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ABSTRACT

The superior nature of long fiber reinforced thermoplastics (LFTs) in terms of proper-
ties such as specific modulus, strength and excellent impact resistance, along with their
lightweight properties, ease of processability and recyclability make them one of the
most competitive materials leading to their growth in various fields of applications.
With the growing rise of LFTs, the research on their mechanical properties and their pro-
cessing has grown as well. Injection molding method has been one of the most widely
applied production method for LFTs processing. Research has shown that the mechan-
ical edge offered by the LFT products obtained from injection molding is dependent on
the lengths of the fibers in the final product. This makes it important to understand the
breakage of fibers during processing.
This work addresses the breakage of fiber in injection molding by conducting a thorough
review of the industrial, experimental and theoretical research done in the field. Follow-
ing this, simulation approach has been undertaken to understand the fiber breakage in
geometries which represent slightly complex shapes as compared to the conventionally
used shapes. Based on the theoretical research, the state-of-the-art models have been
reviewed and compared in their ability to produce reliable fiber breakage results.
The results showed the influence of rheology and geometry on fiber breakage in simu-
lations, where shear rates led to higher fiber breakage and increasing viscosity led to a
slight reduction in breakage. Further, the simulation study provided inconsistent results
with variation in geometry, and a need for further fine tuning of simulation parameters
was observed. The theoretical models applied in the study gave reliable results in terms
of the trends of the fiber breakage, with a novel model, called Bechara model, show-
ing acceptable and more time efficient results, in comparison with the currently applied
commercial model, Phelps model.
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1
INTRODUCTION

Long fiber-reinforced thermoplastics (LFTs) are composite materials comprising of ther-
moplastic polymer material as a matrix and reinforcements of long discontinuous fibers.
These composites can be characterised by considerable mechanical properties, excel-
lent processability, low density, recyclability and infinite shelf life, to name a few [1].
Compared to short fiber reinforced composites (SFTs), LFTs offer superior mechanical
properties like elastic modulus, strength and impact, whereas compared to continuous
thermoplastics, they offer better processability (as shown in the Figure 1.1).

Figure 1.1: The effect of fiber lengths on the mechanical properties and the processability
of the composites. The shaded area represents the LFTs, while area to the left and right of
the shaded region indicates SFTs and continuous fibers, respectively. Reproduced from
literature [1].

Owing to these superior properties and the general trend to push towards lightweight
materials in aerospace and automotive industries, LFTs have found an increase in appli-
cation in the various industrial sectors, causing its production to rise up drastically in
the recent few decades ([1], [2]). As a consequence of this, injection molding process has

1
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been widely applied to keep up with the demand and provide a reliable finalised prod-
uct. The selection of injection molding among various processing techniques available
depends on various factors such as type and nature of composite material, speed and
ease of processing, and quantity of products to be formed. Based on these factors, injec-
tion molding offers a favourable choice. However, the mechanical advantages offered by
different thermoplastic materials can be compromised during the processing stage, due
to changes in the structure of the material. One of the major changes observed about
the material is the fiber length of the composite fibers processed in production. The
fiber breakage of the LFTs during production impacts severely the mechanical proper-
ties of the product. Various literature have emphasized on the correlation between the
fiber lengths and the resulting mechanical properties ([3], [4]). As a result, controlling
the conditions of processing technique is important to ensure the preservation of the
fiber length, and in turn, the useful material properties.
This work is aimed at performing a thorough study about the fiber breakage in injection
molding process and understand the factors that lead to fiber attrition in the process-
ing. In this report, first chapter 2 provides a literature background covering the various
materials which can be used for the production of the LFT composites, and the produc-
tion processes commonly used. This is followed by the review of state of the art work
currently conducted to address the fiber breakage in injection molding and relevant re-
search associated to it. Following the literature review, the gaps and opportunities for
further research are presented in the work, based on which research objectives are set
for this thesis project. chapter 3 then covers the concerning methodology and work per-
formed in this study to address the proposed research objectives. The results are then
presented in the chapter 4 followed by the conclusions and future recommendations on
this work, which are presented in chapter 5.



2
THEORETICAL BACKGROUND

2.1. MATERIALS
Polymeric products such as plastics have been in widespread use among various ap-
plications. They can primarily be classified into two major types: thermoplastics and
thermosets ([5], [6]). Thermoplastics can undergo various heating and cooling cycles,
becoming soft and hard again, making them suitable for recycling. Whereas thermosets
retain their shape and structure, even at higher temperatures, and they cannot be re-
moulded once they melt [7]. This basic difference in the properties of the thermosets and
thermoplastics resides in their atomic structural arrangement. While thermoplastics
contain chains of carbon that work independently, thermosets possess a three-dimensional
cross-linking between these chains, making them more resistant to deforming [5]. The
schematics of these polymer types are shown in Figure 2.1.

Figure 2.1: The schematics of thermoplastic and thermoset polymeric materials: (left)
thermoplastics, with weak intermolecular forces between polymer chains; (right). Taken
from literature [5].

Since composites consist of two or more distinct constituent materials, these poly-
mers need to be combined with a different material to generate the composite. The poly-
meric constituents can be combined with fiber where fibers act as reinforcing phase for

3
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mechanical properties and polymers act as binding phase. This provides with final prod-
uct called fiber reinforced plastic (FRP) or fiber reinforced polymer composites (FRPC)
[8]. Depending on the type of polymer, the two common FRPs are thermoplastic com-
posites and thermosetting composites, with the distinction that thermoplastic compos-
ites can be remoulded in contrast to thermosets (as seen before). Due to their recyclabil-
ity and ease of manufacturing, thermoplastic composites have emerged as competitor
against thermoset composites, and appear as a better prospect with the concept of sus-
tainability in mind. Further, Vaidya et al. [9] mentions some other advantages of thermo-
plastic composites over thermoset composites such as enhanced mechanical properties
in terms of impact and abrasion, better adaptability to manufacturability, more environ-
mental friendly nature, and recyclability.

2.1.1. MATERIAL CONSTITUENTS
The major components of fiber-reinforced composites are the matrix, the fibers, and the
interphase between the two determining the strength of their bonding [10]. The me-
chanical, thermal and structural properties of the final composite products are influ-
enced by the choice of these materials. These materials are discussed as follows:

MATRIX

The matrix is the base of the composite in which the fiber is added. The main purpose
of the matrix is to act as a binding phase and provide structural integrity to the compos-
ite. Thermoplastic resin or matrix offers better impact resistance and higher toughness
as compared to thermosetting resin [10]. This allows it to withstand extensive damage
without cracking and failing. The material properties for few common resins are shown
in the Table 2.1.

Table 2.1: Some common matrix polymers and their properties ([9]–[11]).

Tensile modulus,

GPa

Tensile strength

(yield), MPa
Melting point, ◦C Density,g/cm3

Polypropylene -PP 1.35–1.70 28–39 134–165 0.89–0.91
Polyethylene-PE 0.15 10–18 104–113 0.918–0.919
Polyurethane - PU 0.028–0.72 5–28 220–230 1.15–1.25
Polyamides - PA 0.7–3.3 40–86 211–265 1.03–1.16
Polyether sulphone - PES 2.4–8.62 83–126 220 1.36–1.58

Few of the common resins are as follows:
Polypropylene (PP): It is a good solvent matrix with high toughness, reasonable stiff-
ness, and good strength with relatively low melting point ([10] & [9]). It is commonly
produced, for composites, with short and long fiber injection/extrusion/compression
molding techniques [12].
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Figure 2.2: chemical structure of polypropylene. Reproduced from [10].

Polyethylene (PE): It is the most commonly used thermoplastic in the world due to
high toughness, low electrical conductivity and chemically inert nature [10]. However,
its applications are limited to temperature below 150◦C [9].

Figure 2.3: chemical structure of polyethylene. Reproduced from [10].

Polyurethane (PU): It behaves like an elastomer with high strain to fracture ratio, with
durability and high toughness. It finds applications in paints, liquid coatings, elastic
rubbers, foams etc. ([10] & [9]).

Figure 2.4: chemical structure of polyurethane. Reproduced from [10].

FIBERS

In a composite material, the fiber acts as the reinforcing material for bearing the loads
and contributing towards the strength and stiffness of the composite [10] . Fibers tend
to possess higher elastic modulus as compared to the matrices and show higher rigidity
under loading conditions as well. This causes the interphase regions between the fibers
and the matrix to be more prone to initial damage. The choice of fibers can be made
between two major categories of fibers, synthetic or natural. While synthetic fibers, such
as glass, carbon and aramid, have been more of the norm in the past few years ([13],
[14]), natural fibers, such as jute and flax, have been gaining some ground in recent times
as an alternative due to environmentally friendly properties with cheap price and good
mechanical characteristics ([15], [16]). Some common reinforcing fibers along with their
properties are shown in the Table 2.2:
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Table 2.2: Mechanical and physical properties of some commonly available synthetic and natural fibers .
Found in literature [9], [13], [17]–[26]. Note: The properties are given in a range due to various types of fibers
available of each kind based on the fiber weight

Fibre Young’s Modulus (GPa) Tensile strength (GPa) Density (g/cm3)
Glass 65-90 3-4 2.5

Carbon 250-500 2.5-4 1.6-2.0
Aramid (Kevlar) 80-125 2.8-3.5 1.46

Jute 13-26.5 393-800 1.3-1.49
Hemp 70 690 1.47

Some important synthetic fibers are mentioned as follows:
Glass fibers: They are widely used type of fibers with 93% of FRPs being reinforced with
glass fibers. Printing boards, structural composites are some common products made
from them [27]–[29]. Common type of glass fibers are E-glass fibers, which are the oldest
and electrical grade, A and C-glass fibers, which are resistant to chemicals [11].
Carbon fibers: They provide the maximum specific strength and modulus with good
thermal and electrical conductivities [24]. These properties make them ideal for use in
the automobile, electronics and aerospace industries [25]. The strength of these fibers
increases with increasing carbon content or degree of graphitization.
Aramid fibers (Kevlar): They contain a strong molecular structure, made of Poly-para-
phenylene terepthalamide (PPTA). They are very commonly used in technologies like
helicopter blades, ballistic armour, sporting goods etc [17]. They exhibit excellent prop-
erties at high temperatures and possess considerable tensile strength and modulus.

Some of the common natural fibers are as follows:
Jute: It is a soft and shiny plant fiber which can produce fibers of length ranging from 1-4
metres long. It is one of the strongest natural fiber with high tensile strength and low ex-
tensibility used for making cloth for wrapping bales of raw cotton, sacs and coarse cloth
[30].
Hemp: It is one of the most widely used natural fiber as reinforcement in composites.
It offers advantages over thermosets in terms of processing cost and design flexibility. It
can be used for making products like guideposts, boats, furniture and loudspeakers etc.
It also contain the potential to replace glass fibers for various applications [31].
After analysing the available options and considering the final application, a choice for
the constituents for the final thermoset or thermoplastic composite can be made. In this
work, the major focus has been made on thermoplastic composites as they offer certain
properties of interest such as recyclability and ease of manufacturing, which are already
discussed in the beginning of section 2.1. The excellent properties offered by the ther-
moplastic fiber reinforced composites (FRPs) at a much-reduced weight have boosted
their use in different sectors. Sectors like defence, aerospace, marine, construction, and
automobile, have been the few to realise the benefits of these composites over conven-
tional metals [32].
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Figure 2.5: Common applications of FRPs in automobile structures. Reproduced from
[10].

2.2. PROCESSES
Depending on the need for production, in terms of quantity, quality and costs, various
production process can be proposed. Discussed ahead are the few of the common man-
ufacturing technologies for thermoplastic FRPs.

2.2.1. AUTOCLAVE
An autoclave process is a method in which a large pressure vessel with an integrated
heating facility, or an autoclave, is used to impregnate thermoplastic material and con-
vert them into a finalised shape [8]. The process is relatively time consuming and cost
intensive ([33], [34]). It is used to produce high performance parts with applications in
aerospace, military and high-performance sports industries.

Figure 2.6: Schematic of autoclave process. Reproduced from [35].
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2.2.2. COMPRESSION MOLDING
It is a highly automated and reproducible process with high dimensional accuracy. It
provides products for applications in transportation, electrical appliances, construction,
and sports. In this process polymer pellets are heated and converted into a melt which
is compressed within a mold of desired shape, and finally cooled to solidify into the final
shape. The only limitation to the compression molding is the complexity of the mold
design itself ([8], [36]).

Figure 2.7: Schematic of compression molding. Reproduced from [37]

2.2.3. PULTRUSION
It is method of producing unidirectional fiber-reinforced profiles with constant cross
sections [8]. It is characterised by high level of automation, low labour costs and high
part quality making it favourable for mass production ([38], [39]).

Figure 2.8: Schematic of pultrusion process. Reproduced from [37].

