermoplastics based on the optical reflection technique has been per-
formed by McGrath and Wille [193, 194]. The resolution of optical reflection
techniques is not smaller than 1µm [195] while the technique is limited to sam-
ples with a cross-section.
Confocal laser scanning microscopy (CLSM) has been applied to polymer
composites by Clarke and Davidson [196]. The three-dimensional structure
of polymer composites is evaluated using laser light by placing the focal plane
at different depths. Both axial and lateral resolution of CLSM is in the order of
0.3µm. At high fiber volume fraction (ψ=0.5), the penetration depth and hence
the sample thickness is approximately 40µm, while the sample area is 1mm
by 1mm.
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In optical coherence tomography (OCT), depending on the coherence length
of the light source an axial resolution of 5µm and a transverse resolution 10 to
30 µm, determined by the focal spot size can be achieved using a light source
of wavelength λ = 20 to 200 nm [197].
In the case of non-optical techniques, ultrasound imaging offers the potential
of large-scale, truly non-destructive examination of composite structures. It
has been applied to glass-fiber reinforced PP [198], where a spatial resolution
greater than 100 µm was achieved.
Nuclear magnetic resonance (NMR) tomography, also termed as magnetic
resonance imaging (MRI), allows for three-dimensional reconstruction of mor-
phology and has become a standard procedure in medical applications. The
resolution varies from 10 to 100 µm, depending on the frequency of scanning.
NMR is based on the method of measuring relaxation times, i.e. the response
time of an atom when its spin is aligned by an external magnetic field and then
released. The harder the materials are, it becomes more difficult to evalu-
ate its microstructure since the response time decreases and is therefore less
detectable. Specimens of injection-molded PP-LGF50 have been examined
at the Fraunhofer Institute for Chemical Technology (ICT). Although the spec-
imen is heated up to a temperature of 80oC in order to increase relaxation
time, no useable results could be obtained. It has been found that the contrast
strongly depends on the additives to the PP. With increasing fraction of soft-
eners the contrast between fibers and matrix becomes more pronounced and
valuable results can be obtained.
X-ray imaging with a resolution between 5 and 15 µm is a widely used tech-
nique for the two-dimensional evaluation of microstructure in polymer compos-
ites, e.g. [199,200]. While conventional x-ray imaging relies on the detection of
contrast between phases due to absorption, information on three-dimensional
structure is provided measuring both contrast and phase of the radiation trans-
mitted [201].

4.2 Two-dimensional microstructure

Photographs were taken of the injection molded samples using X-ray imag-
ing (FEINFOCUS FXS-100:10, 100kV, 0,4mA) and then digitized by scan-
ning (MICROTEK) with 600dpi and 2000dpi, respectively. The fiber orientation
was evaluated using the image processing software FIBORAS, developed at
IVW [199, 202]. Each specimen was divided into 5 regions in flow direction
and 5 biased sections in width direction yielding a total number of 25 sections.
The data was then visualized by contour plots using MATLAB.
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4.2.1 Fiber orientation

4.2.1.1 Fiber orientation versus fiber fraction

The fiber orientation, averaged in thickness direction and represented by the
a11 component of the orientation tensor, is depicted in fig. 4.1. At the wall,
high alignment in the flow direction with a11 ≥ 0.9 is observed. In the center
section of the image, the orientation is dominated by random orientation. With
increasing fiber fraction, the orientation is less random since the mobility of
the fibers declines and the probability of fiber collisions reduces.

Figure 4.1: Fiber orientation tensor component a11 for PP-LGF at fiber frac-
tions of 30% (top) and 50% (bottom), T = 250oC



4.2 Two-dimensional microstructure 67

4.2.1.2 Fiber orientation versus fiber sizing

The interface between fibers and the surrounding suspension affects fiber ori-
entation (s. fig. 4.2). Since the transferrable shear stress at the interface is
reduced and the possibility of slip is increased, a non-optimized fiber sizing
leads to an orientation state shifted towards random.

Figure 4.2: Fiber orientation tensor component a11 for PP-LGF50 with stan-
dard sizing (top) and optimized sizing (bottom), T = 250oC
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4.2.1.3 Fiber orientation versus flow rate

The effect of flow rate on fiber orientation is depicted in fig. 4.3. Increasing the
apparent shear rate by a factor of 2 substantially affects the alignment of the
fibers in the main direction of flow in the wide section of the converging die.
In the narrow section, after the melt has passed the convergence, a further
increase in fiber alignment is evident while the difference in fiber orientation
tensor component a11 declines. The higher degree of alignment is due to a
doubled shear rate in the narrow section and to the aligning effect of con-
verging flow. Contraction flow appears to have a more pronounced effect on
fiber alignment than shear rate and hence the difference in fiber orientation for
different shear rates decreases.

Figure 4.3: Fiber orientation tensor component a11 for PP-LGF50 at Q = 90
cm3/s (top) and Q = 180 cm3/s (bottom), T = 250oC

It also appears that convergent flow has an effect on fiber orientation upstream
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from the contraction. At the lower flow rate, fiber orientation is enhanced in
a section with a length of roughly 5mm upstream of the actual contraction.
At higher shear rates, the formation of recirculating zones in the contraction
appear to become evident.

4.2.1.4 Fiber orientation versus melt temperature

Melt temperature and therefore viscosity strongly affects fiber orientation, as
depicted in fig. 4.4. Increasing the melt temperature from T = 220oC to T =
250oC randomizes fiber orientation in the core zone. This effect is caused by
a reduction in shear stress imposed on the fiber due to a viscosity lower by the
order of 20%.

Figure 4.4: Fiber orientation tensor component a11 for PP-LGF50 at T = 220oC
(top) and T = 250oC (bottom)



70 4 Microstructure

4.2.1.5 Fiber orientation versus channel height

In contrary to previous publications, it was observed that with decreasing cav-
ity height the average fiber orientation becomes more random suggesting that
the thickness of the core increases. For a cavity height of H = 3mm, fiber
orientation in the main direction of flow is increasing and the center region of
the melt with a lower degree of alignment narrows with decreasing distance
from the convergence.
However, for the cavity with H = 2mm, a higher degree of random orientation
in the center region is evident upstream from the convergence. It also appears
that the state of randomness increases with decreasing distance from the con-
vergence due to jamming of the fibers at the convergence affecting orientation
on both sides of the contraction.

Figure 4.5: Fiber orientation tensor component a11 for PP-LGF50 using a slit
height H = 3mm (top) and H = 2mm (bottom), T =220oC
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4.2.2 Fiber length

While for short fiber reinforced thermoplastics, good agreement is achieved
between values predicted and measured for extensional viscosity, the models
over-estimate extensional viscosity of long fiber reinforced thermoplastics, as
previously reported in [34].
The theoretical approaches were used to estimate the effective aspect ratio
of the fibers. From the measurements of extensional viscosity, the values for
the aspect ratio listed in table 4.1 are calculated for different melt temperature
using the model of Goddard and Batchelor (eqn. 2.20) as well as the theory
by Coffin and Pipes (eqn. 2.21). The theoretical aspect ratio is derived from
initial fiber length (l = 10mm) and diameter of a single glass fiber (d = 17µm).

ar [1]
T [oC] 220 270
ψ [1] 0.3 0.4 0.5 0.3 0.4 0.5
theoretical 588.24 588.24 588.24 588.24 588.24 588.24
Goddard / Batchelor 139.11 74.21 60.25 154.99 80.98 62.36
Coffin / Pipes 122.25 72.52 63.44 136.20 79.15 65.67

Table 4.1: Effective aspect ratio

The aspect ratio decays with increasing volume fraction but increases with
melt temperature and the values predicted using both theories slightly differ.
The theoretical aspect ratio calculated from initial fiber length is more than four
times higher than the values derived. In a previous study on PP-LGF40, an
effective aspect ratio of 60 was found [203], underlining the suitability of both
theories.

4.2.3 Extrudate analysis

Die swell is a measure for elastic recovery of polymer melts but it also depends
on temperature distribution. For long fiber reinforced thermoplastics, extrudate
analysis is difficult to perform since the strand is very inhomogeneous and the
borders are irregular.
Using two different samples exemplarily for each configuration of parameters,
height and width of the strand were measured at three and five locations,
respectively, and then averaged (s. table 4.2). The width and height of the
cavity was B = 25mm and H = 2mm, respectively.
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Generally, die swell in width and height direction declines with increasing shear
rate due to the higher degree of alignment in the main direction of flow. For
a lower melt temperature, the increase in width and height of the strand is
reduced since the viscosity of the matrix is higher.

