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1 INTRODUCTION

The combination of fibrous materials with polymeric matrices is widely established since
several decades. The incorporation of reinforcing fibers into a thermoplastic matrix leads to
excellent materials with tailored application-friendly properties allowing the substitution of
numerous conventional metallic components [BSMO03]. Due to advantages like outstanding
performance in terms of stiffness, strength, heat resistance, warpage, mechanical behavior
under impact load, recyclability, density, material costs and potential for integration, the
development of this material class was extremely accelerated within the last years [Sch03].
Thereby in the year 2013 the European composites market shares 33 % of global composites
industry in value and 22 % in volume.

Value - Volume Value - Volume Value - Volume

36 % -35% 33%-22% 31%-43 %

il

€27B 3 Mt €26B 2 M

Figure 1.1:  Global market share in 2013 [NN13]

The American composites market covers 36 % and 35 % respectively [NN13]. Polymer based
composites correspond to 16 % of the US structural materials market (steel: 76 %, aluminum:
8 %) following 6 % annual growth since 1960. During the same period, steel growth had
stagnated and growth rate of aluminum remained under 1 % per year.

The development of composites industry is mainly driven by following application sectors:
— Automotive/transportation,
— Wind Energy and

— Aerospace.
Building and
E&E Construction
Consumer
Goods Pipe and Tank
Wind Energy
Aeronautics

Marine .
Transportation

Figure 1.2:  The American composites market by application in volume, 2010 [NN13]
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The demand for thermoplastic composites is supposed to grow above average until 2015.
Benefits like high performance to weight ratio, competitive costs, processing advantages
compared to thermoset composites and better design capabilities speed up this trend.

Glass fiber reinforced PP and PA for example are superior construction materials for
automotive sector having an outstanding performance. Applications like frontends, dashboard
carriers, door modules and underbody structures based on these materials currently dominate
this market segment [BSMO03, Mar05].

Dashboardcarrier

Seat back

Drainage Tailgate

Mirror cases
Assembly
carrier

Power distribution
box

Door module

Fan shroud Underbody

structure

) Battery tray Pedal module
Frontend

Figure 1.3:  Application examples of LFRT in automotive [NN12]

Fiber aspect ratio is a key factor for mechanical behavior. Yet, fiber length is extremely
affected by processing. Consequently conventional manufactured LFRT materials do often
not perform sufficiently to meet the expectations. Conventional processes are classified into
manual, injection, compression and continuous processes as pultrusion or extrusion. Direct
processing techniques combining the advantages of twin-screw compounding and injection
molding are increasingly applied to manufacture long fiber reinforced thermoplastic
composites (LFRT). The fibers are prevented against degradation during processing. The
molded components reveal improved average fiber lengths resulting in excellent mechanical
performance.

Manual

Injection
processes )

processes

16 %

48 %

Continuous
processes

.

Compression
processes

Figure 1.4:  Manufacturing processes [NN13]
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2 STATE OF THE ART

2.1 Processing of Long Fiber Reinforced Thermoplastic Composites (LFRT)

Compression and injection molding are the most important manufacturing processes for long
fiber reinforced thermoplastic composites, figure 2.1 [Sch08]. The fiber aspect ratio in the
manufactured components is a key factor for their superior behavior under mechanical load.
To use the full potential of the fiber reinforcement in a thermoplastic material, a certain fiber
length has to be achieved. As glass fibers are discontinuous in length, the entire load has to be
brought into the fiber via matrix and interface [Sch00]. Does the fiber length exceed a critical
value, the composite failure will not occur by collapse of the interface, instead by fiber
fracture. The meaning of the critical fiber length will be further explained in chapter 2.2
“Static properties of fiber reinforced thermoplastic composites™.

Manufacturing processes for LFRT (long fiber reinforced thermoplastics)

Compression molding (CM) Injection molding (IM)
5] Compression rusion Compression -finished Material i Direct Process )
Molding (SCM) Molding (ECM) (LFG - IM) (D-LFT-IM)
Direct
compounding
1 (D-LFT-IM)
(LFT-CM)

Matrix + Glass
Semifinished fiber

Pellets

Fiber length:
8-12 mm

Pellets

Fiber length:

Product Wos m Fiber length:
Fiber length variable
> 25 mm
Example:
Krauss-Maffei
(IMC)

: Husky / Coperion
fiber

Engel
Fiber length: N ——

: al Flow

~ (LFL.CM)
variable &
Semifinished endless
products
) Example:
Fiber length : Dieffenbacher

12 - endless

process

Figure 2.1:  Processing technologies for LFRT [Sch08]

Injection molding is a well-established economical method for manufacturing high quality
structural parts in mass production without the need for finishing. Therefore different
feedstock classes are available, which are classified into [Wol93]:

—  screw-compounded short-fiber reinforced grades with initial fiber length of 0.2 —
0.4 mm (short glass fiber: SGF); the short fibers are incorporated as staple fibers
during previous compounding

— coextruded / coated and pultruded long fiber reinforced grades (long glass fiber: LGF)
[BSMO03] with
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o sufficiently wetted fibers in pultruded grades and
o non-dispersed fibers in coated grades.

The impregnated fiber strands are cut afterwards into pellets of defined length (10 to
12 mm). The embedded fibers have the same length as the pellets.

The feedstock classes are shown schematically in figure 2.2.