Apart from the common processes mentioned until here, this work focuses mainly
on the injection molding process, which will be discussed in detail here on.
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2.2.4. INJECTION MOLDING
Injection molding has been one of the most important polymer processing techniques
for producing plastic composite parts made of thermoplastics, thermosets or elastomers.
For commonly used composite materials, such as glass fibers, injection molding has the
capability to produce near net shape articles with remarkable physical and mechanical
properties [40].

Figure 2.9: Schematic of injection molding. Reproduced from [41].

The modern injection molding techniques could be used to make parts ranging from
1 mg upto 100 kg [8]. The major advantage of injection molding resides in its ability
to produce parts in high volume with less time making it suitable for applications in
aerospace and automotive industry. While the advantage of an injection molding pro-
cess involves extremely fast and automated production process with production of com-
plex geometries, its disadvantage includes the fact that the cost of manufacturing the
cavity molds are relatively high as compared to the actual process. As a consequence, it
becomes important to prevent modifications in mold by ensuring an optimal design in
the beginning of the molding process ([8], [41]).
The process of injection molding itself is relatively simple and straightforward. The in-
jection molding setup can be subdivided into the two basic units, a plasticizing unit
and the clamping unit (Figure 2.9). In the plasticizing unit, the main sections are the
conveyor zone, transition zone and metering zone, while the clamping unit primarily
contains and holds the mold (Figure 2.10). To begin the process, the thermoplastic pel-
lets are fed into the first part of the plasticizing unit through the hopper, also called
conveying zone, involving a reciprocating single screw injection. From here the ma-
terial reaches the screw channel where the material experiences compaction and then
is pushed further down the channel. In the next zone, i.e. transition zone, the material
melts due to shear forces induced by the motion of the screw. This melted (or liquidified)
material enters the metering zone where it homogenizes as a polymer melt containing
fiber strands and is injected into the mold. This step of filling up the mold cavity with
the melt is called filling. In the mold cavity, the melt is allowed to settle and allowed to
solidify through cooling after filling. A back pressure is maintained to compensate for
the material shrinkage due to cooling. This phase is called the packing phase. Soon,
the material is given sufficient time to cool down and become stable as a final product,
which is called the cooling phase. As the mold opens, the part is ejected, while the screw
reciprocates and prepares for the next batch of the material to be fed. This process is
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Figure 2.10: Schematic of injection molding process with different zones of processing.
Adapted from [40].

repeated over again to produce large number of products ([8], [10], [40], [42]).
Therefore, in summary, the whole molding process is combination of the following

steps [42]:

1. Mold closing
2. Injection/Filling
3. Packing
4. Cooling
5. Solidification and screw retraction
6. Ejection

FIBER LENGTH IN INJECTION MOLDING

In injection molded products, the length of a fiber in the composite product plays quite
an important role in determining the mechanical properties of the composite [43]. This
can also be observed from Figure 1.1, where increasing fiber lengths lead to better me-
chanical properties (in chapter 1). In the production process, fiber attrition is very com-
monly observed and has been tabulated in Table 2.3 based on the research. In the litera-
ture, fiber breakage reduction of about 80-95% has been observed in comparison to the
initial fiber length [44].
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Table 2.3: Some of the FRPs found in literature along with their breakage in during processing.(Note: The fiber
lengths (*) mentioned here are the number average fiber length)

Material Description Initial length (µm) Final length in the melt (µm) Reduction (%) Reference
Long glass fiber reinforced PP 3200 425 87 [43]
Short glass fiber reinforced PP 350 160 55 [44]
Long glass fiber reinforced PP 7000 800 90 [44]
Long glass fiber reinforced PA* 7700 1500 81 [45]

Long glass fiber reinforced Nylon-6 (30 wt%)* 4500 141 97 [46]
Long glass fiber reinforced PP (20 wt%) 10000 1150 89 [47]
Long glass fiber reinforced PP (20 wt%)* 640 350 45 [48]

The decrease in fiber length by a significant amount is bound to result in deteriorated
fiber mechanical properties. In order to utilize the full potential of the reinforcing effect
of the fibers in the composite, a minimum amount of fiber length should be maintained
in the final product ([49], [50]). This minimum fiber length is called the critical length
and is given by the following equation [51]:

lcr i t =
σ f r f

τ f
(2.1)

Here, lcr i t denotes the critical length above which the mechanical loads of the com-
posite are shifted to the fibers from the matrix and full utilization of fibers is made. Fur-
ther, σ f is the tensile strength of the fiber, and r f and τ f are its radius and interfacial
shear strength respectively. If the fiber breakage goes beyond this particular length, ma-
jor load distribution shifts towards the matrix, and the composite reinforcement is lost.
Therefore, it is highly important to understand and address the breakage in fiber length.

FIBER BREAKAGE IN INJECTION MOLDING

As discussed in the previous section, fiber breakage is rather common and quite exten-
sive in the process of injection molding. Here, the breakage process is followed through
the flow of the fibers through the injection plasticizing unit and the clamping unit. Dur-
ing the process, the melt passes through the following locations, where certain amount
of attrition is observed [52].

1. The process begins when the polymers enter the screw extruder through the hop-
per for compounding. During this part, the screws severely damage the fibers
through the action of rotation and extrusion. Maximum amount of fiber break-
age is observed in this section.

2. After the material progresses into the next section of the injection molding unit,
i.e. the conveying zone, the shear stresses and friction intensify on the fibers, fur-
ther contributing to fiber attrition. In this section, as most fiber pellets are still
solidified, fiber-fiber interaction also acts as a mechanism causing fiber breakage.

3. In the next zone, that is the transition zone, the material starts to melt and liquify
due to the shear forces and friction caused by the screw and barrel walls. This con-
tributes to fiber breakage; however, the degree of attrition decreases. The com-
pression forces felt by the fibers, arising due to melt flow, also increase in this sec-
tion.
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4. In the metering section, most of the material liquefies and homogenizes. As a re-
sult, the fibers in this section are residual fibers which undergo minor fiber break-
age.

5. Finally, the material is pushed into the mold where it experiences high pressure
and forced to be shaped into a given geometry, which causes additional fiber break-
age. Apart from the pressure, the geometry of the mold can also cause fiber break-
age due to presence of tight spaces and corners.

Furthermore, the occasional placement of valves and gates, to control the motion of
the melt can lead to fiber breakage as they may provide compressive stresses along with
shear and friction on the fibers.
The breakage of the fiber, as explained in the steps above, is majorly attributed to the
following three basic mechanisms.

(i) Fiber-melt interactions

(ii) Fiber-fiber interactions

(iii) Fiber-wall interactions

Fiber-melt interaction It involves the breakage of the fibers due to hydrodynamic stresses
or shear stresses introduced on the fibers by the melt or matrix rheology. It is the most
thoroughly addressed factor for fiber breakage in literatures studying fiber breakage in
injection molding [53]–[55]. The general trend observed with increasing shear rates, and
therefore increasing shear stress, is that the fiber attrition also increases.
The mechanisms suggested in the literature involve the breakage of the fiber due to
bending or the buckling during the flow. This bending or buckling can happen on the
fibers which get pushed through different layers of laminar flow or get stuck at one end
in the solid fiber bundle, with other end protruding out, creating difference in drag forces
experienced by the fibers ([56], [57]).

Figure 2.11: a. depiction of fiber breakage in the flow for the fibers anchored in the solid
melt. Reproduced from [58] b. Fiber length breakage mechanism for the fibers com-
pletely submerged in the fluid flow of the polymer. Reproduced from [52].
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Figure 2.12: Fiber breakage mechanism for the fibers interacting with other fibers as
depicted in the works of Sayasama et al. [60].

Fiber-fiber interaction As the name suggests, this method of fiber breakage refers to
the interaction between the different fibers present in the flow of the melt leading or
contributing towards the breakage of the fibers. The factor has been addressed in the
literature through phenomenological as well as micro-mechanical models. The general
trend observed suggests that the increasing concentration of the fibers lead to an in-
crease in the fiber breakage, and has been addressed in the phenomenological models
[59]. However, possible mechanism for this has also been suggested in literature, where
a fiber can bend due to collective forces exerted by the other fibers in contact (refer to
Figure 2.12) [60]. The fibers cause continuous bending of the particular fiber in question,
and after certain time, its eventual breakage.

Fiber-wall interaction Apart from the fiber-fiber interaction and fiber-melt interac-
tion, fiber interaction with the walls of the machine can also dictate fiber breakage. The
mechanisms for fiber breakage are similar to that followed in fiber-fiber interaction, as
the fiber protruding out of melt can face bending stress large enough to cause fiber fail-
ure. A schematic for possible mechanism is provided in the figure Figure 2.13.

Figure 2.13: Fiber breakage mechanism activated for increasing time for the fibers at the
walls or near the screw. Reproduced from [60].

As the figure represents, with increasing time, the bending of the fibers anchored
at one end with the walls, increases, and eventually leads to breakage due to bending.
Similar breakage mechanisms around the fiber walls are also presented in literature [52]
in detail.
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2.3. RESEARCH

2.3.1. EXPERIMENTAL RESEARCH
As mentioned above, fiber length is a highly important factor in determining the me-
chanical properties of the product during the process of injection molding. Therefore,
it becomes equally important to address the breakage of fibers. Several studies have fo-
cused on the studying the breakage of fibers in different zones of injection molding pro-
cess, to better understand and predict the breakage process itself. Turkovich and Erwin
found most fiber attrition to happen in the melting (metering) zone, which is attributed
to partially embedded fibers in the solid pellets which bend and shear during plastica-
tion ([43], [61]).
Patcharaphun and Opaskornkul [44] evaluated the fiber breakage property of glass fiber
reinforced polypropylene in injection molding machine. They physically conducted fiber
length measurements along the different sections of the screw to study the breakage in
different zones.

The Figure 2.14 presents the observations where the percentage change in fiber length
in each segment is presented with highest attrition occurring in the feed zone and com-
pression zone for the material.

Figure 2.14: Fiber attrition trend observed in the helical section of solidified fibers melt
obtained in [44].

These observations are further validated by Huang and Tseng [62] where a model is
developed to verify these experimental results. They also tested different screw geome-
tries and concluded that fiber breakage can be controlled by mitigating the compression
forces generated during screw rotations. A recommendation to increase the channel
depth at the feeding and the metering sections is made to decrease compression forces
and prevent breakage.
Inoue et al. [63] have similarly tried to demonstrate the effect of screw geometry and



2.3. RESEARCH

2

15

shape through experimental setups. In the designed experiment, they tested five differ-
ent screws which are depicted in the Figure 2.15 and found that the screw design con-
tributes to varying shear stresses along the fibers, and with reduced pitch, shear stress
around the flow increases causing more fiber breakage.

Figure 2.15: Different designs of the screws tested for study of fiber breakage in the work
obtained from [63].

Other than the works involving the geometry studies of the injection extruder screw,
some studies have conducted experiments to understand the influence of varying rota-
tional speeds, shear rates and design of cavity molds.
Sometimes numerical data, such as shear rates, rotational velocities, viscosities and tem-
perature, are quite difficult to extract from a injection screw. As a result, rotational rheome-
ters such as couette or rotary rheometer are used. A couette rheometer allows for the
2-dimensional laminar flow of liquid between two cylindrical surfaces (as shown in Fig-
ure 2.16). The liquid material can contain solidified particles (representing fibers) be-
tween the two cylindrical surfaces and a known torque and revolutions can be applied
to the inner cylinder to emulate the movement of injection mold. With customization,
such as adding thermocouples, the temperatures, processing speeds and residence time
of the flow melt can also be determined.

With the methodology of couette rheometer, various studies understanding the in-
fluence of processing conditions can be made. This method was adopted in the works of
Inceoglu et al. [65] who determined that fiber breakage was dependent on screw speed,
where laboratory based and industry-based extruder screws were tested for different
screw speeds varying from 200-600 rpm.
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Figure 2.16: Basic depiction of a Couette Rheometer setup. Obtained from [64].

Figure 2.17: Experimental variation in the fiber length with increasing shear rate. Ob-
tained from [62].

Huang and Tseng [62] present the fiber length variation with shear rate and present the
results in Figure 2.17. The figure shows that the fiber length breakage increases with
increasing shear rate.

Huang et al. [66] study the effect of the mold flow path on the fiber properties by
conducting injection of fiber by designing two different melt fill paths, a right angular
path or a square melt path and a round angular path with more smooth path.

