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ABSTRACT

Short fibre polymeric composites are easier to manufacture than long fibre composites
but this comes at the cost of worse mechanical properties (i.e. tensile strength and modulus).
There are many ways to manufacture short fibre polymer composites. Most methods don’t
require manual labour and the methods are the same or at least very similar to
manufacturing polymers. This makes short fibre composites relatively cheap. The
mechanical properties of short fibre composites can be improved by aligning the fibres.
Throughout the last 60 years multiple methods for aligning the fibres in the matrix have
been developed. Most of these proved not to be practical for commercial use, but some of
the more recent methods have shown great results; special emphasis is put on those in the
respective part of the thesis. Additional two methods for aligning fibres are proposed; one

using electric current and the other one a combination of alternating and static magnetic
fields.

KEYWORDS

Composite, short fibre, polymer, short fibre polymer composite, fibre alignment,
production methods, mechanical properties

ABSTRAKT

Kratkovlakenné polymerni kompozity jsou jednodussi na vyrobu nez dlouhovlakenné
kompozity, ale za cenu horsich mechanickych vlastnosti (tj. pevnosti v tahu a modulu
pruznosti). Existuje mnoho zpusobu vyroby kratkovlakennych polymernich kompozitu.
Vétsina metod nevyzaduje lidskou praci a metody vyroby kompozitd a polymeru jsou
stejné, nebo alespon velice podobné. To vede k tomu, ze kratkovlakenné kompozity jsou
pomérné levné. Mechanické vlastnosti kratkovlakennych kompozitii mohou byt zlepSeny
zarovnanim vlaken v matrici. Béhem poslednich 60 let byla vyvinuta cela rada metod
zarovnavani vlaken, ale vét§ina z nich se ukazala jako nepouzitelna pro komercni vyuziti.
Neékteré novejsi metody ovsem dosahly vybornych vysledkt, a tém je v praci vénovano vice
prostoru. V praci je i navrh dvou novych metod k zarovnavani vlaken, prvni pomoci
elektrického proudu a druhé pomoci kombinace statického a oscilujiciho magnetického
pole.

KLICOVA SLOVA

Kompozit, kratké vlakno, polymer, polymerni kompozit s kratkymi vlakny, zarovnani
vlaken, vyrobni metody, mechanické vlasnosti



ROZSIRENY ABSTRAKT

Vyuziti polymernich kompozitd v posledni dobé zaznamenalo velky rozvoj nejen
v letectvi, ale i v mnoha dalS§ich primyslovych odvétvich, véetné dal§ich druhu dopravy.
Nejzadanéjsi kvalitativni vlastnosti polymernich kompozitii je jejich vysoka specificka
pevnost, modul pruznosti a dobra odolnost proti inavovému poskozeni. Ruzné druhy
kompozitu se vSak vyrazné lisi svymi mechanickymi vlastnostmi, slozitosti vyroby a s tim
souvisejicimi vyrobnimi naklady.

Tato prace je vénovana kratkovlakennym polymernim kompozitim, které jsou
ve srovnani s dlouhovlakennymi polymernimi kompozity jednodus§i na vyrobu, atim
ilevnéjsi, ovSem za cenu horsich mechanickych vlastnosti (t. j. pevnosti v tahu a modulu
pruznosti). Cilem této prace je popsat a porovnat metody vyroby kratkovlakennych
polymernich kompoziti aanalyzovat metody ke zlepSeni mechanickych vlastnosti
kompozitu s kratkymi vlakny. Komeréni aplikace téchto metod by v dusledku mohla vést ke
sniZzeni cen kompozitnich materiala a jejich vyuziti v oblastech, kde je vyZadovana vysoka
specifickd pevnost a tuhost a kde se dosud pouzivaly drazsi polymerni kompozity s
dlouhymi vlakny nebo pouziti kompoziti nebylo dosud mozné kvili neimérné vysokym
nakladim na jejich pofizeni.

Prace vychazi z reSerSe literatury s cilem vyhledat a porovnat ruzné metody vyroby
kratkovlakennych polymernich kompozitu a prostudovat dosavadni navrhy metod pro
zlepSeni mechanickych vlastnosti kratkovlakennych polymernich kompozit, a na tomto
zakladé se pokusit o navrh vlastnich metod zlepSovani mechanickych vlastnosti.

Prvni kapitola této bakalarské prace se vénuje popisu kompozitnich materialii. Popisuje
kompozity obecné, jejich typy a typické vlastnosti, popisuje jejich vyhody a nevyhody a
uvadi i dal$i podrobnosti o polymernich kompozitech s kratkymi vlakny. Pozornost je
vénovana také tomu, co ovliviuje mechanické vlastnosti konecného produktu. Tato cast
rovnéz pojednava o soucasnych a moznych budoucich aplikacich kompozitu se zvlastnim
durazem na polymerni kompozity s kratkymi vlakny.