ψ [1] T [oC] γ̇ [s−1] b [mm] b/B[1] h [mm] h/H [1]
600 37.22 1.49 7.23 3.62

0.5 220 4740 35.87 1.43 6.01 3.00
10800 33.81 1.35 9.46 4.73

600 38.21 1.53 8.71 4.36
0.5 250 4740 36.61 1.46 8.92 4.46

10800 36.62 1.46 7.67 3.84
600 40.00 1.60 5.30 2.65

0.51 250 4740 38.40 1.54 4.00 2.00
10800 38.50 1.54 3.70 1.85

600 38.42 1.54 4.07 2.04
0.3 250 4740 38.90 1.56 3.50 1.75

10800 38.80 1.56 3.55 1.78
600 36.50 1.46 4.30 2.15

0.32 250 4740 34.50 1.38 4.30 2.15
10800 36.10 1.44 3.40 1.70

Table 4.2: Die swell, PP-LGF50 and PP-LGF30

For a standard treatment of the glass fiber surface, an increase in die swell
in width direction and decrease in height direction is observed. Hence, the
out-of-plane orientation must be reduced but the in-plane orientation is shifted
towards a random state. However, the total increase in volume is reduced
when compared to PP-LGF50 with an optimized fiber sizing.

Die swell in width direction slightly increases at lower fiber fraction whereas the
swell in height direction is substantially reduced suggesting the same effect as
observed for fiber sizing. Increasing fiber length reduces die swell in width
direction while the change in height direction remains unaltered. It is also
notable that the effect of shear rate at lower fiber fraction is not as pronounced
as observed at high fiber fraction.

1standard sizing
2l = 12mm
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4.2.4 Effect of microstructure on viscosity

During the rheological characterization of long fiber reinforced PP it was gen-
erally found that extensional viscosity exceeds shear viscosity by up to two
decades. Addressing the effect of process parameters on viscosity, thinning
with rate of deformation, characterized by the flow exponent n and t, respec-
tively, is observed in both shear and extensional flow. While t roughly remains
constant for extensional viscosity, n decreases for shear viscosity with increas-
ing fiber fraction. Therefore shear thinning increases with increasing fiber frac-
tion. From the x-ray image (fig. 4.3) and extrudate analysis, a higher degree
of alignment in flow direction is derived.
The explanation is found in the flow behavior of the suspension and the ori-
entation of fibers during flow across the channel height. The velocity profile
of neat and fiber filled PP in capillary flow was evaluated by Crowson [29]. At
low shear rates, the velocity profile is almost parabolic. A large fraction of the
melt will be subject to shear flow. Although shear flow induces a high degree
of alignment, the fibers tend to rotate periodically by 180o and the probabil-
ity of fiber collisions rises yielding a high contribution of the fibers to the bulk
viscosity.
However, at high shear rates, the velocity profile becomes blunter, with a trend
towards plug flow with increasing fiber fraction. Hence, most of the shearing
takes place in the shell layer of the melt. A high degree of alignment is there-
fore found in the vicinity of the wall while fiber orientation in the core zone is
not altered. The contribution of fiber orientation to shear viscosity reduces.
For the second process parameter, an increase in melt temperature yields a
fiber orientation state generally shifted towards randomness, as depicted in
fig. 4.4. The shear viscosity of the matrix declines and the torque acting on
the fibers is reduced. Although the degree of alignment in flow direction is
reduced, the velocity profile becomes more parabolic and a growing portion of
the melt is subject to shear flow and hence the chance of fiber collisions de-
clines. The decline of viscosity with increasing melt temperature has a more
pronounced effect in shear flow rather than in extensional flow. However, it
was observed that the temperature effect increases with fiber fraction. The dif-
ference in viscosity for different fiber fraction reduces with temperature, more
pronounced for shear viscosity rather than extensional viscosity.
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For the effect of materials parameters on viscosity it was found, that the trou-
ton ration, Tr = λ/η, declines from 81 to 60 when the fiber fraction is in-
creased from 30% to 50%. Therefore fiber fraction has a more pronounced
effect on shear viscosity rather than on extensional viscosity. The effect is
more pronounced at low shear rates and declines with increasing shear rate.
The explanation is given by the velocity profile.
Increasing fiber length induces a growth in shear viscosity whereas exten-
sional viscosity is not significantly altered by increasing the initial fiber length
from 10 to 12mm. From extrudate analysis, it is found that die swell in the
width direction is reduced indicating a lower degree of transverse orientation.
Applying the models for prediction of extensional viscosity to the viscosity ex-
perimentally derived yields an increase in remaining average fiber length with
temperature and a decrease with fiber fraction.
Fiber sizing does affect microstructure and hence the rheological properties
of the melt. In terms of fiber orientation it is observed that the degree of
alignment is reduced for a poor fiber interface. From examination of die swell,
an increase in width direction and a decrease in height direction is observed,
indicating a more random orientation or more intensive fiber bending in width
direction. The out-of-plane orientation and bending appears to be reduced.
Although a more random orientation would yield higher values for viscosity,
the shear stress transmitted via the fiber interface is expected to be lower.
The probability of slip during flow is increasing.
Although the dispersion has not been subject of the experimental investigation,
it is notable that there is a substantial effect on viscosity. With increasing
degree of dispersion, both shear and extensional viscosity of PP-LGF were
found to grow with a more pronounced effect than fiber length [29,30].
From the experimental observations it is evident that shape and dimensions
of the flow channel affect both microstructure and rheology. With increasing
cavity height, a higher degree of alignment was found. While shear viscosity
was not altered, a substantial increase in extensional viscosity is found.
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4.3 Three-dimensional microstructure

In order to evaluate the three-dimensional microstructure including fiber ori-
entation, length and dispersion, a technique similar to x-ray tomography was
developed.
Instead of using a moving x-ray source and detector which implies substantial
effort, the samples were sliced parallel and transverse to the flow direction
according to fig. 4.6.

Figure 4.6: X-ray image of sample, PP-LGF50

The section with a length of 25mm and width of 12.5mm is then embedded
in resin in order to ease further handling. The slices were produced using a
microtome (Leica). With a minimum cut thickness of 0.3mm, sections with a
thickness of 0.7mm were obtained.
A similar method was proposed in [204, 205]. Based on microscopic images
of polished cross-sections, the three-dimensional fiber orientation of short and
long fibers was evaluated. While cut images of a short fiber yield an ellipsis,
evaluation of the orientation of long fibers became difficult due to curvature
yielding irregular cut images. The method is also limited with respect to fiber
fraction and sample size.
The x-ray image of section 4 (s. fig. 4.6) and the corresponding cross-
sectional images are depicted in fig. 4.7, counterclockwise rotated by 90o.
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The images clearly show, that fiber bundles remain intact in the core zone.
Bundles aligned with the flow direction as well as transverse orientation of
fibers with parabolic shape due to bending is observed. Fiber dispersion is
found at the mold walls only. The closer the bundles are located to the mold
wall, the more flattened the cross-section of the bundles.

Figure 4.7: X-ray image of section evaluated transverse to the main direction
of flow
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Assembling the images of the cross-sections leads to the data structure based
on gray-scale values as visualized in fig. 4.8. For the scans, a resolution of
600dpi is sufficient reducing the computational effort.

Figure 4.8: Sequence of x-ray images, PP-LGF50, transverse to the main
direction of flow
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The three-dimensional microstructure is finally obtained by calculating iso-
surfaces with equal gray-scale values. For better visualization, only fiber bun-
dles are shown and single fibers omitted. Due to length of the fibers and the
distance between two following cross-sections, good results are obtained for
fibers aligned with the flow direction.

Figure 4.9: 3d Fiber orientation, PP-LGF50, transverse to the main direction
of flow
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However, for fibers aligned in the plane of slicing, the technique does not de-
liver reliable results. Decreasing the distance between two following cross-
sections would help to overcome this problem.