Based on these designs, it was observed that in the square melt fill path, fibers could
easily become entangled and their mechanical properties were poor with improper dis-
persion of fibers. On the other hand, round angle melt fill path showed less resistance to
flow during the filling process and showed improvement in flow ability for longer melt
flow lengths. This was also the case for the gates designed in the experiments, where flow
ability and fiber properties were greatly improved by the large continuous filling sections
provided by the rounded angle gate in comparison with the right-angle gate.
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2.3.2. THEORETICAL RESEARCH
For the study of injection molding process, and to predict various flow conditions as-
sociated with it, various theoretical models have been developed. As mentioned in the
subsection 2.2.4 already, injection molding process is charecterised primarily by the fol-
lowing steps [42]:

1. Mold closing
2. Injection/Filling
3. Packing
4. Cooling
5. Solidification and screw retraction
6. Ejection

Here, among the mentioned steps, most progress has been made in phases 2-4 [42].
While the remaining phases of the injection molding process are important in them-
selves, injection (or filling) phase has been significantly researched, as it involves high-
est fiber breakage rate. This section mainly covers the theoretical studies and developed
mathematical models that address the fiber breakage phenomenon during the filling
process.
One of the earliest works in the fiber breakage was conducted by Gupta et al. [56], who
conducted a fiber breakage study for short and long fibers, using a screw extruder ma-
chine. The work concluded that major fiber attrition was the result of the fiber melt
interaction at the melting zone in the extruder. The breakage mechanism suggested that
the solid fibers protruding out into the melt flow of polymers experience drag forces,
which cause fiber bending, and eventually breakage.
Forgacs and Mason [57], have also presented a similar breakage mechanism for fibers
fully immersed in the melt flow where the fibers face axial bending due to varying veloc-
ity component along the fiber in the melt flow. These breakage mechanisms have been
used as the foundation in many mechanistic models developed over the years to predict
fiber breakage. They used Burgers’ formulation [67] along with Euler’s beam theory to
derive an equation to estimate the critical product γ̇η at which a fiber would buckle un-
der compressive stresses (here, γ̇ is shear rate and η is viscosity) [59].
Shon et al. [68] developed a kinetic model for the evolution of the average fiber length,
L, which decreases towards a residual, or unbreakable length, L∞, using the following
equation:

dL

d t
= k f (L−L∞) (2.2)

Here, k f is a breakage rate coefficient. The values for the parameters L∞ and k f were
derived empirically from the set of experiments conducted in the study using a counter-
rotating twin screw extruder.
In a similar work, Chen et al. [69] further tried to improvise on an existing exponential
decay model with a kinetic decay constant and a critical length (Equation 2.3).

L(x)−Lcrit

L0 −Lcrit
=−e−K×t (2.3)

Here, K is generalized breakage dynamic constant, L0 is initial fiber and Lcr i t is the aver-
age fiber length. They adjusted certain parameters and performed a good fitting based
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on the experimental results obtained from the molding of an end gated plaque produced
with a lab scale single extruder.
Based on the models involving fitting, one of the most commonly used models is the
Phelps model developed by Phelps et al. [53] and is also widely used in commercial soft-
wares to predict fiber breakage. The model predicts the fiber length distribution based
on the fiber buckling mechanism suggested in the works of Gupta et al. and Forgacs and
Mason ([56], [57]). The buckling is based on the hydrodynamic forces faced by the fiber
leading to its breakage. The model is phenomenological and predicts fiber length dis-
tribution based on a conservation equation which iteratively estimates the rate of fiber
breakage based on the ‘breakage probability’ and ‘child generation rate’, where a ‘child’
fiber is a shorter fiber obtained from the breakage of a larger fiber. This has been ex-
plained in subsection 3.3.1.
Similar to the Phelps model, Durin et al. [54] also developed another continuum model
for the prediction of the fiber breakage and fiber length distribution. The model, like
Phelps, predicts fiber length distribution over time only assuming hydrodynamic force
interaction among the fibers. Both the models are quite similar with major difference
being the fact that Durin model assigns a non-zero breakage probability for fiber when
the buckling load is less than the critical buckling load for the fiber, while critical buck-
ling load in the Phelps model is defined as the load below which the fiber cannot break.
For other differences between the models, the reader is referred to [53].
Inspired from the Durin’s model, Kang et al. [55] in their work developed a mechanical
model to predict the fiber breakage under the influence of shear stresses experienced
from the flow of the melt filling. The breakage mechanism for the fibers was considered
to be the buckling of the fibers based on the Euler buckling criterion. To verify the model
with experimental results, they used glass fiber reinforced polypropylene (GF/PP) with
extrusion simulations in a rotary rheometer to emulate the experiments with predeter-
mined shear rates. The model in their work neglects the fiber-fiber interaction as a factor
for fiber breakage, and therefore, experiments used fiber weight fraction of 10% to mini-
mize the effect of fiber-to-fiber interaction on fiber length breakage.
The models discussed till now mostly involve just fiber melt interaction as a factor for
calculating fiber breakage. However, Bechara et al. [59] further developed a design of ex-
periments (DOE) employing a coutte rheometer to determine the correlations between
processing conditions, material properties, fiber concentrations and fiber length reduc-
tion. The main purpose of the study was to develop a phenomenological model which
could incorporate fiber-fiber interaction as a parameter for fiber length prediction dur-
ing injection molding. In their work, they have used different concentration of GF/PP
and have established a relation between different factors through a model.

These statistical models have been tested and validated for filling simulations in sim-
ple geometries such as ISO plaques and center-gated disks as they can be easily simpli-
fied into a 2D axisymmetric problem [59].
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(a) (b)

Figure 2.18: Simplified geometries used in literature for the validation of filling simula-
tion model (a) Center gated disk (b) ISO plaque. [70]

The above mentioned models are mostly statistical and estimate fiber breakage by
fitting the models to experimental data. Few works have tried to just focus on improv-
ing this statistical prediction of fiber breakage in experiments, without working on the
mechanics of the fiber breakage through modelling ([71], [72]). There are some other
models which try to incorporate the other effects such as fiber-fiber and fiber-wall inter-
action.
Sayasama et al. [60] in their work have developed a model which uses direct particle
simulation approach. The finite element approach considered in their work evaluates
the shear stresses experienced by the individual fibers, which are considered as a chain
of connected spheres. They find that the fiber length decreases with increasing viscosity,
shear rate and fiber volume fraction. In their work, they also present a depiction of how
fiber-fiber interaction and fiber-wall interaction can also lead to fiber breakage. Chang
et al. [73] also developed a direct particle simulation based approach where the failure
criterion for the breakage of a fiber was based on a critical radius. Each fiber was con-
sidered as a chain of rods that experience various hydrodynamic and interaction effects.
Fiber failure was reported when the bending of fibers would surpass a critical radius.

2.4. RESEARCH CONCLUSIONS, GAPS AND OBJECTIVE
Based on the literature and theoretical background provided, there are several research
questions that can be proposed. The research conclusion, gaps are provided in this sec-
tion followed by the research objectives developed for this study.

2.4.1. RESEARCH CONCLUSIONS
The following research conclusions have been established:

1. Among the various production processes, injection molding is highly suitable for
mass producing complex geometrical shapes with significant range of size.

2. Several experimental methods to evaluate the fiber breakage have been conducted,
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specially along the plasticizing unit of the injection molding machine.

3. The major downside of the injection molding resides in the high costs of devel-
opment of customised molds for the injection process. This makes study of fiber
breakage more important to provide guidelines for the development of cavity ge-
ometries and save input costs.

4. The study of the fiber breakage using the experimental methods requires a lot of
time. The process of extracting the mold and breaking it into smaller shapes fol-
lowed by the extraction of thousands of smaller fiber for manual measurement is
quite considerable. This has pushed the development of computational methods
to measure and predict fiber breakage trends.

5. Several statistical and direct simulation methods have been developed aimed at
predicting the fiber breakage. While statistical methods are based on experimental
fitting and are much faster computationally, direct simulation methods tend to be
more accurate and provide better overview of fiber breakage.

6. Statistical models have proven to predict well for basic geometries such as centred
gated discs and ISO plaques and have been applied in commercial softwares for
the prediction of fiber lengths.

2.4.2. RESEARCH GAPS AND OBJECTIVES
Based on the research conclusion presented above, research gaps are highlighted which
have been used to establish the objectives of this work.They are enumerated as follows:

1. In the research conducted in this study, Phelps model has been the most widely
applied commercial model. Studies have been conducted to understand fiber ori-
entation and concentration in filling simulations, however, not enough work is
focused on fiber length evaluation using simulation softwares.

2. There has been a lack of simulation studies that have been used to establish the
relation between the rheological properties of the flow, such as shear rate and vis-
cosities with fiber breakage in the cavities of injection mold.

3. The current state of the research involving the study of fiber breakage exists for
very simple and basic geometries, such as centre gated discs or rectangular ISO
plaque samples. Thus, there is a scope for understanding the breakage of fibers in
slightly more involved geometry, which would present a much closer results to the
practical shapes applied in industries.

4. The Phelps model [53] is the only statistical model widely applied in commercial
softwares for injection molding. However, the model has not been yet properly
tested for varying geometries and not enough guidelines are provided for tuning
in such a situation.

5. The Bechara model [59] is another quite recent model aimed at predicting the fiber
breakage in the filling simulation. However, the model has not been validated for
a 3D dimensional filling simulation and compared with the Phelps model.



2.4. RESEARCH CONCLUSIONS, GAPS AND OBJECTIVE

2

21

Thus, based on the above research gaps, following research objectives have been set-
up for this work:

1. A study of influence of the geometry on the fiber breakage trends during filling of
an injection molding process. This is done to understand how the rheology along
with geometry influences fiber breakage, which in turn would help in providing
better design guidelines for industrial use.

2. Evaluation of the currently applied commercial Phelps model for predicting fiber
breakage, and understanding the amount of parametric tuning required for pre-
diction, with changing geometries.

3. A comparative study of the Phelps model with a novel Bechara model, by creating
an analytical model applied as a post-processor to the rheological properties ob-
tained from simulation software. This is done to benchmark the models, scrutinize
them, and propose better model of two, with a posibility of modification.



3
METHODOLOGY

This chapter covers all the important terminologies, models, and methodologies ex-
plained with detailed steps, that have been undertaken in this work to address the re-
search objectives.

3.1. FIBER PROPERTIES
Other than the type of the fiber material itself, there are some other factors that decide
the quality of the final composite product, making them relevant for the study. Fiber
lengths, fiber orientation and fiber concentration are the primary factors determining
the quality of the fiber, and are discussed further.

3.1.1. FIBER LENGTHS
For the composites, the mechanical, thermomechanical and electrical properties have
been proven to be correlated with the fiber lengths. The properties of the composite
seem to improve with increasing fiber length ([3], [4]). The fibers, based on their lengths
have been classified into 3 major categories: short fibers, long fibers & continuous fibers.
While short fibers usually range for a length of under 1 mm, long fibers length are esti-
mated to be around 4-15 mm ([74], [75]). Continuous fibers are characterised by hav-
ing a large fiber length-to-fiber diameter ratio, and therefore, are sometimes used inter-
changeably with long fibers as well [76].

3.1.2. FIBER ORIENTATION
Fiber orientation (FO), along with fiber lengths, also plays a notable role in the tensile
strength and modulus properties of the composite matrix as discovered in the study [77]–
[81]. While tensile strength and Young’s modulus seem to decrease with more misalign-
ment of the orientation ([78], [80], [81]), shear strength seems to decrease with increasing
orientation angle [79]. Therefore, addressing fiber orientation during the production of
the composite can also become an important step.
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3.1.3. FIBER CONCENTRATION
The third important factor for addressing the properties of the composite is the con-
centration of the fiber. As fiber is reinforcing component of the composite for physi-
cal strength, increasing fiber concentration tends to improve mechanical strength of the
composite, which has also been found in literature ([3], [81]). However, increasing the
fiber concentration beyond a certain critical value can not lead to any further improve-
ment, as the matrix concentration would be too low in the composite to provide support
leading to voids and defects in the composite [81]. AS a result, an optimum concentra-
tion of fiber is usually preferred.

3.2. FIBER LENGTH MEASUREMENT
The estimation of accurate fiber lengths is a very important step in the process of un-
derstanding fiber attrition in injection molding. It helps in experimentally providing a
tangible metric for evaluation of fiber lengths, which can be used to develop and vali-
date new models and their underlying physics by providing accurate and reliable exper-
imental data [53]. While there exists plenty of approaches for the measurement of fibers,
no standard procedure has been accepted as the norm. Since even a small sample can
contain millions of fiber pieces, the fiber measurement is slightly cumbersome.

Figure 3.1: Fiber length measurement methodology as commonly observed in major ap-
proaches. Reproduced from [82].

Nonetheless, majority of approaches in fiber breakage share 4 basic steps [61]:

1. The part of the sample to be studied is extracted and then heated to a sufficient
temperature. The process of heating the sample is called pyrolysis. This melts
away the matrix of the sample, leaving behind only the fibers.

2. In the second step, the remaining samples of fibers are collected and prepared for
a scanning procedure, also known as down sampling. In most approaches, the
fibers are placed on a small glass plate containing a liquid solution, which helps
with dispersing the fibers away.

3. In the next step, a digital image of the dispersed fibers is created using either an
optical microscope, or optical document scanner (digital imaging).
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4. Finally, a software is used to determine the lengths of the individual fibers by analysing
the digital image of the fibers. The fibers are detected either manually in a software
or with the help of automated or semi-automated image-processing algorithms.

The steps have also been represented in the Figure 3.1. While these are the common
steps followed in the measurement of the fiber lengths, the details in the steps can vary to
a certain degree in many of the approaches, and these differences have been addressed
in the literature [61].