Druha cast prace vychazi z predchozi reSerse literatury a podrobné popisuje zpusoby
vyroby soucasti z polymernich kompozitu s kratkymi vlakny a rozebira vyhody a nevyhody
kazdé ze zminénych metod. Na konci kapitoly je tabulka s porovnanim vyrobnich metod.

Treti cast prace pojednava o stavajicich technikach zlepSovani mechanickych vlastnosti
polymernich kompozitu s kratkymi vlakny a podrobné popisuje jejich princip a vyhody
inevyhody.

Posledni cast predklada navrh dvou novych metod, které by rovnéz mohly vést ke
zlepseni mechanickych vlastnosti kratkovlakennych polymernich kompozitl, s jejich
vyhodami a nevyhodami.

Bylo 7zjiSténo, ZzZe nejuniverzalnéjsi bézné pouzivanou metodou pro vyrobu
kratkovlakennych polymernich kompozitu je lisovani, a to diky Siroké skale pouzitelnych
materiall, popripadé prepregu, které mohou mit i zarovnana vlakna. Spray-up je naopak



mnohem levnéjsi a jednodussi metoda, nabizejici jedineéné moznosti, jako je vyroba na
misté pouziti vyrobku. Jeji nevyhodou je v§ak mensi objemovy podil vlaken, coz omezuje
maximalni pevnost. Injekéni vstrikovani je rychla aSiroce rozs§ifend metoda vyroby
polymernich soucasti, a vyrobni stroje vyzaduji pouze drobné upravy, aby mohly byt
pouzity pro vyrobu kompoziti. Novou, rychle se rozvijejici metodou je aditivni vyroba (3D
tisk), ktera ma velky potencial, i kdyz jeji pouziti pro vyrobu kompozitu je teprve v
pocatcich.

Vyvoj metod pro zlepSeni vlastnosti kompozita s kratkymi vlakny v poslednich trech
desetiletich zaznamenal vzestup vzhledem k obnovenému z3djmu o pevné, ale relativné
levné kompozitni materialy. Prvni metody, které byly vyvinuty, byly hydrodynamické
metody apouzivaly viskozni kapaliny. Pouziti viskoéznich kapalin vSak komplikovalo
a prodluzovalo vyrobu. Pozdéji byly vyvinuty pneumatické metody, které byly sice
rychlejsi, ale presnost zarovnani vlaken byla ve srovnani s hydrodynamickymi metodami
velmi Spatna. Objevily se i dal§i progresivni pristupy, jako jsou metody zaloZzené
na ultrazvuku nebo elektrickém ¢i magnetickém poli. Jimi vyrobené materialy vSak maji
nizky objemovy podil vlaken a/nebo nedostatecnou kvalitu zorientovani vlaken. Byla také
publikovana metoda, ktera pomohla zarovnat vlakna béhem injekéniho vstfikovani, ale
nikdy se komercné neprosadila. Nova slibna metoda pro vyrobu vysokopevnostnich
kratkovlakennych kompozitl se nazyva ,HiPerDiF“. HiPerDiF je hydrodynamicka metoda,
ale na rozdil od ostatnich hydrodynamickych metod pouziva vodu, ktera je méné viskozni
neZ ostatni pouzivané kapaliny, coz vyrazné zvysSuje produktivitu. Je navrzena tak, aby
umoznovala velkoobjemovou vyrobu prepregi s mnohem lep§imi mechanickymi
vlastnostmi ve srovnani se vSemi ostatnimi metodami. Pro zarovnani vlaken je vhodna i
aditivni vyroba, ale podobné jako bézny 3D tisk kompozitli se technologie stale vyviji a jesté
neni dostatecné vyspéla pro vétsi komercni pouziti.

V této praci byly navrzeny dvé nové metody zlepSovani mechanickych vlastnosti. Prvni
metoda by pouzivala elektricky vodiva vlakna a matrici ak zarovnani vlaken by doslo
interakci magnetickych poli generovanych proudem protékajicim vlakny. V soucasnosti
vsak neexistuji elektricky vodivé polymery, které by se bézné pro vyrobu kompoziti
pouzivaly. Pokud by tato metoda fungovala tak, jak je zamysleno, umoznila by, aby vlakna
byla zarovnana kolem ruznych tvar®, avlakna by proto lépe prenasela a absorbovala
zatizeni, atak by zlepSila pevnostni vlastnosti kompozitni soucasti jeSté vice nez
jednosmérné zarovnani vlaken.