Figure 4.10: X-ray image of section evaluated parallel to the main direction of
flow
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With the technique proposed, the structure of long fiber reinforced thermo-
plastics was rebuild. The advantage of evaluating large samples is connected
with a trade-off in resolution. Therefore a characterization as a mesostructural
technique would be more appropriate. However, it seems possible to evaluate
parts of industrial size.
Based on the three-dimensional image, it is possible to derive orientation and
curvature of fibers as well as fiber length. The essential advantage of the
technique is the evaluation of fiber dispersion in terms of clustering, shell-
core structure and spatial variation of concentration at different locations of
the finished part.
Although time consuming preparation (e.g. polishing) is not required, the tech-
nique requires accuracy in terms of image processing prior to reconstruction.
All images must have the same size and differences in contrast will yield errors
in fiber orientation.
The technique is still destructive, but so called non-destructive methods with
adequate accuracy for capturing three-dimensional microstructure are either
limited in sample size or penetration depth.
However, the technique is promising. Accuracy in capturing the microstruc-
ture could be enhanced by reducing the thickness of the cross-sections and
increasing the scanning resolution. Reconstruction would also be eased by
using x-ray images the cross-sections and the total image of the sample.
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5 Modelling of fiber orientation dynamics

5.1 Fluid-fiber interaction

5.1.1 Motion of a single particle

The classic work on fiber orientation in shear flow originates from Jeffery [131],
who studied the motion of a single, rigid, ellipsoidal particle immersed in a
Newtonian fluid. Based on the assumption that inertia and gravity are small
compared to friction and the presence of a constant velocity gradient in the
vicinity of the particle, Jeffery stated that the particle would adopt an orien-
tation state with minimum energy dissipation. By integrating the shear forces
acting on the surface of the particle, a purely kinematic relation was derived
for the particle motion.

Dp
Dt

= −Ω · p + λ
[
E · p− (pT ·E · p)p

]
(5.1)

The left-hand side of eqn. 5.1, the substantial derivative of p describes the
translation of the centroid of the particle with the fluid

Dp
Dt

=
∂p
∂t

+ v
∂p
∂x

(5.2)

The rotation of the particle, which is described by the right-hand side of eqn.
5.1, is driven by the velocity gradient, i.e. the vorticity tensor Ω and the rate-
of-deformation tensor E. The vorticity tensor is given by

Ω =
1
2
(
∇v −∇vT

)
(5.3)

while the rate-of-deformation tensor is defined as

E =
1
2
(
∇v +∇vT

)
(5.4)

λ depends on the geometry of the particle described by the aspect ratio ar =
l/d of fiber length l and diameter d

λ =
ar

2 − 1
ar2 + 1

(5.5)

Since fibers are typically slender, ar approaches infinity and λ yields unity.
Tucker and Advani [128] showed, based on analytical solutions to Jeffery’s
equation, that in simple shear flow the fiber rotates quickly but periodically
while remaining aligned in the main direction flow throughout the largest part
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of the period. In uniaxial elongational flow, the fiber aligns in the stretching di-
rection. Shanker modified Jeffery’s equation for simulation of fiber orientation
in non-homogeneous flow [206].
In order to to increase efficiency and stability of the numerical procedure, Linn
[207] re-arranged eqn. 5.1 by introducing the effective velocity gradient

M =
(
λ+ 1

2

)
∇v +

(
λ− 1

2

)
∇vT (5.6)

This leads to the simplified but equivalent Jeffery equation

Dp
Dt

= MT · p +
(
pT ·M · p

)
p (5.7)

5.1.2 Macroscopic modelling of fluid-fiber interaction

In the case of processing long fiber reinforced thermoplastics with pellet di-
mensions of l = 10mm length and a diameter of d = 3mm, yielding a pellet vol-
ume of approximately V = 70mm3, a total number of 8100 fibers are present
given a fiber volume fraction ϕ = 0.26 (ψ = 0.5). A typical part volume is V =
100cm3 which leads to a number of 11.6 million fibers which are present in the
mold. Such a part made of thermoplastics filled with short fibers (l = 0.1mm
to 0.5mm) would contain 200 to 1000 times more fibers.
Instead of describing the motion of each fiber on a microscopic level, it is
required to model the fiber orientation dynamics macroscopically. Assuming a
constant concentration of fibers, spatial homogenization leads to a distribution
Ψ of fiber orientation. The Fokker-Planck equation for the distribution function
then replaces the equations of motion of single particles

DΨ
Dt

=
∂

∂p
·
(

Ψ
Dp
Dt

)
(5.8)

where Dp
Dt represents Jeffery’s equation (eqn.5.1).

The orientation of multiple fibers could be described using a probability distri-
bution of orientation state (eqn. 5.8). A more effective way to describe fiber
orientation using an orientation tensor, which could also be used in evolution
equations, was introduced by Advani and Tucker [208].
The orientation tensor represents a volume averaging method and it is calcu-
lated from the product of unit vectors p weighted by the probability distribution
Ψ, which describes the probability for a fiber oriented within a angle segment
delimited by p and p + dp. The second-order orientation tensor A is defined
as
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A =
∮
S2

p⊗ p ·Ψ dp (5.9)

where S2 denotes the unit sphere. The orientation tensors are related to the
coefficients in an (infinite) series expansion of the distribution function Ψ(p).
Truncating the series by using the second-order tensor A and the A was found
to yield an appropriate approximation [128].
However, fiber orientation tensors are symmetric and connected to the phys-
ical orientation state. The eigenvectors of A identify the preferred orientation
directions, and the eigenvalues indicate the relative probability of orientation
in each of the principal directions. For example, total alignment of fibers in the
x-direction (p2 = p3 = 0) yields

A =

 1 0 0
0 0 0
0 0 0

 (5.10)

5.2 Fiber-fiber interaction

Jeffery’s equation is only valid for a single particle and therefore limited to
very low fiber fraction. In polymer processing, fiber mass fraction typically
ranges between 20% to 50%. With the addition of particles, the probability of
interaction between particles increases.
The effect of interaction between particles has been extensively examined in
the case of rotary Brownian motion. Brownian motion describes the effect of
collisions of particles in a suspension with the molecules of the fluid and the
randomizing effect on particle orientation. Fibers are elongated particles and
large compared to the size of molecules, hence the effects of Brownian mo-
tion on fibers is small. However, the model has been applied to the problem
of fiber-fiber interaction by Hinch and Leal [209]. The evolution of orienta-
tion distribution with time is then modelled using the following Fokker-Planck
equation

DΨ
Dt

=
∂

∂p
·
(

Ψ
Dp
Dt
−Dr

∂Ψ
Dp

)
(5.11)

The interaction among fibers is taken into account using the rotary diffusivity
Dr. Folgar and Tucker [210] proposed

Dr = CI · |γ̇| (5.12)
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with the magnitude of the rate-of-deformation tensor and the interaction coef-
ficient CI . Mutel and Kamal [211] proposed a model with a constant Dr lead-
ing towards randomness when there is no deformation. With the assumption
made in eqn. 5.12, orientation only changes with the presence of deformation.
The interaction coefficient has to be determined empirically, for example by
matching numerical predictions to experiments [91,212]. For semi-dilute sus-
pensions (φ(̇L/D) > 1), the interaction coefficient is supposed to increase with
fiber fraction [210]. Ranganathan and Advani [113,213] proposed the inverse
of the average inter-fiber spacing as measure of the interaction coefficient in
dilute suspensions.
However, in polymer composites, i.e. at high volume fractions, the interac-
tion coefficient decreases with increasing fiber fraction. For short fibers (l ≤
0.5mm), Bay [214] found that CI declines with increasing fiber fraction or fiber
length according to

CI = 0.0184 · e−0.7148·ϕ·(l/d) (5.13)

In the case of long fiber reinforced thermoplastics, direct interaction between
fibers ceases but hydrodynamic interaction increases [215].
With eqn. 5.12, the Fokker-Planck equation 5.11 becomes

DΨ
Dt

=
∂

∂p
·
[
Ψ
Dp
Dt
− CI |γ̇|

∂Ψ
∂p

]
(5.14)

Using the effective velocity gradient (eqn. 5.6) one obtains

DΨ
Dt

=
∂

∂p
·
[
Ψ{MT · p−

(
pT ·M · p

)
p} − CI |γ̇|

∂Ψ
∂p

]
(5.15)

The evolution equation for the second-order fiber orientation tensor A, also
known as Folgar-Tucker equation, is then derived using the effective velocity
gradient [207] as

DA
Dt

= A ·M + M ·A−
(
M + MT

)
: A+ 2CI |γ̇| [I− 3A] (5.16)

From eq. 5.16 follows, that computation of the orientation tensor A requires
an approximation of the fourth-order tensor A. Advani [215] introduced the
hybrid approximation, whereas Cintra and Tucker [216] and Dupret and Verl-
eye [217] obtained more accurate results while spending more computational
effort using an orthotropic closure and a natural closure, respectively.
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5.3 Fiber-wall interaction

Figure 5.1 depicts fiber motion in Poiseuille flow near a solid wall based on the-
oretical equations and experimental results. Jeffery’s equation, a continuum
approach, assumes that the fiber rotates through the surface (figure 5.1a).
Observed during experiments [141] is a pole-vaulting motion of a fiber near a
solid wall (figure 5.1b).