3.2.1. NUMBER AVERAGE AND WEIGHT AVERAGE FIBER LENGTHS
After the fiber length distributions (FLD) are obtained which indicate the fiber lengths
and the corresponding number of fibers present (Figure 3.2), two measurements are in-
troduced to quantify the distribution data essential for the theoretical study. These mea-
surements are termed as the number average and weight average fiber lengths.

Ln =
∑

Niℓi∑
Ni

(3.1)

Lw =
∑

Niℓ
2
i∑

Niℓi
(3.2)

Figure 3.2: Fiber length distribution indicating the number average and the weight aver-
age fiber lengths. Adapted from [53].

Here, N denotes the number of a given fiber ’i ’ and l denotes the length of the fiber.
The value of ‘i ’ indicates the index of a fiber among all the fiber lengths that are present
in the distribution. For example, if the smallest length is 0.5 mm and the largest length
is 5 mm, with 10 bins containing all the lengths from 0.5 mm to 5 mm, then ‘i ’ ranges
from 1 to 10. These numbers are depicted in the Figure 3.2. In the figure, the blue line
indicates number average, and the red line indicates the weight average fiber length.
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3.3. SIMULATION MODELS
In this section, the model considered in this work for the study and prediction of fiber
breakage have been explained and discussed.

3.3.1. PHELPS MODEL
It is a statistical model developed to predict the fiber length distribution for long fibers
during the processing of fiber reinforced composites. The basic assumption of the model
is that the fibers only break due to the hydrodynamic forces acting on it, which lead to
fiber buckling, and ultimately, their breakage. Forces that may arise from other contacts,
such as fiber-fiber interaction or fiber-wall interaction, are not considered.
The model is fundamentally based on the conservation of the total length of the fiber,
and a basic constitutive equation is used to ensure this conservation. This is denoted by
Equation 3.3:

d Ni

d t
=−Pi Ni +

∑
k

Ri k Nk (3.3)

Here, Ni represents the number of fibers of a specific length ℓi (where ’i ’ is the index
of the given fiber), and therefore, the equations represents the rate of change of number
of fibers. Further, Pi Ni represents breakage rate, or the loss of fibers of ℓi length due
to breakage, Ri k Nk represents the generations of fibers of ℓi length due to breakage of
longer fibers (ℓk ). The subscripts i and k represent the discretization of the fiber lengths
possible. For instance if a fiber of lmax = 6 mm is considered, with a smallest resolution
of the length to be ∆l = 100 µm for computation, then i can vary from 1 to a maximum
of M , where M = lmax /∆l will denote the total number of discretizations possible.
To define the breakage rate, a constitutive equation is defined based on the assumed
forces acting on the fibers. As mentioned already, the deformation for fiber breakage
assumed in this model is fiber buckling, which provides a equation of buckling ratio
obtained from equating to the hydrodynamic stresses to the buckling strength of the
fiber. This critical buckling ratio is given by (Equation 3.4):

Bi ≡
4ζηm γ̇ℓ

4
i

π3E f d 4
f

(3.4)

Here, Bi is critical buckling ratio, ζ is called the hydrodynamic drag coefficient, ηm is
the viscosity of the polymer matrix, γ̇ is the shear rate, E f is the elastic modulus and d f

is the fiber diameter, and ℓi is the length of the fiber. This equation is derived from the
Euler buckling theory. Based on the Eular buckling, a minimum fiber length is defined,
below which, the fiber can not break. This is given by the following equation:

Lub ≡
(
π3E f d 4

f

4ζηm γ̇

)1/4

(3.5)

If the buckling ratio (Bi ) is less than 1, then the model assumes that the fiber break-
age does not take place. The breakage is only assumed if the critical buckling ratio is
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achieved. With the buckling ratio defined, breakage rate or probability is determined,
with the variable CB , known as the breakage coefficient, used as another factor:

Pi =
{

0 for Bi < 1
CB γ̇

[
1−exp(1−Bi )

]
for Bi Ê 1

(3.6)

Other than breakage probability, the other term involved in Equation 3.3 contains
the ’child generation rate’, which is the rate at which the longer fibers break to generate
fiber of the given length. For this, the model assumes that breakage probability for any
fiber is maximum at its centre. Therefore, for the fiber of length ℓi to be a generated
from a parent fiber of length ℓk , the models predicts a normal probability distribution
function (a gaussian profile), which is given by:

Ri k =αk NPDF

(
ℓi ,

ℓk

2
,Sℓk

)
(3.7)

Here, αk is a scale factor chosen to normalize Ri k , ℓi is the fiber length with ℓk
2 as the

mean length, Sℓk as the standard deviation.
With the given equations, the Phelps model can be used to develop the fiber length

distributions for a given fiber material of defined diameters and length, with selection
of suitable fitting parameters, namely, breakage coefficient (CB ), drag coefficient (ζ) and
scalar factor (S).

3.3.2. BECHARA MODEL
Similar to Phelps Model, Bechara model is another phenomenological model which aims
to predict fiber breakage in an injection molded cavity for long fiber reinforced thermo-
plastics. The model involves the tracking of averaged fiber lengths (Ln & Lw ) with time.
The model proposes that the fiber length reduction over time follows an exponential de-
cay with time towards an equilibrium value (as suggested by Shon et al. ([68]), which can
be demostrated by the following equations (Equation 3.8 & Equation 3.9):

dLN

d t
=−kN , f

(
LN −LN ,∞

)
(3.8)

dLW

d t
=−kW, f

(
LW −LW,∞

)
(3.9)
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Figure 3.3: Weight averaged fiber length (Lw ) decay over time to a steady length. Adapted
from [59].

These equations provide the constitutive framework on which the fiber breakage
over time is evaluated. Here, L denotes the averaged length of the fiber, whereas k f and
L∞ are the parameters for the state equation, and represent the breakage rate and the
equilibrium length, respectively.

With the state equation defined, the model presents relevant equations for the pa-
rameters for their calculation. L∞ in this model, is similar to the unbreakable length
(Lub), as defined in the Phelps model (subsection 3.3.1). The expression for L∞ is derived
by assuming a bending deformation, under the presence of various, hydrodynamic and
interaction forces between fibers and walls. With bending deformation assumed, the
expression for L∞ becomes:

L∞ =λ
(
σud 2

f

ηm γ̇

)1/2

(3.10)

Here,σu is the ultimate strength of the fiber, d f is the fiber diameter, ηm is the viscos-
ity and γ̇ is the shear rate of the flow. The coefficient λ is introduced as a fitting param-
eter in the model, to account for the effect of the fiber-fiber and fiber-wall interactions
leading to fiber breakage.

The parameter k f denotes the breakage rate of fiber, indicating how often the fibers
break. The expression for the same is given as:

k f = ξγ̇ (3.11)

The Equation 3.11 indicates that the breakage rate is directly dependent on shear rate
of the fluid environment. This direct dependence is calculated using the coefficient ξ,
which is the fitting parameter for the rate of deformation/breakage. Thus, with the given
equations, the Bechara model can be replicated based on the two fitting parameters,
namely breakage rate coefficient (ξ) and the fiber interaction coefficient (λ).
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3.4. SIMULATION STUDY
A simulation study was performed on certain geometrical samples to predict and mea-
sure the experimental data available at hand using a software. The simulation study
is performed using the injection molding software Moldex3D, which involves a module
to calculate the fiber breakage in a injection molded cavity and estimate residual fiber
lengths at different stages of filling.

The software allows the simulation of injection molding process itself by incorporat-
ing various stages of injection, such as filling, packing and cooling phases, through a set
of equations, and associated boundary conditions, that create a mathematical model of
the molding simulation. Apart from defining the physics of the mold filling simulation
through the equations, the software also requires an estimation of properties of the ma-
terial and the geometrical complexity of the model. All of these computational modules
are integrated into the Moldex3D software already. However, in this work, the focus is
placed on the fiber breakage model included in the software and its use to predict the
experimental observations.
To progress with performing the simulation study, a set of geometries have been devel-
oped and used for mold filling experiments in the injection molding unit at Brightlands
Materials Center (TNO Facility) situated at Geleen.

The geometries are presented in Figure 3.4 and present different possible orifice thick-
nesses. The idea behind these geometries is to address the fiber breakage in slightly more
complicated designs than the ones observed in literature and to understand how rheol-
ogy properties and different thicknesses or cross-sectional areas of the geometries can
influence fiber breakage. This is also done by keeping in mind the first research objective
proposed in this work, and to propose relevant design guidelines to the designers in the
industry.

An experimental injection molding process for each of the geometry has been per-
formed and the fiber lengths have been measured for the samples at different sections

Figure 3.4: Sample geometries considered in this study to understand the influence of
geometric variation of fiber breakage.
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using the method mentioned in section 3.2. The fibers have been measured along the
sections as represented in Figure 3.5 and the properties of the fiber (glass fiber 30%)
used in the complete study have been mention in Table 3.2.

(a)

(b)

Figure 3.5: Sections defined for each of the geometries for the measurement of the fiber
length distribution and averaged fiber lengths for experimental data for (a) Insert A (b)
Insert B

As shown in Figure 3.5, the fiber distribution, and in turn, fiber lengths, for each of the
section are separately measured and evaluated. After the measurements were performed
for different geometries, the results were obtained for the fiber lengths observed along
the different sections. These lengths are presented in the Figure 3.6 and the Table 3.1.
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(c)

Figure 3.5: (CONTD.) Sections defined for each of the geometries for the measurement
of the fiber length distribution and averaged fiber lengths for experimental data for (c)
Insert C.

Figure 3.6: Weight averaged fiber lengths (Lw ) as obtained for each of the inserts for the
corresponding sections/position.

To perform the geometric simulation study of the experimental results obtained above,
the next step becomes to transfer the study to a simulation environment of Moldex3D
software. This is done by first creating a model of the geometry (a STEP file) using a CAD
software, such as SolidWorks, in this case.
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Table 3.1: Weight averaged fiber lengths Lw as observed from the experiments for different insert geometries.

Mold insert Position Material with insert and position
Amount of

fibers
weigth averaged fiber length

Lw
Standard
Deviation

A 1 Celstran 30% - A - 1 27093 3.43 0.018
A 2 Celstran 30% - A - 2 22254 4.16 0.021
A 3 Celstran 30% - A - 3 21190 3.43 0.022
A 4 Celstran 30% - A - 4 29174 2.88 0.017
A 5 Celstran 30% - A - 5 17064 2.80 0.017
A 6 Celstran 30% - A - 6 17602 3.18 0.021
B 1 Celstran 30% - B - 1 17415 3.40 0.020
B 2 Celstran 30% - B - 2 11002 4.79 0.021
B 3 Celstran 30% - B - 3 12307 4.33 0.021
B 4 Celstran 30% - B - 4 16867 2.27 0.025
B 5 Celstran 30% - B - 5 13591 3.82 0.023
B 6 Celstran 30% - B - 6 14065 3.51 0.021
B 7 Celstran 30% - B - 7 23153 3.18 0.019
B 8 Celstran 30% - B - 8 26402 3.06 0.017
C 1 Celstran 30% - C - 1 32462 3.05 0.020
C 2 Celstran 30% - C - 2 23061 3.47 0.020
C 3 Celstran 30% - C - 3 28340 2.82 0.016
C 4 Celstran 30% - C - 4 14877 1.22 0.011
C 5 Celstran 30% - C - 5 37513 1.51 0.010
C 6 Celstran 30% - C - 6 45051 2.00 0.012
C 7 Celstran 30% - C - 7 44034 1.86 0.010
C 8 Celstran 30% - C - 8 44636 1.85 0.010

The steps necessary for the creation of the final mesh in the Moldex3D software after
the development of the STEP files are as follows:

1. The STEP file for the geometry was imported into the Moldex3D designer environ-
ment,

2. An inlet face was defined on the geometry using the ’Melt Inlet’ tool (Figure 3.7).
The inlet face in the simulation provides the entrance of the polymer melt into the
cavity mold.

Figure 3.7: Melt inlet face defined for the insert C in the Moldex3D designer environ-
ment.

3. To evaluate the filling simulation results, it becomes important to assign certain
nodal points to extract the information relevant to fiber breakage from. This was
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done by adding the nodes manually at the required locations through the Moldex3D
software. These node are called the ’measure nodes’ in the software (Figure 3.8).

Figure 3.8: Measure nodes assigned to the insert C model for the measurement of the
fiber lengths as obtained from the simulations.

To ensure that these nodes are corresponding to the experimental measurements,
they are assigned at the locations where fiber lengths were measured in the exper-
imental samples. This can be seen in the Figure 3.5.

4. The next step is to finally define the mesh on the geometry. Mesh fineness is deter-
mined by the trade-off between the accuracy of the results needed and the com-
putational time allowed. This is usually determined by conducting a mesh conver-
gence study which is explained in the Appendix C.

Figure 3.9: Meshed model of the insert C developed with defined measure nodes.