Druha metoda je zalozena na hypotéze, Ze po vlozeni elektricky vodivych vlaken do
stfidavého magnetického pole, by za jistych podminek doslo k zarovnani vlaken se smérem
magnetického pole. Vyhodou by bylo, Ze elektricky vodiva by musela byt pouze vlakna.

Diky kombinaci nizké hmotnosti kompozitu, diky které jsou stroje vyuzivajici
kompozity méné energeticky narocné a maji vyssi ac¢innost nez stroje Cisté kovové, a kvuli
rostoucimu tlaku na udrzitelnost a snizovani produkce uhliku lze ocekavat, Ze se poptavka
po levnych vysokopevnostnich kompozitech bude neustale zvySovat. Proto ma smysl se



zabyvat zlepSovanim vyroby kompozitd, zejména v oblastech, kde je velky potencial ke
zlepSeni a minimalni konkurence, a to jak z ekonomického, tak i enviromentalniho hlediska.
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1. INTRODUCTION

The use of polymeric composites has lately seen a great increase not just in aviation but
in a plethora of industries including other kinds of transportation. Their most desirable
quality is typically their high specific strength and stiffness and their biggest downfall is
high price to manufacture. There are many types of composites varying in their mechanical
properties and manufacturing costs. In the first, general chapter I am going to concentrate
on all kinds of composites, in the following chapters I will focus just on those with
polymeric matrix and short fibres. This kind of polymeric composites is considerably
cheaper and easier to manufacture than long-fibre polymeric composites but at the cost of
mechanical properties. If these properties were to be improved, it would both simplify
manufacturing and lower prices in places where polymeric composites are already in use.
Perhaps more importantly it could open up a large number of such applications where use
of composites had not been possible before either because of lacking strength or
prohibitively high costs. Furthermore thanks to the combination of low weight of
composites, which makes machines made of composite materials more efficient than
machines from metals, and the growing pressure on environmentalism, sustainability and
lower carbon emissions it can be expected that the demand for low-cost high-performance
composites will be growing in the future. It makes therefore sense to research methods for
improving the mechanical properties especially in areas with a great potential and minimal
competition, both from an economic and an environmental standpoint.

This thesis consists of 3 major parts:

The first part of the thesis is about composites themselves. It describes composites in
general, their types and typical properties, describes their advantages and disadvantages
and, last but not least, gives more details on short-fibre polymeric composites. It also
highlights what affects mechanical properties of the final product. This part also discusses
current and possible future applications of composites with special emphasis on short fibre
polymeric composites.

The second part then details the methods of manufacturing parts from short-fibre
polymeric composites and discusses the advantages and disadvantages of each of the
mentioned technologies.

The last part then discusses existing techniques for improving mechanical properties of
short-fibre polymeric composites and in the end an additional method is proposed.

14



2. DESCRIPTION OF COMPOSITES

2.1. GENERAL INFORMATION AND COMPOSITION

Definition

Although in the past any product created from more than one material was considered
to be a composite, nowadays the definition is narrower. Composites are considered to be
created by combining two or more materials in a deliberate and distinct manner in order to
enhance/optimize the properties of individual components. This can be achieved by using
the desirable properties of each of the materials making up the composite or even obtaining
new properties that neither of the components would exhibit on its own while mitigating
some of the unfavourable properties of the components. These do not have to be just
mechanical properties but also physical or chemical ones. [1,2]

In all composites the resulting material has properties superior to its components.
Perhaps the most desirable result for aerospace engineers is that composite materials are
stronger while being lighter and therefore have a much higher strength-to-weight ratio in
comparison to conventional materials such as steel or aluminium. The resulting weight
saving in aviation is on average between 15% and 25%. Another highly desirable quality in
aviation is their great resistance to fatigue. Composites have however higher raw material
price and they are much harder to repair then metals. [1,3]

History and applications

Although the use of man-made (engineered) composite materials is relatively new in
comparison to traditional materials such as metals, rock, etc., there are natural composites
that had been used long before the term composite was defined. Even the first powered
flight was done with an airplane built from a composite — wood. Wood is a composite of
celulose fibres dispersed in lignin matrix. Another example of a natural composite is bone
or concrete. [1, 3]

In more recent history the use of composites has spread in areas where the need for
a lightweight high-performance material and benefits of its use outweigh the increased costs
of materials and manufacture. Although there are many products made from composites
these days, there is one field that has benefited from their discovery more than others —
transportation. Whether it is a boat, a car or an aircraft, the use of composites has increased
exponentially since the first use of modern man-made composites. There are many more
current applications such as wind turbine blades and sporting equipment to name a few. [3]