BT EAYAN
2) N

Figure 2.2: Different feedstock classes of fiber reinforced pellets:
a) SGF, b) LGF coated and c¢) LGF pultruded [BSMO03]

It is expected that parts manufactured with LGF instead of SGF will provide better
mechanical performance. Yet, during injection molding massive additional fiber length
degradation takes place induced by shear-intensive melting processes. The resulting fiber
lengths are often found between 50 and 300 pum (SGF) or 1,000 and 2,000 pm (LGF)
respectively in the molded components. Dependent on the kind of matrix, the average fiber
length drops below critical fiber length after processing with dramatic effect on mechanical
properties.

Besides fiber length reduction, physical limits of injection molding are characterized by low
melt throughput and shot volume, batch-wise operation mode, less homogenizing capacity
and restrictions in processing of highly filled formulations [BWO02].

The current state of industrial applications demands superior performance of fiber reinforced
structural parts in terms of mechanical behavior. However, conventional manufactured fiber
reinforced thermoplastic composites do often not perform sufficiently due to reduced fiber
length. Therefore multiple direct processing methods have been developed.

One of the first direct processing injection molding machines has been designed by
Truckenmdiller. He equipped a standard injection molding machine with a special plasticizing
unit, which was able to directly feed the glass fiber rovings. The fibers are guided into a
special designed vent and the screw pulls the fibers into the plasticizing unit. The vent
geometry determines the feed characteristics (fiber length, wetting, fiber feed and content).
The content of fiber in the molded part is regulated by screw speed, number of rovings, tex
number, matrix material and vent geometry [TF91]. An uneven melt transport resulting from
entangled rovings leads to considerably higher metering times compared to conventional
injection molding and a non-constant shot weight. The weight average fiber length after this
special-purpose processing of PA66-GF is about 4.02 mm compared to commercial materials
with 0.38 mm (SGF) and 2.60 mm (LGF). However, the fiber bundles agglomerated and
clusters appeared resulting from insufficient fiber distribution. To overcome these
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disadvantages an optimized non-return valve avoids the occurrence of fiber bundles [Tru93].
Yet, fiber length decreases in this case as a function of fiber content.

The next generation of direct processing technologies combines a twin-screw compounding
extruder and an injection and clamping unit. The injection molding compounder (IMC) from
KraussMaffei is one of the most relevant direct processing machines for LFRTs and was also
used for the present study, figure 2.3. The resulting fiber lengths in the manufactured products
exceed critical fiber length leading to outstanding mechanical properties. However,
thermoplastic composites are always subjected to severe fiber fracture during the whole
process either by injection molding or by compounding or combining processing methods.

For this reason the following paragraphs analyze the critical stages for fiber length during the
process of injection molding compounding. The current state of the art unfortunately does not
give enough information about fiber length degradation during injection molding
compounding. Thus references will be discussed, which will explain the fiber length
degradation either during injection molding or compounding. The mechanisms are assumed to
be transferable for injection molding compounding.

Gravimetric feeding
of rovings

Twin-screw extruder

Melt buffer

722

( Injection barrel

Clamping unit
& Mold

Figure 2.3:  Scheme of the injection molding compounder

2.2 General mechanisms of fiber length degradation during direct processing

In general three main reasons for fiber fracture exist [Fis85, HPW+00]:
— Fiber-fiber interaction resulting from collisions, spatial hindrance, friction etc.
— Fiber-polymer interaction induces stresses without any concurrent interaction from
other fibers
— Fiber-machine interaction
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The physical conditions of these mechanisms are briefly explained in the following section.

Fiber fracture due to fiber-fiber interaction

Fiber concentration plays a major role for this mechanism. It starts to occur when the fibers in
the melt are free to move and their centroids are close to one another. Suspensions are
classified into dilute, semi- and highly concentrated systems as shown in figure 2.4.

In dilute or sub-critical suspensions the distance between a fiber and its nearest neighbor is
larger than the fiber length Lg. The fibers are free to rotate and interactions are rare [Thi91,
BKO0O]. At high fiber aspect ratios the volume fraction must be quite small for dilute
suspensions [FT84]. As a matter of fact practically no commercial compound is a dilute
suspension [FT84].

The spacing between fibers in semi-concentrated or transient suspensions is less than the fiber
length Lr but larger than the fiber diameter Dg. Fiber-fiber interactions frequently occur
[FT84] and the first hindering of fiber rotation due to collision is observed. Therefore the
space of mobility virtually reduces to a disc [Thi91].

In highly concentrated or super-critical suspensions the distance between fibers is in the order
of the fiber diameter D [FT84]. The fiber mobility is almost reduced to the fiber volume
[Thi91] and limited in each direction. Due to high fiber content the suspension behaves like a
solid [BK0O]. Thereby in flow processes fiber agglomeration and orientation were observed.

N
NZ N\

A3

Dilute Semi-concentrated Highly concentrated

Figure 2.4:  Three different kinds of suspensions dependent on fiber concentration [EG86]

These above mentioned regimes of fiber concentration are defined by fiber concentration and
geometrical parameters such as fiber diameter Dr and fiber length L [Bat71, FT84, Thi91].
Fiber concentration is then characterized by fiber volume fraction @:

oo L
14 1HV pe (Eq. 2.1)
Y Pwm

with y as fiber weight fraction, pr as density of the glass fibers, pm as density of the matrix
polymer.