The developed sample mesh is presented in the Figure 3.9. After the necessary steps
were performed for the creation of the mesh files, the next objective was to develop the
simulation runs in the Moldex3D studio software, and perform the analyses. A number
of steps were followed during the creation of a single run in the software. These steps are
mentioned as follows:

1. To begin with, the developed mesh geometry was imported into the software.
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Figure 3.10: Importing the developed insert meshed geometry into the studio environ-
ment.

2. The next task was to define the material for the filling simulation. Moldex3D ma-
terials data bank provides a large range of materials with different polymer resins
and reinforced fiber materials (Figure 3.11). Materials have been modelled with
various properties already, such as PVT relations, viscoelastic behaviour and me-
chanical properties, to name a few, The user can chose the material based on the
study that they want to conduct. The work is performed in this study on Glass fiber
30% reinforced polypropylene (GF30PP), which is the material on which the phys-
ical experiments have been conducted. The material properties of the fiber used
in this study are presented in Table 3.2.

Table 3.2: Fiber properties of 30% glass fiber used in the study.

Property Value
Density (g/cm3) 2.56

Ultimate tensile (MPa) 2600
Young’s Modulus (Gpa) 73

Diameter (µm) 12

(a)
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(b)

Figure 3.11: Assignment of the material property for the insert C meshed model using
the software material data bank.

3. After defining the material, processing conditions were defined in the software
representative of actual processing conditions. This enables the software to per-
form the mathematical simulation of the actual experiments with the real-life in-
put data, and provide as realistic results as possible. Various filling simulations
results, such as melt front time, temperature and pressure distribution, flow rhe-
ologies etc. tend to be influenced by these inputs.

Figure 3.12: Selection of the processing conditions for the insert for the simulation.

4. To perform the fiber breakage analysis in the software, computation parameter
needs to be modified in the software. The computation parameter defines the
computational time steps to record the filling results. Further, to activate the fiber
breakage analysis, the fiber breakage calculation needs to be activated as a post-
processor in advanced filler parameter setting of computation parameter dialogue
box. For input, the user can define the fiber diameter and aspect ratio, along with
Phelps model parameters (which has been defined in subsection 3.3.1).
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Figure 3.13: Assignment of the computational parameters involving the selection of the
Phelps model parameters.

Since, the user can control a total of 3 parameters associated with the Phelps model
for predicting the fiber breakage, the software predicted fiber breakage can be rep-
resented as a function of these 3 parameters, with the following equation:

F B = f (S,CB ,ζ) (3.12)

Here, S is the scalar factor, CB is the fiber breakage coefficient and ζ is drag coef-
ficient, all part of Phelps model. The user can tune the fiber length distribution
along the geometry by fine tuning these 3 factors and produce agreeable results.

5. Finally, after defining the parameter and processing conditions as input, the sim-
ulation can be run with filling analysis option to perform the computational mold
filling of the given geometry.

Figure 3.14: Setting the filling analysis sequence to define the final condition before start-
ing the run.

Therefore, with the aforementioned methodology, the simulation study has been
performed in injection molding software.
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3.5. ANALYTICAL STUDY
The analytical study comprises of developing the numerical models for the fiber break-
age study, and using them as post-processors to the flow data obtained from the injec-
tion molding simulation in Moldex3D. The analytical development of the breakage mod-
els is important because of the following reasons:

1. To perform the post-processing of the simulations manually and save computa-
tional times associated with creating full simulations. With the models integrated
into the softwares, separate post-processing of the data is not possible and com-
plete injection filling simulations need to be created. This leads to significant com-
putational times.

2. To evaluate and compare models. Flow data obtained from the simulations can
be used as input to the analytical models developed, and comparative studies can
be conducted. This also allows for a greater degree of freedom to tune the model
parameters and conduct a thorough study.

3. To modify or propose improvements to the models. Based on the results obtained
from the analytical models, their shortcomings can be addressed. This could help
in making suitable suggestion or provide radical modifications to the model.

4. To gain better control over the nodal fiber length distribution. In the software, the
fiber lengths are automatically calculated with single input of fiber length from the
user. However, to better understand the influence of rheology and varying fiber
inputs on fiber breakage, better control of the nodal data is needed.

To perform the analytical study manually, two important steps are required:

1. Extracting and pre-processing the relevant nodal information from the simulation
run.

2. Creating the mathematical model through a code to predict fiber length distribu-
tion as a post-processor using the nodal information provided as input.

Through the first step, all the important flow rheology properties of filling results
obtained during the simulation need to be extracted. These properties could be the flow
velocity vectors, viscosity and shear rate at different times and locations of the geometry,
to name a few.

Figure 3.15: Filling results obtained from the simulation run, which can be used as the
inputs to the analytical models for fiber breakage calculations.
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This was performed using a python script where the user can input the coordinates
of the nodal points and the corresponding information that the user intends to extract.
Once, the nodal information is extracted, it was stored in a CSV file, which was later used
as an input for performing the second step of analytical study.

The second step of the analytical study is more critical step, as it involves the post-
processing of the data itself in fiber breakage prediction model. In this work, the analyti-
cal study is performed for the Phelps model and the Bechara model, and their analytical
model are explained ahead.

3.5.1. PHELPS MODEL: ANALYTICAL
The Phelps model is the first model implemented using a MATLAB script as a post-
processor to the simulations data. The Phelps model is chosen as it is the only model
commercially applied for the prediction of fiber breakage in injection molding simula-
tions softwares (such as Moldex3D itself).

To implement the Phelps model in the MATLAB code, the discretization of the con-
stitutive equation of the model (subsection 3.3.1) has been performed as explained in
[70].

To begin with the discretization, the constitutive Equation 3.3 for conservation of
total fiber length is represented as follows:

Ni , j+1 = Ni , j −Pi Ni , j∆t +
M∑

k|k≥i
Ri k Nk, j∆t (3.13)

Here, j is the discretization of time, where as i and k are the discretization of the fiber
lengths, where k denotes the ’child’ fiber generated from the ’parent’ fiber i . M denotes,
the maximum number of discretization possible with M = lmax /∆l (already mention in
subsection 3.3.1). Therefore, this will change the child generation rate (Equation 3.7) to
following:

Ri k =αk NPDF

(
i∆l ,

k∆l

2
,Sk∆l

)
(3.14)

∑
j

R j i = 2Pi (3.15)

The fiber breakage rate equation (Equation 3.6) follows the same discretization as
before.

With the discretization performed, the fiber length distribution for a single point can
be calculated with time. To perform the simulations with Equation 3.13, the test case
performed in section 5.4 of [70] can be reproduced to check the code. This test case was
replicated successfully, and the results are presented in Appendix A.

Therefore, with the verification of the model for a single point, the analytical model
was applied as a post-processor for a 3 dimensional geometry to the simulation data
obtained from step 1. This is in congruence with the method described by the [53].
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3.5.2. BECHARA MODEL: ANALYTICAL
Bechara model is the second model used for discretization in this study. It is also a phe-
nomenological model like Phelps, and estimates the fiber breakage through the evalua-
tion of averaged fiber lengths over time in the cavity during the mold filling process.

The model has been discretized in a manner similar to Phelps model, and therefore,
Equation 3.8 and Equation 3.9 have been modified to the following equations:

LN , j+1 = LN , j −kN , f
(
LN −LN ,∞

)
(3.16)

LW, j+1 = LW, j −kW, f
(
LW −LW,∞

)
(3.17)

Here, j is the discretization of time, whereas all the other terms hold the same deno-
tation as in Equation 3.8 and Equation 3.9. With this discretization defined, the model
can be directly input as a post-processor to the simulation data, with parameter equa-
tions, Equation 3.10 and Equation 3.11 applied directly using the model parameters as
input.

3.5.3. MODELLING APPLICATION METHOD
In this section, the methodology for the application of the models is explained in the
geometry. The geometry of the model is assumed to be defined by the measure nodes
where information is extracted from, in the software. The example is given in the Fig-
ure 3.16.

Figure 3.16: Discretisation of the geometry into nodes for the extraction of the flow re-
sults as inputs to the analytical model.

The probes are assigned to the locations in a manner such that the nodes are repre-
sentative of the actual geometry used. They are connected in a layered structure such
that the flow is captured properly to understand the influence of shear rates and flow
viscosity. This can be seen in the Figure 3.17.



3.6. MODEL COMPARISON

3

39

Figure 3.17: Flow velocity profile as observed in the simulation used for assignment of
nodes to represent the geometry.

The probes are then filled in the order in which the flow information (shear rates
and viscosity) is obtained from the simulation software. Thus, for every probe, the fiber
breakage model is applied based on the rheology properties at the given location and
time step, and then the observed fiber length or distribution is passed on to the next
probe in the given layer for the next time step, ensuring a flowing medium. The layers
are repeated in the thickness as well as in the width direction, to obtain the final 3D
structure of the model.

Figure 3.18: Layered discretisation of the sampled geometry to obtain a proper connec-
tion between the nodes to establish proper material transfer between the nodes during
filling.

3.6. MODEL COMPARISON
In this section, a general comparison is made between the two models chosen in this
study, Phelps model and Bechara model. The arguments for chosing the models are
presented along with the similarities and the differences of the models.

The Phelps model is chosen as it is one of the most widely applied model in the simu-
lation softwares for injection molding process, and is also integrated into the moldex3D
software, which is the part of this study. It has been applied in the literature in numerous
studies for relatively simpler geometries. This presents for a nice opportunity to study
the application of the model for a more involved geometry. Apart from the popularity
of the model, it is also quite computational time friendly, as it develops a phenomeno-
logical approach for the calculation of fiber breakage, rather than applying a direct sim-
ulation approach, where fiber breakage is calculated by including all the relevant forces
needed at individual fiber level.
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The Bechara model is chosen as it is a pretty novel model for the calculation of fiber
breakage, and tries to tackle the breakage assumptions of the Phelps models, by incor-
porating the fiber-fiber and fiber-wall interactions into breakage mechanisms. It is also a
phenomenological model, therefore, making it computational time friendly as well. Be-
ing a relatively new model, it offers a scope of modification and further improvement as
well.

While comparing the two models directly, there are certain similarities that can be
noted. As already mentioned, both of the models are phenomenological models, imply-
ing that they are developed by fitting the model parameters to the experimental observa-
tions for tuning. While Phelps model involves three fitting parameters, namely the scalar
factor (S), the fiber breakage coefficient (CB ) and drag coefficient (ζ), the Bechara model
includes breakage rate parameter (ξ) and the fiber interaction parameter (λ). Both, the
models further are developed around an unbreakable length term, which are expressed
as Equation 3.5 for Phelps model and Equation 3.10 for Bechara model. However, the
derivation of these lengths belong to different breakage mechanisms, where Lub is ob-
tained from Euler buckling failure, while L∞ is obtained by assuming a bending failure
mechanism.

The major difference between the two models is that Phelps model estimates fiber
breakage over time using the fiber length distribution at individual nodes and time steps
(Equation 3.3), while the Bechara model does so by calculating the evolution of weight
averaged and number averaged fiber lengths (Equation 3.9 & Equation 3.8).



4
RESULTS

With the methodology explained in the chapter 3, the results have been obtained for
both, the simulation study as well as analytical study. The steps followed to obtain the
results as well as the results themselves are explained in much detail for each of the study.

4.1. SIMULATION RESULTS
To begin with the simulations, a choice was made to select a particular geometry to per-
form the experimental prediction and parameter fitting. Among the geometries avail-
able for the selection (Figure 3.4), insert C was chosen as the model geometry. This de-
cision was based on the fact that insert C involved most geometric variations in terms of
cross-section area and should encompass the complexity of a more practical geometry.
Therefore, the model was developed until the section 6 (as described in Figure 3.5) in the
CAD environment, SolidWorks.

Figure 4.1: Insert C geometry model developed in the solidworks.

The model was then imported into the Moldex3D Designer software and then steps

41
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Table 4.1: Processing parameters used for simulation studies in moldex3D.

Molding Parameter Value
Melt temperature (◦C) 270
Mold temperature (◦C) 80

Max injection pressure (MPa) 140
Filling time (s) 1

Table 4.2: Input computational parameters for the initial study in the Moldex3D software.

Scalar factor (S) Breakage coefficient (CB ) Drag coefficient (ζ) Aspect ratio
1 0.03 0.55 250

mentioned in section 3.4 were performed to create a final mesh for developing simula-
tion runs.

Figure 4.2: Final meshed insert C developed for the simulation study in the moldex3D

With the geometric model fully developed and the measured nodes created at the
required locations, a baseline run was created. For processing conditions to run the
simulations are shown in Table 4.1. The material selected is Celstran-PP-GF30 from the
material database. For the parameters of Phelps model for computational, a reference
value for each of the parameters was taken from the literature. Scalar factor (S) of 1.0,
breakage factor (CB ) of 0.03 and drag coefficient (ζ) of 0.55 are considered to be accept-
able values in the literature and were therefore considered here as reference values ([53]).
The fiber aspect ratio was set to 250 making the fiber input length as 3 mm. Thus, the
relevant initial values are presented in the Table 4.2.