The history of the use of modern engineered composites dates back to 1964 when carbon
fibres were discovered. However it wasn’t until the late 60s when composites found their
way into secondary structures (doors, primary and secondary flight control surfaces, etc.) of
military aircraft. Another leap forward came with CFRP (carbon fibre reinforced polymers),
which thanks to their good mechanical properties managed to displace some of the metal
primary structures such as wings, fuselages, fins and tailplanes. Another use of composites in
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airplanes would be the now common use of carbon-carbon brakes whose first notable use
was on Concorde in the late 60s or helicopter rotor blades from glass fibre composites. [3]

Modern general aviation aircraft are, however, the true testament to the popularity of
composites in civil aviation. Most clean-sheet designed airplanes such as Diamond DA-62 or
Cirrus SR (first flown in 1999 and currently the best-selling general aviation aircraft) are
made almost entirely from composites. And the same tendency of increasing the percentage
of composites in an airframe can be seen in commercial aviation as well. Composites have
been used for certain parts of aircraft for along time and new airplane types from this
millenium, notably Airbus A350, A380, Boeing 787 or Bombardier CSeriers/Airbus A220,
are more than 50 % by weight from composites, similar to general aviation aircraft. An
illustration of the materials used on Airbus A3850 can be seen in Figure 1. [3]

miscellaneous

Al/AI-Li

Frames, stringers and doublers
Doors (passenger and cargo)

CFRP:
9 Wings
g Centre wing box and keel beam 53%
@ Tall cone Cgmposjte
< Skin panels Titanium

Figure 1: Materials used on Airbus A350 [4, pg. 1302]
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2.2. COMPONENTS OF COMPOSITES, THEIR FUNCTION AND DIVISION

Composites are made by combining discontinuous reinforcements with a continuous
matrix. Each of these components plays a very important and a very different role in the
final composite material. There are several types of both matrixes and reinforcements, and
their combination has a decisive role on the resulting characteristics (from manufacturing,
mechanical and economic point of view). [3]

2.2.1. THE MATRIX

2.2.11. FUNCTION OF THE MATRIX

The matrix is the solid continuous phase that has several functions. Its main purpose is
to bind the reinforcement (particles, fibres) together in a desired orientation while
separating them. Without being properly bound, the composite wouldn't be able to hold its
shape, would be too brittle and not be useful as a material for engineering uses. The matrix
also transfers external stresses to the reinforcement. Furthermore, the matrix protects the
reinforcement from mechanical damage and environment and it plays a key role in impact
and abrasion resistance. Ductile matrixes give the composite its toughness while brittle ones
rely on fibres to stop propagation of cracks. [2, 5]

2.2.1.2. TYPES OF MATRIX MATERIALS

Polymer matrix

Polymer matrixes are among the most used kinds thanks to the simplicity of their
manufacture, low cost and desirable mechanical properties. They increase ductility but have
low strength, therefore parts from polymer composites gain their strength from the
reinforcement while the matrix improves toughness. It is therefore imperative that there is
a strong bond between the polymer matrix and the reinforcement. Polymers have one
major disadvantage — their low resistance to higher temperatures. The limiting temperature
is the cured glass transition temperature (T,) at which thermoplastics start becoming soft
and semiflexible. For thermosets the limit is typically 80°C below T, because thermosets
start absorbing large amounts of moisture at increased temperatures (presence of moisture
can be particularly problematic in changing temperatures due to thermal expansion of
trapped moisture, which can cause cracks to develop). [2, 5]

There are two kinds of polymer ¥ g Poymer
. 2 2y
materials used - thermosets and il rocessing
thermoplastics. Thermosets start as T <'J\//V\T N _—
a low-viscosity resin that forms its WeontFoymer e et B O
well bonded 3D  crosslinked Thermoset

. . SN SN AN
structure during processing and g, wolecuar &

Weight Polymer —— 3 Cross?inks
they can no longer be formed or A~

Thermoplastic
Figure 2: Comparison of thermoset and thermoplastic
structure [5, pg. 63]

otherwise processed after curing.
Thermoplastics on the other hand
start as a high-viscosity resin and
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form a simpler 2D or 1D structure and do not chemically crosslink. Both structures can be
seen in Figure 2. Thermosets can, however, stay in a partially cured condition (and therefore
be formed) for a longer period of time. The processing times for thermosets are relatively
long due to the chemical reaction that needs to take place during the curing process. [2, 5]