2 l

x

vx

b)a)

v

Figure 5.1: Fiber motion near a solid wall

Fiber motion near a planar wall was investigated using a planar shear flow
apparatus (s.fig. 5.2). Jeffery’s equations were verified in the absence of wall
effects for different gap-widths. Experimental data were in excellent agree-
ment with theoretical predictions when the fiber is located greater than a fiber
length from the wall.
In regions less than a fiber length and greater than a fiber diameter, the fiber
experienced an increased rate of rotation which can be modelled as a loga-
rithmic increase in effective shear rate with decreasing separation distance.
This effective shear rate is a function of the fiber’s aspect ratio and its distance
from the wall. Decreasing the distance of separation, or increasing the aspect
ratio of the fiber, increases the wall effect.
Once the fiber aligned in the flow direction, it ceased to rotate within the field
of view. In this orientation, the wall had a stabilizing effect on the fiber; here,
it is suggested that the effective shear rate felt by the fiber was not as high as
when the fiber was perpendicular to the wall, so it did not rotate as quickly. No
fiber migration was observed for any location in the flow field. Results suggest
that higher aspect ratio fibers rotate faster near the wall than those with lower
aspect ratio.
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Figure 5.2: Shear flow apparatus for investigation of fiber motion near a solid
wall
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In order to provide further insight into the increased shear rate experienced by
a fiber when it is located within a fiber length of a solid wall, fiber-wall interac-
tions were modelled analytically. A translation model [218] was used to justify
that a fiber oriented perpendicular to the wall experiences a higher effective
shear rate than a fiber oriented parallel to the wall at the same separation dis-
tance. From this model, it is evident that the orientation of the fiber determines
the angular velocity it experiences as it is placed closer to a solid wall; a fiber
perpendicular to the wall rotates faster than a fiber parallel to the wall. In-
creasing the aspect ratio of the fiber causes an increase in the rate of rotation
of the fiber and also increases the effective shear rate. Since the translation
model considers the extreme cases of parallel motion of a fiber near a planar
wall, it can be concluded that the wall effect is small for a fiber moving paral-
lel to a wall at any orientation when its center of mass is greater than a fiber
length away from the wall. Indeed, these qualitative trends were observed
experimentally.

L [mm]

o
φ

[ 
 ]

0

15

30
�

45
�

60
�

75
�

90
�

0
�

5 10 15 20

L/2l = 0.67, r  = 50.5
            Jeffery

                   curve fit
                   translation model

e�

Figure 5.3: Evolution of experimental and predicted fiber orientation



88 5 Modelling of fiber orientation dynamics

When compared to experimental data, the translation model provides a very
good estimate of the increased shear rate experienced by the fiber when it
is located closer than two third of a fiber length from a planar wall (fig. 5.3).
When applied outside this region, the model under-predicts the shear rate
experienced by the fiber because it does not account for the presence of two
walls bounding the fluid. Also, the model may not be applied when the fiber is
within a few radii of the wall, since the flow in this region cannot be determined
accurately enough by a line distribution of Stokeslets. The translation model
is not universal; the limitations of this model must be considered before it is
applied to various geometries.
In conclusion, based on the experimental investigation it was found that wall
effects could be modelled using Jeffery’s equation if an increased effective
shear rate is used. The translation model allows one to quantify the increase
in shear rate experienced by the fiber due to the presence of a wall in the flow
field.
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6 Three-dimensional simulation of the injection
molding process

6.1 Modelling of the injection molding process

6.1.1 Mold filling

Simulation of mold filling in injection molding requires the numerical solution of
the equations for mass conservation, momentum balance and energy balance
simultaneously. The pattern of these equations depends on the rheological
properties of the suspension.
For nearly incompressible fluids, mass conservation is given as

∇ · v = 0 (6.1)

The momentum balance is expressed

ρ
Dv
Dt

= − ∂p
∂x

+
∂

∂x
·
(
η(T, γ̇)

∂

∂x
⊗ v

)
(6.2)

The energy balance equates heat convection on the left-hand side to the heat
conduction and a source term which accounts for dissipation

ρcp
DT

Dt
=

∂

∂x
·
[
k
∂T

∂x

]
+ ηγ̇2 (6.3)

Due to the presence of the viscosity depending on both shear and tempera-
ture, the problem becomes non-linear. For mold filling a commercial package,
SIGMASOFTr by SIGMA Engineering GmbH, Aachen [165], is used. The
solver is fully three-dimensional. Free-surface flow is accounted for using a
Volume-of-Fluid technique.

6.1.2 Fiber orientation

A simulation module, based on the model proposed by Folgar and Tucker, has
been developed for calculating the three-dimensional fiber orientation at the
Institute for Applied Mathematics (ITWM, [207]). The module accesses the
variables computed by the mold filling package via an application program-
mer’s interface (API).
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The fourth-order fiber orientation tensor was calculated using the hybrid clo-
sure approximation. Fiber orientation simulation was performed based on an
operator splitting scheme. First, the fiber motion due to convection is calcu-
lated and then orientation due to rotation is derived. Depending on the region
of interest, different numerical schemes for the core zone (Euler) and the skin
zone (Runge-Kutta) are employed. The normalized condition for the fiber ori-
entation tensor in three-dimensional flow is satisfied using a penalty term.

6.2 Process simulation

6.2.1 Pre-processing

The model is either generated interactively, based on batch scripts or from
CAD data via the STL interface. Mold and inlets can easily be modelled. The
definition of sensors for pressure or temperature and tracer particle locations
is also possible.
Mesh generation with octahedral elements is performed automatically. The
use of a standard and an advanced modus allows for mesh refinement in re-
gions of special interest. For both the standard and advanced algorithm, the
preferred element size can be declared. Mesh quality can also be triggered
by defining the ratio of dimensions between neighboring elements or within
the element itself. The mold is also represented by octahedral elements, the
meshing of the transition zone between part and mold can also be defined.
Octahedral elements provide the element type and accuracy required by sub-
sequent structural analysis [219].

6.2.2 Material properties

A major advantage of existing commercial packages, e.g. MOLDFLOWr is
their extensive materials database where the properties of more than four
thousand grades are stored [220]. For a preliminary analysis, the use of exist-
ing data is helpful and sufficient. With permanently emerging polymer grades
and for a detailed analysis, especially for fiber reinforced materials, it is recom-
mended to perform a rheological characterization on the material dedicated for
processing.
The definition of temperature-dependent thermal and rheological properties,
is essential for increasing the accuracy of the simulation. In the case of rhe-
ological properties, data for viscosity was available for different fiber fraction
in a wide range of temperature, as pointed out in section 3.5. The rheologi-
cal data was defined using a power-law type relationship for shear viscosity.
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Thermal data such as specific heat capacity, thermal conductivity or pvT data
was either measured or derived as a function of temperature (s. appendix C).

6.3 Comparison between simulation and experiment

6.3.1 Rheology

In a first step, the experimental results obtained by rheometry were validated
by comparing pressure and temperature recorded during extrusion to the val-
ues obtained by simulation using the 3D simulation package. Transient simu-
lation of the injection molding process with free surface was conducted using
symmetric models based on the channel geometry as used during the exper-
iments (s. fig 6.1). Pressure and temperature was recorded using control
points at the sensor locations.

Figure 6.1: 3D mold filling of the rheometer (symmetry in yz-plane)
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6.3.1.1 Temperature Profile

Results of the thermal analysis during simulation of mold filling deviate from
the values experimentally derived with largest error found for PP-LGF50, as
depicted in fig. 6.2. It was generally found that, at low shear rates, the temper-
ature rise is under-predicted while at elevated shear rates, results obtained by
simulation yield higher values than measured.
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Figure 6.2: Temperature profile, PP-LGF50, T = 250oC

As discussed in section 3.6.3, the temperature rise is over-predicted using the
energy balance equation indicating that the viscosity values derived were too
high. However, an uncertainty remains in terms of heat transfer coefficient be-
tween the melt and the cavity walls. The error in calculation of the temperature
distribution induces subsequent errors.
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6.3.1.2 Pressure Profile

Comparing the pressure values obtained for both experiment and simulation
shows good agreement for PP-LGF50 at high shear rates (fig. 6.3). At low
shear rates, the results of the simulation yield lower values than experimentally
recorded. For a lower melt temperature, the accuracy of the results obtained
from simulation declines. This mainly due to the error in thermal analysis in-
duced by dissipation which is more pronounced for low melt temperature and
high viscosity. For neat polypropylene, the agreement between simulation and
experiment improves further with exactly matching results obtained at inter-
mediate flow rate.
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Figure 6.3: Pressure profile, PP-LGF50, T = 250oC

It is evident that entrance pressure drop is not captured, with error growing
with fiber fraction. At the entrance, stretching occurs transverse to the main
direction of flow. Therefore fiber orientation and extensional viscosity become
important.
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6.3.2 Microstructure

6.3.2.1 Verification of fiber orientation prediction

The accuracy of the numerical predictions are typically verified using different
flow fields for which the analytical solution of the probability density function
(denoted as DFC) is known. An extensive comparison of different closure
approximations to the analytical solution is available in [216]. Since the hybrid
closure approximation (HYB) is used here for prediction of fiber orientation
[207], we compare it with the analytical solution as well as with results former
obtained using the hybrid closure (HYB’, [208]). In all calculations, a value of
CI = 0.01 is used.