After running the simulation, the agreement between the experimental and the sim-
ulation was checked, and the deviation from the experimental values seemed quite ap-
parent, as can be seen from Figure 4.3:
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(a)

(b)

Figure 4.3: (a) Results from the initial study from the fiber breakage model in the soft-
ware. (b) Insert C model with sections observed for the fiber breakage.

Since the disagreement between the first trial run and the experiments is quite con-
siderable, a parametric study was conducted where a set of simulation runs were con-
ducted to understand the influence of individual Phelps model parameters on the fiber
breakage (Table 4.3). Parameters like fiber length and fiber diameter were kept constant
and fiber length input of 3 mm was selected.
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Table 4.3: Variation of the resulting weight averaged fiber lengths (Lw ) with changing Phelps model parameters
for performing parametric tuning.

Fiber length (Lw ) in sections (mm)
For Drag Coefficient 3 4 5 6

ζ = 0.5 2.0 1.09 1.44 1.65
ζ = 1 2.01 1.08 1.43 1.67
ζ = 1.5 2.02 1.13 1.48 1.69

For Breakage Coefficient 3 4 5 6
CB = 0.03 2.02 1.08 1.43 1.67

CB = 1 0.31 0.28 0.30 0.28
CB = 2 0.29 0.28 0.27 0.28

For scalar factor 3 4 5 6
S = 0.1 1.55 0.75 1.07 1.16
S = 0.5 1.89 1.07 1.44 1.54
S = 1 2.02 1.08 1.43 1.67

(a) Fiber breakage variation with drag coefficient
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(b) Fiber breakage variation with breakage coefficient

(c) Fiber breakage variation with scalar factor

Figure 4.4: Variation of the fiber length (mm) as observed with changes in the different
tuning parameters of the Phelps model in the Moldex3D software.

From the plots and the table, it was observed that for increasing value of drag coeffi-
cient (ζ), a slight increase in the residual fiber length is observed, indicating that increase
of drag coefficient decreases fiber attrition. For breakage coefficient (CB ), increasing
value leads to higher fiber breakage, which is expected from the factor, as it controls the
rate at which fibers tend to break during the process. For scalar factor (S), an increasing
value of S leads to increasing value of residual fiber length, implying an inverse relation
between S and fiber attrition.

Based on the observations from the parametric study of the Phelps model, the trend
of fiber breakage along the geometry was tuned. However, to manage the initial length
values of the plots (at part 3), the initial length needs to be adjusted as well. The check
for initial fiber length was made by changing the aspect ratio in the software and keeping
all the other parameters fixed. The experimental fiber length at the section 3 is approx-
imately 2.82 mm (Table 3.1). Since, in the software, the initial length is input at part 1
(Figure 4.2), a hit and trial method is used to match the experimental and the simulated
fiber lengths at part 3. The Table 4.4 shows initial fiber lengths considered at section 1
and the resulting fiber lengths at section 3, 4, 5 and 6. Further, the plot also shows the
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comparison between the all the readings together with experimental results.

Table 4.4: Fiber length variation in the sections of the insert C as a function of the different initial fiber lengths
considered in the study.

Part (Fiber length (Lw ) in mm)
For fiber length (Fl) Aspect ratio 3 4 5 6

Experimental - 2.82 1.22 1.51 2.00
Fl = 3 mm 250 2.02 1.08 1.43 1.67

Fl = 4.25 mm 354.12 2.88 1.05 2.263 2.63
Fl = 5 mm 416.67 3.394 1.779 2.55 2.76

Figure 4.5: Fiber length (mm) variations as function of different input fiber lengths in the
Moldex3D software.

From the readings and the plot, it can be seen that an input fiber length of 4.25 mm
presents the most accurate length at section 3 with respect to the experimental data.
Therefore, an input length of 4.25 mm is chosen. However, the remaining sections need
to be approximated as well, and will be done by tweaking the other parameters.
Based on the observations of the parametric study, further adjustments were carried out
on the parameters to predict the experimental results and after a number of trials, an
acceptable fit was observed between the trials and the experimental data. This fitted
curve is presented in the Figure 4.6.
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(a)

(b)

(c)

Figure 4.6: (a)&(b) Final optimized results obtained after tuning the computational
Phelps model parameters as compared to the experimental runs. (c) Initial run is de-
picted in comparison with experimental observation and optimized run to show the dif-
ference after tuning.
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From the plots, the accepted run shows very good agreement with the experimental
results. It also shows great improvement in fiber breakage prediction compared to the
first run.

Table 4.5: Results obtained from the simulation study in the software before and after optimization of the Phelp
model parameters as compared to experimental results.

Trial
Input Output fiber lengths Lw (mm)

Scalar factor (S) Breakage coefficient (CB ) Drag coefficient (ζ) Aspect ratio Section 3 Section 4 Section 5 Section 6
Baseline Run 1 0.03 0.55 250 1.98 1.33 1.12 1.21
Accepted Run 0.3 0.03 1 354.12 2.49 1.2 1.62 1.9

Experimental Run - - - - 2.82 1.22 1.51 2

Table 4.6: Percentage absolute errors observed as compared to the experimental runs before and after the
optimization of the model parameters in the software.

Errors (%)
Section Fiber length (in mm)

3 4 5 6
Baseline Run 29.8 9.01 25.82 39.5

Optimized Run 11.70 1.64 7.28 5

From the errors presented, it can be safely concluded that agreeable fitting between
the experimental and the simulation runs has been performed, which has been one of
the primary goals of the study.

Further, to understand the influence of flow on the fiber breakage, fiber lengths ob-
tained in the simulated geometry are presented along with the shear rates and viscosity
variations (Figure 4.7). From the simulations, it can be observed that fiber lengths are
directly influenced by the shear rate variations along the geometry. With high levels of
shear rate, higher fiber breakage is observed, which is in accordance with the experimen-
tal studies, as higher shear rate cause more strain to the fibers leading to their breakage.
This rise in shear rates is observed for zones with small cross-sectional areas. In terms
of viscosity, it is observed to vary slightly more along the corners and edges as well as
along the cross-sectional changes. With increasing viscosity, the fiber breakage tends to
decrease. This is because along the corners, increasing viscosity reduces the drag force
observed by the fibers, leading to decreased attrition and higher fiber length.

(a) (b)
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(c)

Figure 4.7: Simulation results for optimized parameters as obtained in Moldex3D soft-
ware for insert C (a) Fiber lengths (b) Shear rates (c) Viscosity

It is also observed in the experiments (Figure 4.6) and the simulations (Figure 4.7),
that the fiber lengths tend to decrease in the smaller orifices (section 4) and seem grow
again in larger segments (section 6). This is due to the fact that fibers of larger lengths
gets pushed along the flow in the smaller orifices, as they remain in the ’core’ part or the
centre of the flow, whereas the smaller fibers get pushed to the sides near the walls of
the cavity. This observation is difficult to obtain in experiments with FLD as they only
provide the averaged data of fiber lengths. They do not provide actual representation
of how the fibers are distributed within the geometry. However, with simulations and
models, the observation has been quite well reasoned.

To understand the degree of tuning required with the change in the geometry, the
next step was to apply the model parameters obtained from the fitting of insert C to the
geometry of insert A and insert B (Figure 3.4). To perform this, the model of insert A and
B was developed in the Solidworks, in manner similar to that insert C.

(a) (b)

Figure 4.8: Geometrical model developed in the Solidworks for (a) Insert A (b) Insert B.
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Table 4.7: Comparison of the simulated fiber lengths with the experimental fiber lengths (Lw ) with the tuned
parameters obtained from the fitting of Insert C.

Mold Insert Position Experimental fiber length (mm) Simulated fiber length (mm) % Error

A

1 3.43 4.06 18.37
2 4.16 3.34 19.64
3 3.43 2.21 35.66
4 2.88 2.15 25.35

B

1 3.40 4.10 20.59
2 4.79 3.42 28.71
3 4.33 2.40 44.62
4 2.27 2.17 4.23
5 3.82 2.23 41.73
6 3.51 2.22 36.75

The geometries were than imported to the Moldex3D software and all the meshing
and run was developed in the similar manner as that of insert C. The input to these run
were provided the same as that optimized for insert C (Table 4.5) and the results were
checked.

(a) (b)

(c)

Figure 4.9: Insert A fiber lengths (Lw ) as observed in the different sections obtained with
tuned parameters from simulation study for insert C.
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(a) (b)

(c)

Figure 4.10: Insert B fiber lengths (Lw ) as observed in the different sections obtained
with tuned parameters from simulation study for insert C.

From the Table 4.7, it can be observed that the agreement for insert A and insert B,
is not really good, as compared for insert C (Table 4.6) for the same inputs. The % error
observed in each of the sections for the other geometries is significantly high, and can
not be considered as an acceptable fit. The only agreement as observed from the plots
(Figure 4.9 & Figure 4.10), is the trend between the fiber breakage, which seems to go
down further down the stream, as more fiber breakage is observed. This implies that the
use of software for the prediction of the fiber length is also needs to be re-tuned with
change in geometry. Therefore, considerable tuning is needed for the prediction of a
single output run.

The fiber breakage observed in insert A and insert B, is also shown in Figure 4.11 and
Figure 4.12. Here, corresponding shear rates and viscosities are also shown. The relation
between the shear rates, viscosities and fiber breakage is observed to be the same as in
insert C (Figure 4.7). The fiber breakage tends to increase with increasing shear rate,
whereas the fiber breakage tends to slightly decrease with increase in viscosity, usually
observed along the edges and corners.
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(a) (b)

(c)

Figure 4.11: Simulation results for optimized parameters as obtained in Moldex3D soft-
ware for insert A (a) Fiber lengths (b) Shear rates (c) Viscosity

(a) (b)
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(c)

Figure 4.12: Simulation results for optimized parameters as obtained in Moldex3D soft-
ware for insert B (a) Fiber lengths (b) Shear rates (c) Viscosity

4.2. ANALYTICAL RESULTS
The codes developed to perform the analytical study can be accessed here.

Based on the methodology presented in section 3.5, the analytical study was per-
formed as a post-processor to the data obtained from the simulation of the geometrical
model in Moldex3D software.

4.2.1. NODAL CONVERGENCE STUDY
To perform the application of the models as a post processor to the data, and predict the
fiber breakage, first a convergence study was conducted which was used to estimate the
nodal resolution needed to extract acceptable results. This means that different amount
of probe nodes were created on the geometry of a simulated injection molding model
in Moldex3D, and the resulting fiber lengths obtained from the MATLAB codes for the
models were compared as a function of number of probe nodes.

The probe nodes were evenly distributed in each of the sections of the ’insert C’ ge-
ometry, according to Figure 4.13 and the nodal positions in the geometry are presented
in the Figure 4.14

Figure 4.13: Insert C geometry with defined parts for the measurement of the fiber length
distributions.

https://github.com/chauhanaditya2598/Thesis-Project.git
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(a) (b)

(c) (d)

Figure 4.14: Schematics of the probes (top view and front view) distributed in the
Moldex3D used for data extraction for different probe resolution. (a) 153 probes, (b)
425 probes, (c) 828 probes and (d) 1127 probes.

The fiber length was then calculated in each of the probes, and the averaged fiber
length (Lw ) was estimated for each of the sections. This method was performed for both,
Phelps model and the Bechara model. The number of probes and the corresponding
sectional fiber lengths for Phelps model are shown in the Table 4.8 and the Figure 4.15,
and for the Bechara model, in the Table 4.9 and Figure 4.16

Table 4.8: Fiber lengths (Lw ) observed from the different nodal resolutions along the geometry of the insert C
with Phelps analytical model.

Probes
Sectioned averaged Lw (mm)

3 4 5 6
153 1.95 0.35 1.14 1.98
425 1.91 0.34 1.13 1.99
828 2.01 0.33 1.11 1.97

1127 2.01 0.34 1.11 1.97

(a) (b)
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(c) (d)

Figure 4.15: Convergence trends observed for weight averaged fiber lengths (Lw ) along
for the different sections of the insert C geometry as obtained from Phelps analytical
model.

Table 4.9: Fiber lengths (Lw ) observed from the different nodal resolutions along the geometry of the insert C
with Bechara analytical model.

Probes
Sectioned averaged Lw (mm)

3 4 5 6
153 2.89 2.40 2.80 2.93
425 2.87 2.39 2.79 2.93
828 2.89 2.40 2.79 2.94

1127 2.88 2.40 2.79 2.94

(a) (b)
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(c) (d)

Figure 4.16: Convergence trends observed for weight averaged fiber lengths (Lw ) along
for the different sections of the insert C geometry as obtained from Bechara analytical
model.

From the results obtained, it can be seen that the values of the fiber lengths obtained
from the increasing nodal resolutions are relatively close, with maximum deviation of
about 8% in Phelps convergence data and about 3% in Bechara convergence data, when
difference between the extreme values of any given section were considered with varying
probes. Therefore, with the convergence results, it can be concluded that the models
provide agreeable results with even less number of probe points.