Thermosets

Thermosets are best suited for use in conjunction with fibre reinforcements. The most
common types are epoxies, polyesters, vinyl esters, furan resins, phenolics and polyimides.
One deciding factor on the exact thermoset kind to be used is the operating temperature.
While polyimides can be used up to 315°C, epoxies can only be used to 130°C. Polyesters and
vinyl esters are similar to epoxies in the temperature usability range, but they have worse
mechanical properties and worse resistance to environment. Newer types such as cyanate
esters offer better resistance to moisture
absorption, which is a typical problem for

thermosets. Some cyanate esters also have 2
. . . . - 63
desirable electrical properties. Phenolics are, 5
o . . 3 L
on the other hand, used in aircraft interiors o 6
. . £= st
thanks to their fire and smoke resistance g
. . <5 4}
which makes them ideal for such use; they gE
. g2 3 [
are, however, brittle. Another subcategory EV
ogF 2}
are toughened thermosets. They can <
1k
withstand high temperatures and can [L'
0
stabilize  the  reinforcing fibres in IM-7/3501-6 IM-7/6551-7
: 1# Generation Toughened
compression, but they have atendency to Brittle Epoxy Epoxy

delaminate even after low energy impacts. Figure 3: Damage done to st generation and
That combined with the fact that this damage modern toughened composite [5, pg. 77]

can not be seen from the outside makes them

potentially hazardous. Although these days there are toughened thermosets that have
greatly improved this undesirable characteristic, they have slightly worse mechanical
properties and they are inhomogenous and anisotropic. A comparison of the damage
resistance of the 1*-generation and modern toughened composites is in figure 3. [2, 5]

Thermoplastics

Thanks to their simpler structure, thermoplastics are more ductile than thermosets, and
therefore offer better resistance to low velocity impacts and damage in general. They are
much faster and easier to process than thermosets, they do not pose any risks to workers, as
there are no chemical processes involved in the manufacturing process, and they are easy to
store. They also absorb less moisture than thermosets. With increasing temperatures they
become soft and melt. This allows them, however, to be formed multiple times. Softening at
higher temperatures can be mitigated to a certain degree with the use of appropriate fillers.
[2, 5]

There are several types of thermoplastics but the number is fairly limited compared to
their boom in the 1980s. There are two groups — semicristalline and amorphous.
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Polyetheretherketones (PEEK), polyetherketoneketones (PEKK), polyphenylene sulfides
(PPS), and polypropylenes (PP) are semicristalline. PP is used exclusively with discontinuous
glass fibres and is used extensively in the automotive industry. Other thermoplastics are
normally used with continuous fibres. Highly aromatic thermoplastics offer good fire
resistance. An example of an amorphous thermoplastics is polyetherimide (PEI). The
difference between semicristalline and amorphous structure is shown in figure 4. [2, 5]

Metallic matrix

Amorphous

Region Metallic matrices are stronger, stiffer and

Semicrystaliine
Ragion

tougher than their polymer counterparts
and they have better thermal resistance.
They are, however, more complex to
manufacture and process and they are
heavier. Most alloys could be used, but in
practice only aselect few light metals are
regularly used - aluminium, magnesium

N _ and titanium. [2, 5]
marphous Semicrystalline
Structure Structure

. : . Ceramic matrix
Figure 4: Amorphous and semicrystalline

thermoplastic structures [5, pg. 84] A ceramic matrix differs from the

previously mentioned ones by being brittle
on its own. It is therefore desirable for the bond between the matrix and the reinforcement
to be weak since it is the matrix that makes the composite strong, and the reinforcement is
what makes the composite ductile by stopping the propagation of cracks. Ceramics also
make the composite resistant to high temperatures by having high melting point and being
resistant to corrosion. This makes them suitable for uses where they face extreme
temperatures and thermal shocks such as heat shields for space vehicles, brake discs, slide
bearings or components in gas turbines. [2, 5]

Carbon matrix

Carbon matrices are made from graphite and they have vastly superior properties to
other kinds of matrix. They are similar to ceramic matrices by being strong, resistant to
high temperatures and being brittle. The most common kind is a carbon reinforced carbon
composite (sometimes called carbon-carbon or just carbon composite). Their use is also
similar to ceramic matrices — main uses are heat shields and brakes (most modern airliner
brakes are from carbon composites). [2, 5]
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2.2.2. THE REINFORCEMENT

2.2.2.1. FUNCTION OF THE REINFORCEMENT

Similar to the matrix, reinforcements are solid phase but unlike matrices are
discontinuous. There are many types of reinforcements varying in material, size and shape.
Reinforcements mainly influence the strength and the price, but they can also change the
physical properties such as the thermal and electrical conductivity. The main function of
the reinforcement is to add strength, which matrices typically lack. The reinforcements are
also often brittle and therefore rely on the matrix to give the final composite ductility.
Certain types of reinforcement can also be oriented in a certain way which can further
improve the composite’s final mechanical properties. [2,5]