6.3.2.1.1 Simple shear flow

The first test example is simple shear flow (vx = G, vy = vz = 0) between two
parallel walls. The evolution of fiber orientation tensor components a11 and
a22 is plotted versus normalized time G · t (s. fig. 6.4).
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Figure 6.4: Tensor component aij in simple shear flow
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The predictions with the currently developed code match exactly the results
found in literature for the hybrid closure. Good agreement with the analytical
solution is achieved. However, the values obtained for both a11 and a22 are
higher than the results of the analytical solution, leading to an over-predicted
degree of alignment.

6.3.2.1.2 Shearing and planar stretching flow

The second test example is a combination of shear flow in the xz-plane super-
posed by planar stretching (magnitudeE in the xy-plane (vx = −Ex+Gz, vy =
−Ey, vz = 0) with G/E = 10.
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Figure 6.5: Tensor component aij shear and planar stretching flow

As depicted in fig. 6.5, good agreement is achieved. In this case a11 and a13

are over-predicted while a22 is lower than the analytical solution. The differ-
ence between analytical solution and hybrid closure approximation diminish
with time.
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6.3.2.1.3 Center gated disk

The third example is flow in a disk with a gate located at the center of the disk.
The flow field is dominated by radial flow.
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Figure 6.6: Tensor component aij for flow in a center gated disk

The hybrid closure again yields higher values for a11 and a13. For a22, the
analytical solution is under-predicted but then over-predicted with time. Gen-
erally, it is found that the hybrid closure approximation tends to yield a degree
of alignment which is slightly higher than the predictions obtained using the
analytical solution. This effect could be alleviated using higher values of CI .
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6.3.2.2 Influence of CI on 3D fiber orientation

The three-dimensional fiber orientation in the modular die as calculated using
an interaction coefficient of CI = 0.01 is depicted in fig. 6.7. The plot is sym-
metric with respect to xz- and the xy-plane so the core zone is located in the
lower front section of the plot.

Figure 6.7: Tensor component a11 for interaction coefficient CI = 0.01

Preferred alignment in the flow direction (x axis) is calculated with a maximum
of a11 ' 0.9. In the core zone, which accounts for only one fifth of the total
cavity height, random orientation with a11 ≈ 0.5 is observed.
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Reducing the interaction coefficient from CI = 0.01 to CI = 0.001 leads to
perfect alignment in the main direction of flow whereas the random orientation
in the core zone remains.

Figure 6.8: Tensor component a11 for interaction coefficient CI = 0.001
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6.3.2.3 Interaction coefficient for PP-LGF

The interaction coefficient is an empirical parameter which has to be deter-
mined by comparing experimental to calculated results. A total number of 150
control points, given by 25 control points in-plane and 6 across the thickness
is used during simulation. Fiber orientation values were averaged through the
thickness, since experimental results for fiber orientation from x-ray images
were available as two-dimensional data only. The specimens were divided
into 25 areas in the xy-plane with a bias from the center to the wall. The 2D
fiber orientation was then evaluated by image processing. The standard de-
viation σa11 in fiber orientation (i.e. a11) is then derived from the difference
between simulation and experiment at 25 points.
The effect of the interaction coefficient on fiber orientation for fiber fractions of
30% and 50% is depicted in fig. 6.9.
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For PP-LGF50, an interaction coefficient 0.05 ≤ CI ≤ 0.15 provides good
agreement in mean fiber orientation between simulation and experiment. For
a fiber fraction of 30% a best value between 0.15 and 0.2 is found. Using
these values, a standard deviation in fiber orientation between simulation and
experiment in the order of 5% and 9% can be achieved.
Increasing melt temperature and hence reducing viscosity requires an adjust-
ment of the interaction coefficient. For a melt temperature of 250oC, an inter-
action coefficient between 0.15 and 0.25 would yield a standard deviation in
the order of 10% (s.fig.6.10).
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Figure 6.10: Standard deviation between simulation and experiment in tensor
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The results of these exemplary comparison are compiled in 6.1. The inter-
action coefficient increases with temperature and declines with fiber fraction.
Hence, the interaction coefficient does not only depend on materials param-
eters but also on processing conditions. This affirms the statement of Tucker
and Advani [221] that the rotary diffusivity, i.e. the interaction coefficient, is a
material property depending on the size of the particles and on the viscosity
and temperature of the surrounding fluid.

ψ [1] T [oC] CI [10−2]
0.5 220 0.005 - 0.015
0.3 220 0.015 - 0.020
0.5 250 0.015 - 0.025

Table 6.1: Interaction coefficient vs. fiber fraction and melt temperature

The increase in interactions at intermediate fiber fraction when compared to
high volume fraction is a well-known effect since the degree of freedom in ori-
entation declines with decreasing inter-fiber spacing. Especially for long fibers,
parallel orientation is the only possibility to achieve high volume fractions.

The effect of melt viscosity on fiber-fiber interaction is also plausible. Since the
viscosity of polymer decreases with temperature, fibers are subject to a limited
force and torque and therefore the aligning effect of shear flow is reduced.

6.3.2.4 Effective aspect ratio for PP-LGF

Since the fiber aspect ratio ar is explicitly used in terms of λ = (ar2−1)/(ar2 +
1) during the simulation of fiber orientation, the effect of fiber length on fiber
orientation was examined. Vice versa, the aspect ratio can be estimated for
a best match between experimental and numerically predicted fiber orienta-
tion. The effective aspect ratio is derived as minimum aspect ratio, at which
no further improvement in standard deviation of the fiber orientation tensor
components is achieved.

From simulation it is found, that the standard deviation declines significantly
with increasing values of λ. For PP-LGF50, lowest values are obtained at λ
= 0.9995, which corresponds to an aspect ratio of ar = 63. This calculated
aspect ratio yields the lower bounds of the aspect ratio as derived from the
prediction and comparison of extensional viscosity.
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6.4 Application

6.4.1 3D effects in injection molding

In order to demonstrate three-dimensional effects in injection molding of fiber
reinforced thermoplastics, a plaque with ribs parallel and transverse with re-
spect to the main direction of flow was chosen corresponding to previous stud-
ies [91,159,212]. In this example, PC filled with short glass fibers by a weight
fraction of 30% is injected at a melt temperature of 321oC into the mold with a
constant temperature of 90oC. The temperature distribution during mold filling
is depicted in fig. 6.11. Symmetry is assumed with respect to the xz-plane.

Figure 6.11: Temperature distribution, rib plaque

The materials data was taken from the original publication [212]. For the sus-
pension, a carreau-type constitutive law was assumed. The interaction coeffi-
cient was CI = 0.0035.
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During mold filling, the melt enters the mold at the gate (top right), hits the wall
and recirculates, especially in the corners, in the distribution chamber. Once
the chamber is filled, the melt enters the actual cavity with a quasi-parallel flow
front. The flow front is quickly disturbed due to freezing of the melt at the mold
surface (top, bottom and side) and the diverging flow at the rib locations.
The shear rate distribution (fig. 6.12) shows the interaction between thermal
boundary conditions and flow properties.

Figure 6.12: Shear rate distribution, rib plaque

As the cooling rate is highest in the ribs, due to the small ratio of melt volume
to mold surface the melt is already frozen and flow is limited to the planar
section.
The distribution of shear rate leads to the fiber orientation depicted in fig. 6.13.
In the panel, the typical skin-core structure is observed with high alignment in
the flow direction in the skin zone (a11 ' 1). Random orientation (a11 ' 0.5)
with slightly increased transverse alignment is observed in the center of the
transverse ribs, the core of the flow front and at the top and center of the
distribution chamber.
In the remaining sections with random alignment, the transverse ribs (side
and top section), the tips of the parallel ribs and the core of the distribution
chamber, fiber orientation is dominated by the a33 component (fig. 6.14).