4.2.2. PHELPS ANALYTICAL MODEL
After the convergence test was performed, analysis of the Phelps MATLAB code was con-
ducted, by comparing it to the results obtained from fiber breakage in simulation in
Moldex3D. The Phelps analytical model is compared with the Moldex3D for the different
nodal resolutions. The results are obtained for similar input conditions, model param-
eters and material properties. These are presented in the Table 4.10 and the results are
presented in the Figure 4.17.

Table 4.10: Input parameters for Phelps analytical model

Parameter Value
Initial fiber length (µm) 3

Drag coefficient (ζ) 3
Breakage coefficient (CB ) 0.02

Scalar factor (S) 0.25
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.17: Fiber lengths trend observed with sections and corresponding probes be-
tween Moldex3D software and analytical Phelps model for different probe resolution.
(a) and (b) 153 probes, (c) and (d) 425 probes, (e) and (f) 575 probes, and (g) and (h) 1127
probes.
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From the plots, it can be observed that Phelps model developed through analytical
MATLAB code, predicts quite well in terms of the trends of the fiber breakage observed in
the simulation. However, the MATLAB code clearly under predicts residual fiber lengths,
or in other words, it over predicts the breakage as compared to the simulations. The
possible reasons for this over prediction of breakage are listed as follows:

• The model applied in the MATLAB code is a pure Phelps model, without any ef-
fect of fiber orientation, concentration or flow rheology influence. However, the
Moldex3D software also involves some other parameters or models to predict ori-
entation and concentrations of fiber in the whole cavity during filling. This could
perhaps influence the residual fiber lengths results as well.

• Another possible cause of difference in the results could be the FEM method ap-
plied in the code as compared to the software. The code applies a layered nodal
discretization, where each node connects to the previous node in the same layer of
the same axis direction (this has been explained in subsection 3.5.3). The software
perhaps could have applied a different FEM approach for the fiber length predic-
tion at each node over period of time. This could lead to a fundamental difference
between the two results.

• the nodal resolution could also be the cause for the difference in the accuracy of
the results. Perhaps with more nodal resolution, fiber breakage trend may become
more agreeable.

The analytical Phelps model does not give accurate fiber length values for the nodal
data, compared to the Moldex3D simulations. However, it does predict the trend of the
fiber lengths in the geometry quite well. To check this further, a through thickness fiber
length variation is obtained from the Phelps model and the Moldex3D simulation. Here,
fiber length variation along the thickness of a given section is compared to the simula-
tion.

Figure 4.18: Normalised through the thickness fiber variation as observed Phelps analyt-
ical model and Moldex3D simulations, along with variation in shear rate for insert C
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As observed from the Figure 4.18, the fiber length variation is quite well predicted by
the Phelps analytical model through the thickness as compared to the Moldex3D simu-
lations, apart from near the edges. This is because, the Moldex3D implements ’fountain
flow’ method of flow front, where the fibers in the melt front are deposited near the walls
in the next time step. In this work, this method of melt flow is not incorporated, which
could be another reason for observed variations in fiber lengths value predicted. The
lengths are normalised as the purpose of this comparison is to establish the accuracy
in predicting the variation. Further, the result also validates the trend that increasing
fiber breakage is observed with increasing shear rates, even in the local regime of thick-
ness variation, and the longer fibers are obtained in the central core region of the cavity
during filling.

4.2.3. BECHARA ANALYTICAL MODEL
After the Phelps analytical model, the Bechara analytical model was also developed in
the MATLAB and applied to the same geometry with similar rheological results as ob-
tained from Moldex3D. The inputs delivered to the model as model parameters are pre-
sented in the Table 4.11. The fitting parameters have been chosen based on the work
performed in [59], since the materials used are the same.

Table 4.11: Input parameters for Bechara analytical model

Parameter Value
Initial fiber length (µm) 3

Fiber interaction factor (λ) 0.085
Breakage rate coefficient (ξ) 12.1×10−4

Again, for the Bechara model, the nodal resolution was incremented, and the fiber
breakage trends were calculated and compared to the software results. The results are
presented in the Figure 4.19.

As observed from the results, the Bechara model also predicts the trend quite well
in comparison with the moldex3d simulations obtained in the Figure 4.19. However, it
seems to slightly under predict the breakage of the fibers all of the sections, especially
in the final part of the geometry. During the final part of the geometry, the fiber length
trend is expected to decrease, however, in the analytical model, it observed to rise until
a steady value. The reason for this could be the FEM method applied in the analytical
model. This can, however, be controlled with a better tuning of the fitting parameters,
and perhaps can be used to fit to the experimental results.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.19: Fiber lengths trend observed with sections and corresponding probes be-
tween Moldex3D software and analytical Bechara model for different probe resolution.
(a) and (b) 153 probes, (c) and (d) 425 probes, (e) and (f) 575 probes, and (g) and (h) 1127
probes,
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After establishing the implementation of the two models as post-processors to the
simulation software, the models were then compared together with Moldex3D results
and the obtained trends for the two models are presented in the Figure 4.20.

(a)

(b)

Figure 4.20: Comparative prediction between Moldex3D, Phelps model and Bechara
model for fiber lengths (Lw ). (a) Comparison between corresponding probes, (b) Com-
parison between sections.

As can be seen from the results, both of the models predict the general trend for
breakage quite well as compared to the results, however, there is still a need for signifi-
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cant amount of parameter tuning for each of the model to get proper fitted results to the
Moldex3D.

To compare the prediction accuracy of the two models with experimental data, the
fiber lengths distribution obtained from the experiments (Table 3.1) have been com-
pared to the FLDs predicted using the models. The Phelps model involves the calcula-
tion of the fiber length distribution at every node. Therefore, to calculate the fiber length
distribution of a section to compare with the distribution observed in the experiments,
all the nodal distributions are averaged corresponding to that section. Further, since ex-
act distribution input at the experiment is not known, this could create a difference in
the two estimations. Thus, the results are calculated as normalised values. For Bechara
model, the calculation of averaged fiber lengths are done directly without the estima-
tion of the fiber length distributions at nodes. Therefore, the fiber length distribution
is calculated using the number averaged (Ln) and weight averaged (Lw ) fiber lengths as
the moment for a lognormal probability density function as suggested in literature ([59])
given by the Equation 4.1:

f (x) = 1

xσ
p

2π
exp

(
(ln x −µ)2

2σ2

)
(4.1)

With the distributions obtained for each of the sections, they are plotted together in
the Figure 4.21.

(a) (b)

(c) (d)

Figure 4.21: Normalised FLD comparisons for Experiments, Phelps model and Bechara
model at sections (a) 3 (b) 4 (c) 5 (d) 6.

From the figure, it can be observed that Phelps model provides a relatively better
agreement to the trend observed in the experiments as compared to Bechara model,
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which completely fails to capture the experimental observations. Apart from the fiber
length distributions, cumulative fiber lengths distributions or geodesic FLDs for each of
the models are also calculated together with the experimental data. This data is again
normalised, and presented in Figure 4.22

(a) (b)

(c) (d)

Figure 4.22: Normalised geodesic FLD comparisons for Experiments, Phelps model and
Bechara model at sections (a) 3 (b) 4 (c) 5 (d) 6.

Again, the results show that the Phelps model captures a better distribution (except
section 6) of the fiber lengths as compared to the Bechara model. Therefore, it can be
claimed that the fiber length distribution obtained from the Bechara, may not be the best
method, and perhaps some other distributions can be considered instead of lognormal
PDFs.

A recommendation for choosing Schulz-Flory distribution (SFD) is proposed in this
work. It is a distribution which aims to describe the relative ratios of polymers of vary-
ing lengths (monomer units) occurring in a step-growth polymerisation process. This
means that weight average molecular weight distribution of the polymers can be calcu-
lated using the SFD which is given by Equation 4.2.

wx = x(1−p)2px−1 (4.2)

Here, wx represents the weight fraction (or mass fraction) of a given polymer with x
monomer units. p represents the fraction of the reacted monomer units, and is an em-
pirically determined value to represent the distribution with a value ranging between 0 <
p < 1. The choice for SFD over the lognormal distribution in the Bechara model seems
more reasonable based on the fact that discretization of a fiber into small ’monomers’ of
smaller fiber lengths makes a valid foundation for the distribution model. Further, the
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’polymerisation’ effect of the SFD can also be considered as ’breakage’ or ’de-polymerisation’
effect with simply reversing the value of p in the Equation 4.2. In the Equation 4.2, wx

represents the weight fraction which corresponds to the number of ’x’ monomer units,
this can be also interpreted as a relation between the fiber count and the length of a
given fiber. With this hypothesis, the SFD was then applied to experimental data with
the value of x assumed to be the smallest resolution of the fiber length is used in the
analytical models, and the p manually adjusted for a good fit.

(a) (b)

(c) (d)

Figure 4.23: Normalised FLD comparisons for Experiments and SFD at sections (a) 3 (b)
4 (c) 5 (d) 6.

From the Figure 4.23, it can be observed that the SFD certainly provides as better fit
to the experimental data as compared to the Bechara model predictions in Figure 4.21
using lognormal PDF. It can be noted that it fails to capture the initial rise in the FLD in
section 4 and also it tends to over predict in the smaller fiber lengths for sections 3, 5 and
6. To avoid this, it is suggested to further improve the parameter tuning of the model.
Regardless, the SFD model seems to be a better option than lognormal PDF as it is based
on the concept of polymerisation, and can be transferred to fiber breakage with slightly
redefining the parameters.

4.2.4. MODELS REVIEW
Based on the analytical results observed until here, a comparative review the models is
presented discussing the roots of similarities and the differences in the results. A scope
for modification of the two models is also proposed to progress for the future works.

Although, both of the models provide similar trends, the values of the fiber lengths
obtained in the two models are quite different. This is due to the inherent difference
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between the two model owing to the breakage mechanism considered for fiber attrition
(Equation 3.5 & Equation 3.10). While the two equations contains similar terms of flow (γ̇
& ηm), they assign different weights to them, with Bechara model providing certain more
weight, as denoted in the exponent of 1

2 as compared to 1
4 . The breakage mechanisms

assumed to derive the unbreakable lengths in these equations, are also different, where
Bechara model considers bending breakage involving ultimate tensile strength of the
fiber, whereas, Phelps model involves buckling failure involving the Young’s modulus.
These two properties vary significantly in terms of the magnitude, and this in turn leads
to difference in the fiber breakage values.

For the fitting parameters, both of the models scale breakage to shear rate as ob-
served from the Equation 3.11 and Equation 3.6. Also, the range of these fitting pa-
rameters are similar with ξ falling in (1 × 10−3 − 4 × 10−4) and CB falling in the range
of (2×10−2 −2×10−2), as suggested in the literature ([53], [59]). Therefore, with similar
range of these parameters, fiber breakage observed should also be similar. This is indeed
the case as observed in the Figure 4.24.

Figure 4.24: Comparison between fiber length prediction for sections between Phelps
model and Bechara model for similar input of the fitting parameters, CB for Phelps
model and ξ for Bechara model.
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(a)

(b)

It can be seen that with same coefficient for breakage rate considered, the trends be-
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(c)

(d)
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Figure 4.25: Fiber lengths evolution as predicted by the Phelps and Bechara model for
the mid points of sections (a) 3,(b) 4,(c) 5 and (d) 6 of the insert C geometry, with same
viscosity and shear rate inputs.

tween the two models become even more aligned, with Bechara model showing higher
fiber breakage. This difference arises from the unbreakable length equation itself and
the effect of this equation is understood by calculating breakage in the individual nodes
over time, as presented in the Figure 4.25. This shows that Bechara model suffers higher
breakage owing to the tensile breakage criterion considered, as compared to buckling in
Phelps model.

Among the two models, in terms of computational capabilities, the Bechara model
is significantly much faster as compared to the Phelps model. This is attributed to the
fact that Phelp model computes the averaged fiber lengths (Ln & Lw ) from the fiber
length distribution for each node. This involves significantly higher computational time
as compared to direct calculation of the Ln and Lw as proposed in Bechara model.

The two models seem to provide a good results for fiber breakage and are compu-
tationally feasible. While Phelps model is already incorporated into commercial fiber
breakage simulation softwares, Bechara model does present itself as a potential prospect
as well. However, there is still a gap in the frameworks of the two models that needs to be
addressed. While Phelps model completely ignores fiber-fiber and fiber-wall interaction
as mechanism for fiber breakage, using only hydrodynamic buckling failure, Bechara
model tries to incorporate the fiber-fiber and fiber-wall interaction mechanism using
a fitting parameter. This still fails to grasp an explicit influence of the fiber interaction
mechanisms, as they are treated as a tuned parameters in a black box. Therefore, a rec-
ommendation is proposed to improve or modify the basic unbreakable length equation
derived in each of the models based on a more comprehensive failure mechanism rather
then only fiber buckling or fiber tensile failure. This could be done by incorporating fiber
concentration into the model studies, as it may provide a better standard to incorporate
fiber-fiber interaction. For fiber-wall interaction, the information of the mold geometry
or the nodal locations for fiber breakage calculation would be needed to create a robust
framework. Although, this is possible to be done, it would still require more research on
the current foundations.