2.2.2.2. COMMON TYPES OF REINFORCEMENT

Particles

Particles have no defined shape and they range from powders to very short fibres. They
have several advantages one of which is their low price. Another advantage is that they can
be packed very closely, which can make

the composite conductive if a conductive Discontinuous

reinforcement is used. They, however,

Chopped
provide minimal to no increase in W
strength and due to their irregular size H\‘; jl
and oftentimes sharp edges can actually N/_“‘1
weaken the composite and are therefore ;/| <+{1

only used if special physical properties

are needed or when there is aneed for Figure 5: Types of short-fibre reinforcement
alower price along with no requirement [9 P8 2]

for greater strength. [2, 5]
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also strongly anisotropic since they are
80 80 80
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Figure 6: Properties of various types of fibres
Discontinuous fibres are typically [5, pg. 3]

oriented randomly in the matrix, which

20



el —
\
/\——— -
/ T — S<e
\ - = el >
\\ — «
Chopped fibers (random) Oriented short fibers Fiber/Particulate hybrids
Short fiber hybrids Unidirectional continuous fibers Filament wound cylindrical

Type A fibers

S g 2L i
P a0

Type B fibers
Long/Interpenetrating Woven fabrics Continuous/Hybrid

-

V)
( 0

&

Orthogonal 3-D Multi-axial 3-D weave 3-D braid

-

Figure 7: Reinforcement types and combinations [2, pg. 7]

results in worse mechanical qualities in comparison to continuous fibres. Two common
short fibre reinforcement types are in figure 5. Long fibres typically have a preferred
orientation or can be woven into fabric-like structures and then layered into laminates.
Short fibre composites have, however, one major advantage - their lower price.
A comparison of the relation of the strength, modulus or the cost to the percentage of the
fibres in a composite is in figure 6. Figure 7 shows further examples of reinforcement types
and combinations of orientations and configurations. [2, 5]

Fibres are commonly made of glass, carbon or graphite, aramid, silicon carbide. Glass
fibres have high tensile strength and good impact and chemical resistance. Carbon fibres are
on top of that more resistant to fatigue and are the go-to material for high end applications.
Aramid fibres are organic and are between glass and carbon fibres in terms of mechanical
properties. [2, 5]

Whiskers

Whiskers are small pure monocrystallic structures shaped in a certain way. They are
extremely strong but hard to distribute evenly through the matrix. [2, 5]
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2.38. SHORT FIBRE POLYMER COMPOSITES

Definition

SPFC are made of acombination of short fibres and either athermoset or
a thermoplastic. For the most part all the principles already discussed apply to SFPC as well.
[6]

Advantages of SFPC

Thanks to the cheap and simple manufacturing process of the short-fibre composites,
they are nowadays used extensively in the automotive industry, for sporting goods and
other durable consumer goods but also in the electrical industry. [6]

They offer superior mechanical properties in comparison to particle composites while
maintaining a lower price than continuous fibre composites. They also offer better surface
quality than continuous fibre composites. Furthermore they allow for manufacturing of
complex shapes that could not be made with long fibre composites. [5]

Fibres in SFPC and their effect on mechanical properties

Fibres in SFPC improve the properties in which polymers are lacking, namely strength
and elastic stiffness. Fibres do, however, also reduce toughness. The fibres typically have
diametres of the order of 10 pm. The most common type of fibres are glass fibres (around
90% of SFPC are made with glass fibres). Other less common options include carbon or
boron, silicon carbide, aramid and polyethylene fibres. All of these have better mechanical
properties and do not self abrade like glass fibres, but they are more expensive. Hybrid
composites using more than one kind of fibres are also used. [6]

In SFPC the fibres are stressed by the deformed matrix via the interfacial bonding
strength. Therefore the final strength is highly dependent on the bonding strength and the
strength of the fibres themselves. The fibres are usually coated with a coat protecting them
from abrasion and a coat to enhance the interfacial adhesion. [6]

The fibres in SFPC need to be longer than the critical length, which is given as:

I= % %ﬁ. d
where [cis the critical length, o is the tensile stress of the fibre, 7; is the shear stress at the in-
terface and d is the diameter of the fibre. This assures that the fibre would break because of
tension and not because of fibre shearing from the matrix. The optimal length is, however,
much longer. If the length was 5 times higher than the critical length and the fibres were
aligned perfectly, the composite would have 907% of the strength of its long fibre counter-
part. The exact strength ratios for different fibre lengths can be seen in figure 8. [5, 7]
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process is injection moulding. Injection 2
moulding is aconventional method for @
polymers alone, unlike the manufacturing
methods for continuous fibre composites, which
require much more time and labour, making rey e o i
them wunsuitable for mass use. There are, 2 2
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chapter. [6] Figure 9: Stresses around a short fibre

[5, pg. 286]