104 6 Three-dimensional simulation of the injection molding process

(a) Fiber orientation tensor, component a11

(b) Fiber orientation tensor, component a22

Figure 6.13: Fiber orientation tensor, component a11 and a22
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(a) Fiber orientation tensor, tensor component a33, transverse rib

(b) Fiber orientation tensor, tensor component a33, flow
direction rib

Figure 6.14: Fiber orientation tensor, tensor component a33
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6.4.1.1 Fountain flow

During mold filling, the typical skin-core structure in shear rate distribution is
not found at the flow front. While the no-slip boundary condition holds at the
cavity walls, the melt surface is free of shear stress at the flow front, and the
melt recirculates resulting in fountain flow [222]. Fountain flow typically occurs
in regions which yield the dimensions in the order of the cavity height [223].
Fountain flow is also important when tracking weld-lines, especially for fiber
filled materials. The effect is enhanced by the freezing melt layer at the cavity
wall (s. fig.6.15).

Figure 6.15: Fountain flow
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6.4.1.2 Edge effect

At the edges of the ribs parallel to the flow direction (s. fig. 6.16), the shear
rate is higher than in the surrounding sections. This edge effect is due to a re-
duction in heat transfer. Two-dimensional simulation with shell elements does
not capture this effect resulting in errors in warpage prediction. For example,
the error in predicting the angle between base and rib using 2D simulation can
yield values up to 25% [219].

Figure 6.16: Shear rate distribution, rib plaque

From fig.6.16, the distribution of shear rate across the cavity height, resulting
in the skin-core structure with respect to fiber orientation in shear flow. While
the shear rate is highest close to the mold walls, the shear rate declines sub-
stantially with decreasing distance from the center of the cavity. At the flow
front, the shear rate yields zero.
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6.4.1.3 Effect of Ribs

3d flow is also encountered at ribs and corners, at cross-section changes. A
2D analysis means a loss in accuracy when predicting pressure distribution,
residence time and orientation [161, 224]. In 3D simulation of the transverse
ribs, the core zone is shifted towards the rib (fig. 6.17(a) and (b)). There is
no core zone at the base of the rib (s. fig 6.17(c)). In the panel, Random
orientation is observed in the upper core section and the tip of the rib (fig
6.17(d)).

(a) (b)

(c) (d)

Figure 6.17: Maximum eigenvalue for fiber orientation in a transverse rib,
cross-section parallel to the z-direction
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From figs. 6.17 and 6.18, it can be observed that fiber orientation in a rib trans-
verse to the main direction of flow (i.e. x) is neither symmetric with respect to
the x- nor to the y-direction. The presence of the wall at y = −W/2, with W as
the width of the plaque, counteracts against fountain flow leading to a slightly
higher degree of alignment at the mold wall.

(a) (b)

(c) (d)

Figure 6.18: Maximum eigenvalue for fiber orientation in a transverse rib,
cross-section parallel to the x-direction
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Verweyst [212] compared the fiber orientation, obtained by 2D simulation (s.
fig. 6.19), with experimental results [91]. Fundamentally, good agreement was
achieved whereas the thickness of the core zone was underestimated.

(a) Experimental fiber
orientation

(b) Calculated fiber orientation

Figure 6.19: Fiber orientation in a transverse rib [91,212]

Results obtained in this study show, that the fiber varied with increasing dis-
tance of the cross-section in the xz-plane from the side walls of the mold, as
depicted in fig. 6.20(a-d). While there is virtually no core zone close to the
mold wall (s. fig. 6.20(a)), the fibers in the core zone rotate until transverse
orientation is obtained at the center of the mold (s. fig. 6.20(d)).
Basically, agreement with the experimental fiber orientation is also achieved.
The thickness of the core zone is higher compared to the results obtained by
VerWeyst. In the rib section, the fiber orientation at the base is non-symmetric
but slightly shifted in the flow direction, which can also be observed in the
experimental orientation. The fiber orientation in thickness direction at the
base of the rib is not as strong as predicted by VerWeyst (influence of radius
in meshing).
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(a) Fiber orientation in transverse
rib, close to the mold wall

(b) Fiber orientation in transverse
rib, y = W/6 from the mold wall

(c) Fiber orientation in transverse
rib, y = W/3 from the mold wall

(d) Fiber orientation in transverse
rib, W/2 from the mold wall (cen-
ter)

Figure 6.20: Fiber orientation versus wall distance
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6.4.1.4 Parts with thick sections

Thick wall sections and abrupt changes in channel dimensions lead to recir-
culating flow [160, 165, 222, 223, 225]. Based on the distribution of shear rate
(fig. 6.21(a)), a high level of alignment is obtained but at the flow front, the core
zone of the panel, the rib and the distribution chamber (fig. 6.21(b)). Whereas
the orientation in the core zone is dominated by a22 (fig. 6.21(c)), the orienta-
tion in the transverse rib and the tip of the parallel rib is mainly due to alignment
in the thickness direction (fig. 6.21(d)). At the entrance, recirculating flow with
transverse orientation is observed.

(a) Shear rate (b) Fiber orientation tensor,
tensor component a11

(c) Fiber orientation tensor,
tensor component a22

(d) Fiber orientation tensor,
tensor component a33

Figure 6.21: Fiber orientation in thick walled parts
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6.4.2 Passenger seat component

In order to validate the suitability of the program to applications in terms of
complexity and size of model, a passenger seat component formerly devel-
oped at IVW [226, 227] was chosen. The component was originally molded
from PA6.6 reinforced by glass fibers (CELSTRANr by TICONA) with an ini-
tial length of 10mm and fiber fraction of 50% and 60% by weight, respectively.
The melt was injected at a barrel temperature of T = 305 oC whereas the mold
was held at a temperature of T = 90 oC. For PP-LGF50 an injection temper-
ature of T = 285 oC was chosen in coordination with the materials supplier.
The diameter of the gate was D = 8.5mm at the entrance. While manufac-
turing of the actual part, a filling time of t = 2.1s with a maximum pressure of
approximately pmax = 1100bar was observed.

Figure 6.22: Passenger seat component

The geometry of the component was transferred from CAD data to pre-processing
using the STL interface of SIGMASOFTr. The total volume of the part with
an average wall thickness of t = 2mm yielded V = 136.78 cm3 and was repre-
sented in the finite element model by 98,370 part cells (s. fig. 6.23).
Automatic meshing was done within less than five minutes. Model size and
simulation time was reduced by defining symmetric boundary conditions with
respect to the xz-plane at the center gate. The mold was represented by
1,359,450 control volumes required for simulation of heat conduction, which is
basically not performed in every cycle.
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(a) STL model

(b) Finite volume model

Figure 6.23: Model of passenger seat component, symmetry with respect to
xz-plane
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Although the average volume per part cell yielded 1.4mm3, the mesh was still
to coarse in order to model curved or diagonal sections of the part accurately.
Either the use of different element types or increasing the number of part cells
across the thickness would reduce the aliasing effect and chance of blocked
fluid cells.
The fiber orientation for the passenger seat component is depicted in fig. 6.24.
While a high degree of alignment was observed at the front and rear surface
as well as in the diagonal ribs, a more random orientation was found in the
ribs parallel to the x-direction and at the dome.

Figure 6.24: Maximum eigenvalue of fiber orientation, passenger seat compo-
nent

A detailed examination in 3D simulation is provided by slicing the part in differ-
ent directions, as depicted in fig. 6.25. Random orientation was found left from
the dome and the dome itself (fig. 6.25(a)-(c)) and in the ribs oriented parallel
to the x-direction (fig. 6.25(d)-(f)). The complex fiber orientation in the vicinity
of the dome is depicted in fig. 6.26. One of the effect of three-dimensional
flow is shown in fig. 6.27(c). A randomized orientation is predicted where the
vertical ribs meet the horizontal mid-plane.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.25: Maximum eigenvalue of fiber orientation, passenger seat compo-
nent, sections in yz-plane
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(a) (b)

(c) (d)

(e) (f)

Figure 6.26: Maximum eigenvalue of fiber orientation, passenger seat compo-
nent, sections in xz-plane
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(a) (b)

(c) (d)

(e) (f)

Figure 6.27: Maximum eigenvalue of fiber orientation, passenger seat compo-
nent, section in xy-plane
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The simulations were carried out on a HP RISC workstation (2 CPU with
200Mhz) with 2GB RAM using a single processor. While the computational
time for mold filling and fiber orientation simulation for small and mid-size mod-
els (1000 to 20000 part cells) ranged from less than one hour to four hours,
the simulation time required for the passenger seat component was approxi-
mately five days. 40% of the mold was filled in less than four hours. The fiber
orientation code has yet not been optimized with respect to speed.