5
CONCLUSION

In this section, the conclusions obtained for the research challenges presented in the
section 2.4, have been presented followed by the future recommendations to continue
this study.

• Influence of the geometry on the fiber breakage by understanding the variation
in the rheology properties to propose guidelines to the designers in the indus-
tries.
The results for a relatively complex geometry as compared to geometries used in
currently existing studies have been obtained. The fiber breakage has been suc-
cessfully tuned to the experimental results for the geometry, and in comparison
with the rheology properties, shear rates and viscosity have proven to show direct
influence on the fiber breakage in the simulations. Higher shear rates have shown
to lead to more fiber breakage, whereas higher viscosity lead to slight decrement
in fiber breakage. Further, fiber breakage variations are more prominent in the
edges or corners of the geometries as well as in the sections with cross-sectional
changes. Locations with small cross-sectional areas are shown to have higher fiber
breakage. With these observations, recommendation is made to the designers to
avoid sudden changes in geometry and small cross-sections, to maintain consis-
tency in the fiber lengths of the final product, and in turn, maintain its quality.

• Evaluation of the Phelps model in the commercial software for predicting fiber
breakage in terms of tuning required with change in geometries.
The Phelps model integrated in the Moldex3D software has been successfully tuned
for one of the geometries to the experimental data (Insert C), with required para-
metric studies. Further, the tuned model has been transferred to the other ge-
ometries, insert A and insert B (Figure 3.4). The results showed that further tuning
is required for the other geometries individually to properly predict the accurate
fiber breakage trends along the different zones, even though the breakage trends
were predict with certain accuracy. This shows that currently developed softwares
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with integrated fiber breakage models still need a lot of work to improve the pre-
diction capabilities to avoid case dependent tuning of parameters and make the
simulations process much faster and accurate to avoid computational times asso-
ciated.

• Comparative study of the Phelps model with a novel Bechara model through an-
alytical modelling to understand and benchmark the models and propose pos-
sible modifications.
The Phelps and the Bechara model have been successfully implemented to the
Moldex3D software data as post-processors for a 3D geometrical samples, and the
models predict fiber breakage trends quite well as compared to the software pre-
diction. The models have shown similar prediction trend due to similarities in the
frameworks arising from the breakage rate coefficient and the fiber unbreakable
lengths considered. The two models show differences in the prediction of the fiber
breakage over time, where Bechara model makes a more direct approach by calcu-
lating averaged fiber lengths (Lw or Ln) over time, whereas the Phelps model first
calculates the evolution of FLD and then derives average fiber lengths. This makes
Bechara model much faster with no significant loss in accuracy of the results. It
also provides an equation for prediction of FLD using lognormal PDF based on
averaged fiber lengths, however, it required further tuning. Another, distribution
model was proposed, Schulz Flory distribution, which proved to provide better
FLD prediction as compared to Bechara prediction using lognormal PDF.

5.1. FUTURE RECOMMENDATIONS
The future recommendation for the work to use this research as basis are as follows:

• The simulation studies conducted in this work can be further improved by evalu-
ating the accuracy and tuning needed for more complicated geometries and un-
derstanding the influence of other filling parameters such as temperatures and
pressure.

• The study currently addresses the fiber breakage models as independently applied
to the software as post-processor. Perhaps, models for other fiber properties such
as fiber orientation and concentration can also be developed and compared in
conjunction to the fiber breakage models to make the models more robust and
comprehensive.

• The lack of a proper model that incorporates all the breakage mechanism, i.e.
fiber-melt, fiber-fiber and fiber-wall interaction also provides a scope for further
work to develop a more robust model based on the current work. An unbreakable
length equation derived from failure mechanisms using all three mechanisms can
be used and further studied.

• The Bechara model is relatively new model, and has not been applied in the soft-
wares, therefore future researchers are highly recommended to improve the code
and work on the implementation of the model, as it has proven to be computa-
tionally time efficient.
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• The fiber length distributions as observed in the models can be further improved,
specifically for Bechara model, by considering Schulz Flory distribution (SFD) as a
suitable alternative. SFD is defines the fraction of polymers of a given a length in a
group of polymers of different lengths undergoing polymerisation. This provides
a distribution similar to Phelps FLD, can be further studied.

• The analytical models used in this work can also be used to fit to the experimental
data, and further assess the quality of prediction and compare to the simulation
prediction, to address the computational time and cost saved.

• The study conducted in this work could also be extended to different materials,
such as recycled LFTs as they tend to have slight varying initial fiber lengths. Thus,
it would be interesting to study the fiber breakage and consecutive mechanical
properties observed.
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A
PHELPS MODEL VALIDATION

This section will perform the validation of the Phelps model developed in the MATLAB
code for a single point by comparing it to the results obtained in the literature ([70]).

The Phelps model created for the analytical evaluation as a post-processor to the
input data needs to be verified to ascertain its accuracy. This is done by replicating the
case of the fiber length degradation observed in a homogeneous simple shear flow, as
observed in the section 5.4 of [53]. An initial condition of the 1000 randomly oriented
fibers, each with an initial fiber length of 6 mm is considered. The physical parameters
considered include a simple shear flow with shear rate (γ̇) = 500 s−1, the fiber modulus
(E f ) = 73 GPa, fiber diameter (d f ) = 17 µm and matrix viscosity (ηm) = 1000 Pa.s. The
resolution for the discrete fiber length is chosen as (∆l) = 100 µm (lmax = 6mm, M = 60),
and the Phelps model parameters to be: ζ = 3,CB = 2 ∗ 10−3 and S = 0.25. With the
flow conditions, material properties and the model constants defined, the simulation
was created using the relevant equations. First, Pi was calculated using Equation A.1
and then fiber length distribution was calculated using Equation A.2 and Equation A.3
each time steps. The simulation was run for a period of 6 seconds, and the fiber length
distribution was estimated at four different times. The equations are also presented here
for convenience:

Pi =
{

0 for Bi < 1
CB γ̇

[
1−exp(1−Bi )

]
for Bi Ê 1

(A.1)

Ni , j+1 = Ni , j −Pi Ni , j∆t +
M∑

k|k≥i
Ri k Nk, j∆t (A.2)

Ri k =αk NPDF

(
i∆l ,

k∆l

2
,Sk∆l

)
(A.3)
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Figure A.1: Fiber length distributions presented at (a) 0.5 seconds (b) 1 second (c) 2 sec-
onds and (d) 4 seconds.

From the results, it is apparent that the agreement is quite strong, which validates
the fact that fiber length evolution model developed in this study.
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Further, to completely validate the model, the total conservation of fiber length needs
to be satisfied. This means that the sum of all fiber lengths should remain the same be-
fore and after the breakage,

Ltotal =
∑

Ni li (A.4)

or it can be implied that Equation A.4 should remain constant with time. T

Figure A.2: Change of total fiber lengths over time. A constant line implies that the fiber
length is conserved.

From the plot (Figure A.2), it can be again observed that the total fiber length is con-
served. Therefore, with all the results obtained as of now, it can be claimed that the
model has been replicated quite well.



B
BECHARA MODEL VALIDATION

This section will perform the validation of the Bechara model developed in the MATLAB
code, by comparing it to the results obtained for the model in the literature ([83]).

To perform the development of the Becahara model in the MATLAB, it is first needed
to develop an understanding of the model by replicating the work performed in the liter-
ature ([83]). The method developed to perform the replication, along with the flow and
material properties assumed are further explained.

First a set of experimental results are obtained from a set of couette rheometer ex-
periments performed during the research. In the experiments, the fiber lengths were
recorded after shearing was allowed in the experiments for different residence times.
These results are also showed in the Table B.1.

Table B.1: Averaged fiber lengths measured for fiber length evolution with different residence time in the liter-
ature [59]

Time Weight average fiber lengths (Lw ) in mm Number average fiber lengths (Ln) in mm
0 15 15

30 3.75 1.22
45 2.45 0.94
60 1.81 0.72
90 1.34 0.63

120 1.22 0.61
300 1.42 0.67

The model was then employed to match the trend observed in the experiment, by
using the appropriate fitting parameters. Apart from the fitting parameters, material
properties and the flow rheology properties also need to be established. The material
used in the study is glass fiber reinforced thermoplastic polymer with 30% fiber concen-
tration by weight. The flow properties for the experiments, as proposed in the literature
are (γ̇) = 58.64 s−1 and matrix viscosity (ηm) = 135.38 Pa.s. The residence time for the
experiment is set to 300 seconds and the initial fiber length is 15 mm.

With the relevant properties established, the model is then applied through the num-
ber averaged and weight averaged fiber length evolution equations, which have been
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explained in subsection 3.3.2 and have been placed here as well for reference.

dLN

d t
=−kN , f

(
LN −LN ,∞

)
(B.1)

dLW

d t
=−kW, f

(
LW −LW,∞

)
(B.2)

L∞ =λ
(
σud 2

f

ηm γ̇

)1/2

(B.3)

k f = ξγ̇ (B.4)

The fitting parameters, k f and λ have been taken from the paper as well, and pre-
sented in the Table B.2 along with other material and rheology properties.

Table B.2: Input fiber material properties, flow conditions and model fitting parameters to perform the valida-
tion of the Bechara model with the literature [59].

Initial fiber length 15 mm
Fiber ultimate strength 2.6 GPa

Residual time 15 s
Shear rate 58.64 s−1

viscosity 135.38 Pa.S
Material fitting parameter 0.085
ξ Pre-dispersion for Lw 1.21×10−3

ξ Post-dispersion for Lw 4.66×10−4

ξ Pre-dispersion for Ln 1.45×10−3

ξ Post dispersion for Ln 4.97×10−4

From the Table B.2, it can be observed that tere are two ξ factors for both types of
averaged lengths, one pre-dispersion, and one post-dispersion. This is used to fit the
experimental much better, as the fibers in the initial stage of breakage have higher ten-
dency to break due to more fiber interactions. However, with time, this tendency de-
creases, and therefore, fiber breakage rate also changes. Based on the above equations
and given fitting parameters and properties, the model was applied in the MATLAB code,
and the following results were obtained.
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(a)

(b)

Figure B.1: (a) Weight averaged fiber length evolution (Lw ) (b) Number averaged fiber
length evolution (Ln) comparison as obtained from the the literature ([59]) and the MAT-
LAB analytical model for validation.

From the Figure B.1, it can be observed that the fiber lengths evolution is predicted
quite well by the model applied in the MATLAB. It slightly under predicts as compared to
the experimental data used, in case of Lw , which is also observed in the paper prediction,
However, in the case of Ln , there is slight over prediction observed in case of the residual
lengths. This is perhaps attributed to the values of the fitting parameters used, which
are slightly approximated, due to unavailability of the complete data in the literature.
However, the overall agreement between the trends is quite acceptable, and therefore, it
can be claimed that the model has been replicated quite well.



C
MESH CONVERGENCE STUDY

This part of the appendix performs a mesh convergence study.
To estimate the convergence of the mesh element size, a simple beam geometry was

input into the Moldex3D software. To collect the data, 3 measure nodes were inserted
at 3 different cross sections, as shown in Figure C.1. Further, Figure C.2 presents the
meshes at these cross-sections for different mesh sizes for BLM and eDesign modes.

(a) (b)

(c)

Figure C.1: (a) Schematic of the beam indicating the faces considered to measure fiber
length. (b) Isometric view of the model with actual measure nodes. (c) Front view of the
cross section of the model with measure node.
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Table C.1: Input computational parameters for the mesh convergence study.

Fiber diameter (µm) Fiber aspect ratio Weight % S CB ζ

12 312.5 30 1 0.03 0.55

(a) (b)

Figure C.2: Cross sectional view of meshes generated (a) with BLM mesh size 0.5 mm
and (b) with eDesign mesh size 0.5 mm.

While performing the convergence, a set of input data was selected at random, but
was kept constant with different trial runs, as the primary objective is to check the influ-
ence of mesh size on results. These input are represented in the Table C.1. The results
represent the fiber lengths obtained at these sections, as in this work, fiber attrition in
injection molding is the main objective.

The results obtained for the convergence of these meshes are presented in the Fig-
ure C.3. The converging element size is selected where the curve begins to flatten (in the
Figure C.3) and the difference in fiber lengths between succeeding mesh sizes diminish.
For the BLM mesh, the convergence happens for mesh sizes 1 mm and smaller, and for
eDesign, it happens for mesh sizes 0.5 mm and smaller. Based on these results, the ele-
ment size of 0.5 mm is selected as the default element size for the meshing of the mold
cavity insert to be used for experimental simulations.
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(a) (b)

(c) (d)

(e) (f)

(g)

Figure C.3: Mesh geometry schematic used with flow direction presented in (a).Meshing
convergence observed for BLM meshes with different sizes at faces: (b) Face 1,(c) Face 2
& (d) Face 3; And for eDesign mesh:(e) Face 1,(f) Face 2 & (g) Face 3
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