Summary of mechanical properties of SFPC

The mechanical properties of the SFPCs do not deviate from what was already described
in previous chapters. They can be influenced by the properties of the materials used and by
the morphology of reinforcement distribution - fibre length distribution, fibre volume
fraction and fibre orientation, which can be controlled during the manufacturing process.
The interfacial bonding strength between the matrix and the fibres also plays a very
important role in SFPC. [6]

SFPC can also be infused with inorganic fillers such as short glass or short carbon fibres
to increase SFPC’s thermal conductivity, which is for example required in electronics. Some
short fibres can also lower SFPC’s thermal expandability, which tends to be quite high with
polymers. [6]
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Figure 10: Strength and modulus as functions of load-fibre alignment [5, pg. 288]

2.4. ADDITIONAL PROPERTIES OF COMPOSITES AND OTHER DESIGN
CONSIDERATIONS

The mechanical properties of composites are highly dependent on both the combination
of the matrix and the reinforcement but also on the type and quality of the manufacturing
process. If for example the fibres failed to be properly separated by the matrix, cracks could
pass through the composite without being stopped. [2, 5]

The mechanical properties are also heavily influenced by the amount of the reinforcing
phase. Too little would mean that the material would not properly reinforce the matrix and
hence would have little effect on increasing the strength (or ductility in the case of
ceramic/carbon matrix). Too much reinforcement, however, is not desirable. The
theoretical maximum of the reinforcing phase that can be in a composite is around 70
volume % as higher percentage would result in the matrix not binding the filler properly. [5]

Another component determining the quality of a fibre composite is the quality of the
fibres themselves. Desirable fibres are those with few defects on their surface. This is
typically easier to achieve with a thinner fibre, and therefore the thinner the fibre is, the
better its relative strength due to less defects in its smaller volume. This is also the reason
why fibres are typically much stronger than the bulk material they are made of.
A comparison of a variety of commonly used fibre materials can be seen in table 1. One
disadvantage of making the fibres thinner is the increased cost. [5]

A key characteristic determining the strength of a composite is the grip of the matrix on
the fibres since the matrix needs to effectively transfer the load onto the fibres otherwise the
composite would only be as strong as the matrix which is typically quite weak. [2, 5]
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Table 1: Comparison of commonly used high strength fibres [5, pg. 32]

Loethicient of

Tenszile strength, Tenzile modulus, Elongation at Deensity, thermal expansion, Fiber diameter,
Type of fiber ksi msi failure, %4 =/em? 10 °C Lm
Glass
E-glass 500 100 47 258 4950 320
S-2 glass 650 126 5.6 248 29 510
Quariz 490 10.0 5.0 2.15 0.5 0
Organic
Kevlar 29 25 120 40 1.44 —2.0 12
Eevlar 49 550 190 28 1.44 =20 12
Kevlar 149 500 270 20 147 =20 12
Spectra 1000 450 250 0.7 0497 27
PAN_based carbon
Standard modulus S00-T00 32-35 1.5-2.2 1.80 04 68
Intenmediate modulus 600900 4043 1320 1.30 —0.6 56
High modulus 60080 50-65 0.7-1.0 1.90 —.75 5-8
Pitch-based carbon
Low modulns 200450 25-35 0.9 19 11
High modulus 275400 5590 0.5 20 0.9 11
Ultra-high modulus 350 100140 03 22 -16 10

Another favourable characteristic of composites is their great resistance to fatigue.

A comparison with conventional materials can be seen in figures 11 and 12. This is the
reason why cyclically stressed parts (such as helicopter rotor blades) are almost exclusively
made of fibre composites. [5]
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Figure 11: Fatigue properties of aerospace
materials [5, pg. 16]

Another highly desirable quality is the corrosion resistance of composite materials. This
makes them very popular in industries with highly corrosive environments, for example the
chemical industry or marine applications, where they are often used in place of metallic
materials or wood. [5]

Reduced assembly costs can also be afactor in choosing a composite structure.
Composites can be shaped into a wide variety of shapes, thus reducing the total amount of
parts, fasteners and labour required for the assembly. One major operational problem of
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composites (especially of those with a hardened thermoset matrix) is that they can be
damaged easily and it is more difficult to detect and repair the damage than with metals. [5]

Operating temperatures are also a factor when it comes to mechanical properties. With
increasing temperatures the matrix dominant properties typically decrease. Less apparent is
the effect of lower temperatures, which affects the fibre-dominated properties. [5]

Another major way to influence the properties of fibre composites is the way the fibres
are oriented. Composites with fibres that are aligned along one direction, preferably the one
in which they are stressed, are much stronger than those with the fibres placed randomly.
One side effect of orienting all fibres in one direction is the resulting anisotropy (or even
orthotropy). Note that Young's modulus differs depending on the direction. This can be
mitigated with use of laminates that are made from multiple layers facing different
directions. [2, 5]
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3. MANUFACTURING METHODS OF SFPC

There are many methods of manufacturing short fibre polymer composites, some of
them similar or identical to the methods used in manufacturing and forming polymers. In
the following I am going to describe and analyse the most common ones — injection
moulding, spray-up and compression moulding and their respective subtypes or similar
methods. Complete list and classification can be seen in figure 13.