6.4.3 Prediction of fracture toughness

Fracture toughness is one of the outstanding mechanical properties of PP-
LGF. In order to verify the capability of the simulation package, the fracture
toughness of PP with long glass fiber fraction of 30% and 50% has been eval-
uated experimentally and then compared to predictions using the microstruc-
tural efficiency concept [19, 228, 229] based on simulation of fiber orienta-
tion [230].
Square plaques (35mm x 35mm) with a height of 4mm were molded at a
flow rate of Q = 30 cm3/s and Q = 150 cm3/s, respectively (s. fig.6.28). The
melt temperature was 270oC while the mold temperature yielded 40oC . The
fracture toughness was then derived from compact tension tests on specimens
with notches parallel and transverse to the main direction of flow. The initial
crack tip position was located at the center of the plaques.
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(a) ψ = 0.3, core zone (b) ψ = 0.3, skin zone

(c) ψ = 0.5, core zone (d) ψ = 0.5, skin zone

Figure 6.28: Fiber orientation degree fp, square plaque

The fracture toughness predicted numerically yielded were moderately higher
than the experimental values (s. table 6.2). The maximum deviation was
derived as 14%.

KQ [MPa · m 1
2 ]

ψ [1] notch direction calculated measured
0.3 parallel 4.9 4.5
0.3 transverse 5.6 5.2
0.5 parallel 5.8 5.1
0.5 transverse 6.8 6.0

Table 6.2: Fracture resistance vs. fiber fraction and notch direction
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7 Summary and Conclusion

Within the scope of this work, a rheometer has been developed that allows
for measuring viscosity in situations as encountered in processing of fiber re-
inforced thermoplastics by injection molding with respect to the thermal and
mechanical history experienced by the melt. Due to the modular design of
the slit die, the cavity dimensions can quickly be altered. The combination
of piezo-resistive pressure sensors and infrared sensors yields an adequate
setup for measurement of pressure and temperature at elevated pressure and
high rates of deformation.
However, temperature detection using infrared sensor yields weighted values
of radiation emitted from different depth within the flow channel. In order to
derive the penetration depth of radiation, the transmission of PP-LGF was
evaluated using an infrared spectrometer. The penetration depth declined with
increasing fiber fraction yielding 0.25mm for a fiber mass fraction of 50%.
During processing a significant increase in temperature of the melt prior to
entering the mold and along the die was recorded. Dissipation is not as high as
expected from solving the energy balance equation. However, it appears that
numerical solution of momentum and energy balance equation with respect
to viscosity depending on both pressure and temperature would improve the
accuracy of the technique.
From pressure drop along the die, the viscosity of polypropylene reinforced
by glass fibers with an initial length of 10mm, has been evaluated in both
shear and extensional flow, depending on process parameters and materials
composition using different cavity dimensions.
The extensional viscosity was generally found to be up to two decades higher
than shear viscosity. With respect to process parameters, both shear and
extensional viscosity declined with increasing temperature and rate of defor-
mation but increase with pressure. A power-law type relationship modelling
these effects on viscosity provided a good fit to experimental data in the eval-
uated range of parameters. While temperature had a more pronounced effect
on shear viscosity, rate of deformation was observed to be the pre-dominant
processing parameter for extensional viscosity.
In terms of material parameters, fiber fraction had a substantial effect on vis-
cosity. Increasing fiber length from 10 to 12mm yielded a minor increase of
viscosity. For both shear and extensional viscosity, a non-optimized sizing
induced lower values for viscosity as desired for processing but not for me-
chanical performance.
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Addressing the influence of channel dimensions on viscosity it was found, that
the effect of channel height on shear viscosity was of minor importance and
that good agreement between slit flow and capillary flow was obtained. In
contrast, higher values for extensional viscosity were calculated with increas-
ing channel height and decreasing contraction ratio.
Based on the rheological experiments, the coefficients of an orthotropic con-
stitutive were derived. The coefficients were expressed in a power-law type
relationship with respect to rate of deformation, melt temperature and fiber
fraction.
The microstructure of injection molded specimens was quantitatively analyzed
based on x-ray imaging and image processing. It was observed, that the fiber
bundles generally remain intact and that good dispersion of fibers is only found
in regions of high shear rates, typically the skin region. On one hand, fiber
dispersion is desired with respect to mechanical performance, on the other
hand, breakage in fiber bundles is reduced, leading to a higher length and also
better performance. In the core region, fibers are bent and oriented transverse
to the main direction of flow.
With respect to processing parameters it was observed, that fiber alignment
was enhanced with increasing shear rate and decreasing temperature (i.e.
higher viscosity). With increasing fiber fraction, the orientation in main flow
direction is also increased due to the reduced probability of fiber-fiber interac-
tions. Using a standard sizing of the fibers results in a fiber orientation shifted
towards random when compared to an optimized fiber finish.
Analysis of the extruded strand yielded a decline of die swell with increasing
shear rate, melt temperature and fiber fraction while the elastic recovery in-
creased with quality of the fiber sizing. From theoretical considerations it was
derived that average fiber length, with an initial aspect ratio of 588, was re-
duced with increasing fiber fraction and declining melt temperature yielding
fiber aspect ratios between 60 and 135.
Correlating microstructure to the rheological properties derived from the ex-
periments indicated that both shear and extensional viscosity are strongly re-
lated to the non-newtonian velocity profile and flow-induced fiber alignment.
In order to provide further insight into the morphology of long fiber reinforced
thermoplastics, the three-dimensional microstructure of injection molded spec-
imens was reconstructed based on x-ray imaging of 2D sections and image
processing originating from computer tomography. This technique allowed for
evaluation of fiber orientation, length and dispersion across an area in the
range of several cm2 with adequate resolution.
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The rheological data obtained during the experiments was validated by com-
paring pressure and temperature data with values derived from 3D mold filling
simulation using the commercial package SIGMASOFTr. The temperature
profile derived from simulation slightly over-predicted the temperature rise at
high shear rates while value slower than recorded were obtained at low shear
rates, indicating that values measured for viscosity were too high.
Good agreement in pressure profile is observed at higher shear rates, whereas
the simulation generally yields lower values at low shear rates. However, the
entrance pressure drop is not captured during simulation. Hence, extensional
viscosity and the effect of fiber orientation on flow become important.
For calculation of 3D fiber orientation, a module based on the orientation
model proposed by Folgar and Tucker was developed at the Institute for Ap-
plied Mathematics (ITWM), Kaiserslautern. The fiber orientation, simulated
and experimentally obtained was compared. It was found that for PP-LGF50
an interaction coefficient CI = 0.01, in connection with the hybrid closure ap-
proximation, provided good agreement with experimental data. The interac-
tion coefficient is not only a material property and has to be adjusted if melt
temperature and hence viscosity is altered or fiber fraction is changed. For
the fiber geometry parameter λ, a value of 0.9995, which corresponds to an
aspect ratio of 63, lead to good agreement in mean fiber orientation.
3D simulation of injection molding has become very attractive due to the gain
in information with respect to effects introduced by edges, ribs and thick wall
sections as well as fountain flow and 3D fiber orientation. Simulation of mold
filling and fiber orientation for an automotive structural component with a vol-
ume of 140cm3 where the part geometry and mold are represented by 100,000
cells and 1.4 million solids, respectively, takes approximately 5 days.
The integration of design (CAD) and engineering (CAE) is crucial for com-
posite structures since the interaction between design, processing and per-
formance is very strong. 3D CAE, including process simulation and structural
mechanics, will reduce the gap to CAD, where solid modelling is state-of-the
art. Cost savings can be achieved by reducing the time for model generation.
With rapidly increasing computational power, the additional computational ef-
fort is diminishing.
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A Optical Properties of PP-LGF

The transmission for neat and long glass fiber filled PP A.3 was determined us-
ing a infrared spectroscope (Nicolet). The bandwidth evaluated was restricted
from 2.5 to 8 µm which is the operating range of the IR sensor. Results for
neat PP (s. fig. A.1) show excellent agreement with previous studies [170].
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Figure A.1: Spectral Transmission of PP versus plaque thickness

Basically, the transmission spectrum of neat PP contains peaks from 1.8 to 2.2
µm, 2.5 to 3.1 µm and 4 to 6.5 µm. The maximum occurs at 5 µm. Depending
on the thickness of the specimen the transmission reaches values of up to
70%. Using planck’s law (fig. 3.4) and the transmission spectrum, it was
found that for polypropylene the most significant fraction of radiation is emitted
between 4 and 6.5 µm.
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Radiation in the most important range cannot be detected using IR thermome-
ters with fiber-optic transmission since quartz glass fibers basically absorb
any radiation with a wavelength higher than 4 µm (fig. A.2). In the range
between 1.5 and 3 µm, glass is virtually transparent with respect to infrared
radiation [231].
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Figure A.2: Spectral Transmission for Float-glass
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The transmission spectrum of PP-LGF with different fiber weight fraction is
shown in fig.A.3. The difference in thickness of the specimens is of minor
importance.
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Figure A.3: Spectral Transmission for PP-LGF versus fiber fraction

The addition of long glass fibers significantly reduces the transmission of radi-
ation. The maximum transmission of PP declines from 0.7 to 0.3 and 0.15 for
a weight fraction of 30% and 50%, respectively, and is also shifted from 5 to
4.5 µm.
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Based on the transmission spectrum of glass (s. fig A.2), the transmission
of glass fiber filled should theoretically increase, at least in the range up to 4
µm. The decline in transmission experimentally observed is due to reflection,
refraction and attenuation.
With the transmission spectra, the coefficient of absorption µ can be derived
using

µ =
1
d
· log

(
1
τi

)
(A.1)

depending on the thickness of the specimen d and its internal transmission

τi =
τ

P
(A.2)

with

P =
2n

n2 + 1
(A.3)

and the refractive index n. The penetration depth dE , where the intensity has
decreased to 1/e (36.8%) is determined using

dE =
1
µ

(A.4)
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The penetration depth for neat PP is shown in fig. A.4. The maximum value of
dE = 1.2mm is obtained at λ = 5 µm. It is also visible, that penetration depth is
a strong function of wavelength. At elevated temperature, slightly lower values
are obtained [170].
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Figure A.4: Penetration depth for PP vs. Temperature

The increase in absorption with temperature allows, with moderate error, the
use of transmission spectra obtained at room temperature in order to obtain
an upper limit for penetration depth at elevated temperature levels.
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According to the transmission spectrum, the penetration depth dE declines
with addition of glass fibers.
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Figure A.5: Penetration depth for PP-LGF

The maximum penetration depth occurs at 4.5 µm and decreases from 0.37
mm to 0.23 mm when the fiber fraction is varied from 30% to 50%. This result
deviates from the increase in penetration depth predicted using Beer’s law for
filled materials [232,233]

µ = µf · ϕ+ µm · (1− ϕ) (A.5)

with the absorption coefficient of the suspension µ, the fibers (µf ) and the melt
(µm), respectively.
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B Rheometry

B.1 Binding’s Analysis

Binding’s analysis is based on the assumptions of a no-slip boundary condition
at the wall. Power-law behavior of the melt in shear flow is also assumed.
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Figure B.1: Convergent flow analysis of extensional viscosity

If the gap-wise velocity is neglected,

vx = 0 (B.1)

the velocity in width direction yields

vy =
Q(2n+ 1)

2d(n+ 1)H2

[
(y/H)1+(1/n) − 1

]
· y ·

[
−dH
dz

]
(B.2)

and the velocity in main flow direction is derived as
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vz =
Q(2n+ 1)

2d(n+ 1)H

[
1− (y/H)1+(1/n)

]
(B.3)

The cavity wall is described using

H(z) = H0 −
H1 −H0

LV
· z (B.4)

and the derivative yields

dH

dz
= −H1 −H0

LV
(B.5)

With the definition of coordinates as depicted in fig. B.1 the stress tensor
yields

T =

 −p 0 0
0 −p+ τyy τyz
0 τyz −p+ τzz

 (B.6)

and the rate of deformation tensor is defined as

E =
1
2
(
∇v +∇vT

)
=

 0 0 0
0 −ε̇ −γ̇/2
0 −γ̇/2 −ε̇

 (B.7)

The shear rate depends on the distance y from the center line

γ̇ =
Q(2n+ 1)
2n · wh2

·
( y
w

)1/n

(B.8)

If elastic effects are neglected, the rate of dissipation is determined by the
contribution of shear and extensional flow

Ẇ = TE = ẆS + ẆE = ηγ̇2 + λε̇2 (B.9)

The energy required in order to maintain flow between segments at z und
z + dz yields

δĖ = 2w

[∫ H

0

(
ẆS + ẆE

)
dy

]
δz + δk̇ (B.10)

where δk̇ is the increase in kinetic energy due to acceleration. The total energy
consumed between to pressure sensors located at LA and LB is equal to
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the pressure drop multiplied by the flow rate, if recirculation and inertia are
neglected:

Ė =
[
∆pE + ∆p(−Lv,0)

]
·Q (B.11)

The energy consumption therefore is a function of flow rate, shear viscosity (k,
n), extensional viscosity (l, t) and the flow profile and its change

Ė = f

(
Q, k, n, l, t, w,

∂w

∂z

)
(B.12)

It is assumed, that the flow profile will yield a shape with minimum energy
consumption

δĖ = f

(
w,

∂w

∂z

)
≡ min (B.13)

The rate of energy consumption is then

Ė =
kQ(t+ 1)2

2t2(n+ 1)2
·
[
l(2n+ 1)tnt · Int

k

] 1
t+1

· γ̇
t(n+1)
t+1

H0
·
[
1− α

2t(n+1)
t+1

]
(B.14)

with the wall shear rate in the converging die

γ̇ =
Q(2n+ 1)
2n · wH0

2 (B.15)

and the inverse of the contraction ratio

α =
H0

H1
(B.16)

Int is the integral

Int =
∫ 1

0

[
|
(

1− 2n+ 1
n

)
| Φ1+ 1

n

]t+1

dΦ (B.17)

The maximum of the rate of extension yields

ε̇ = (n+ 1) ·
[

k

l(2n+ 1)tnt · Int

]
· γ̇(n+1

t+1 )
H0

(B.18)
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C Thermal Data

C.1 Specific Heat

Specific Heat of PP-LGF was measured using Differential Scanning Calorime-
try (DSC). The dependence of heat capacity on temperature and fiber fraction
is plotted in fig.C.1.
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Figure C.1: Specific Heat cp vs. temperature and fiber fraction
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C.2 Conductivity

Thermal conductivity k of PP-LGF was calculated from data of neat PP using
the rule of mixture. As depicted in fig. C.2, k is a strong function of temperature
and assuming a constant value would produce errors in the order of magnitude
of 10% for PP-LGF50 and 50% for neat PP.
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Figure C.2: Thermal conductivity k vs. temperature and fiber fraction
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C.3 pvT Data

In order to account for the compressibility of the melt during the mold filling
and the packing phase, pvT -data for PP-LGF at different fiber fraction was
derived from data of neat PP taken from literature [64]. Based on the change
of density ρ = 1/v of neat PP with pressure and temperature, the density of
fiber filled PP was calculated using the rule of mixture.
The density values are re-converted into values for v. Applying non-linear
least-square curve-fit methods, the coefficients of the compressibility law given
by Menges for both solid and liquid state are derived using

v =
K1

p+K2
+

K3

p+K4
∗ T +K5 · eK6∗T−K7∗p (C.1)

K5, K6 and K7 are assumed to be zero in the liquid region. The transition
between solid and liquid state is assumed to depend on pressure only and is
given by

Ts(p) = K8 +K9 ∗ p (C.2)

The values of the pvT -law for different fiber fractions are listed in table C.1.

ϕ [%]
0 30 40 50

K1 [104 cm3 bar/g] 5.3402 4.9914 4.8451 4.6822
K2 [104 bar] 4.8117 5.5935 5.9034 6.2485
K3 [cm3 bar/goC] 0.4731 0.6042 0.5909 0.5474

solid K4 [103 bar] 0.9512 2.0313 2.4307 2.8374
K5 [10−9 cm3/g] 3.6795 3.6795 3.6795 3.6795
K6 [1/oC] 0.1442 0.0286 0.0286 0.0286
K7 [10−2 1/bar] 0.3186 1.5112 1.5112 1.5112

transition K8 [102 oC] 1.2967 1.2951 1.2949 1.2948
K9 [10−2 oC/bar] 1.9100 1.9131 1.9101 1.9037
K1 [104 cm3 bar/g] 4.6678 4.5044 4.4090 4.2677

liquid K2 [104 bar] 4.0963 4.9243 5.2500 5.5762
K3 [cm3 bar/goC] 1.0071 0.7491 0.6422 0.5360
K4 [103 bar] 1.2277 1.2136 1.2155 1.2266

Table C.1: pvT data for PP-LGF, solid and liquid phase
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Figure C.3: pvT diagram for PP (top) and PP-LGF50 (bottom)