Manufacturing SFPC (3)

)
( | )

Injection moulding Spray-up (3.5) Compression moulding (3.6)
] Il

r T T ) r T )
Extrusion Thermoplastic injection Thermoset Special subtypesof ~ Thermoset compression Transfer moulding Thermoplastic
compounding (3.1.) moulding (3.2.) injection moulding (3.3.) injection moulding (3.4.) moulding (3.7.) (3.12) compression moulding

S E— ‘ —

f
Sheet moulding Bulk moulding Compression moulding Preform (3.11.) Glass mat thermoplastic ~ Long discontinuous
compound (3.8.) compound (3.9.) compounds (3.10.) A (3.13) thermoplastics (3.14.)

Figure 138: The classification of SFPC manufacturing methods

The processing should result in a good bond between the matrix and the reinforcing
phase, proper orientation of the fibres, proper volume fraction of the reinforcement,
uniform distribution of the reinforcement in the matrix, proper curing or solidification of
the matrix, minimum of defects and voids and a good control over the shape of the final

part. [6, 7]

A good bond is important for proper transfer of loads from the matrix to the fibres. If
the fibres do not bind properly to the matrix, dry spots may occur, in which cracks can start.
On the other hand, dry spots slightly increase the impact resistance. A good bond between a
matrix and a fibre can only be achieved if they are compatible, which means that they need
to wet properly (surface energy of the matrix has to be smaller than surface energy of the
fibre). This ability can be improved by various surface treatments, which is a common
practice with carbon fibres. Another important requirement for a good bond is that there is
enough liquid matrix available at the surface of the fibre. [7]

Proper orientation is important since the strength and the stiffness are highly sensitive to
even small deviations. Therefore it is desirable that fibres are aligned in one desired
direction if they are going to be exposed to simple loading in one direction. In the case of
loading from multiple directions, the opposite is true — it is desirable for the fibres to be
oriented randomly. [6, 7]

Another key element is to limit the formation of defects and voids. Voids appear when
there is not enough compaction between layers, or when the pressure of the matrix is too
low. [6]

It is also important to consider that the part shrinks as the matrix cures or solidifies,
which leads not only to a change of shape but also to residual stresses. [7]
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3.1. EXTRUSION COMPOUNDING

General information

Extrusion compounding is the process that precedes injection moulding the goal of
which is to create a homogenous dispersion of the fibres in the matrix. The polymer is
mixed with the fibres and granulated for use in the injection moulding process. [6]

Description of the tools and the manufacturing process

Extrusion compounding happens in a machine with a screw in a barrel, which melts and
mixes the compound. The polymer-fibre mixture is forced against heated walls, mixed and
then in the end forced through a die, which shapes the composite into sheets, profiles, films,
etc. It is then cooled with water and cut. The last step, if needed, is granulation in
a granulator, which creates granules, which are going to be used in injection moulding. [6]

Advantages, disadvantages and other considerations

There are several advantages to extrusion compounding. The melting happens
gradually, it is easy to control the temperature and it is easy to make large quantities of the
composite. There are, however, disadvantages too. There is a limit to fibre volume which is
around 40 to 45 %. Furthermore, the fibres get damaged and break during the process. This
makes them shorter and consequently the final composite material weaker. There are
several reasons why the fibres get damaged. Some fracture due to high stress concentration
from abrasion, others break due to bending stresses appearing on overlapping fibres.
Contact with the equipment can also damage the fibres and so can the viscous forces from
the matrix. There are, however, ways to mitigate the degradation of the fibres. [6]

3.2. THERMOPLASTIC INJECTION MOULDING

General information

Injection moulding can facilitate large scale manufacturing and the products made using
injection moulding require little to no further processing after they are removed from the
mould. After the initial investment into the moulds it is very inexpensive and can produce
very complex shapes. It is suitable for use with fibres that are 0,8 to 8 mm long. [5, 6]

Almost all thermoplastics can be used and so can some thermosets, and although
everything in the following will be concerning injection moulding of thermoplastics most of
it should also apply to injection moulding of thermosets, which has a dedicated chapter at
later. [5]

Glass fibres are the most common reinforcement type but if better mechanical
properties and/or electrical properties such as electromagnetic shielding, antistatic
properties, etc. are desired, carbon fibres can be used. Colour pigments, fillers, mould
release agents, lubricants and other additives such as fire retardants can also be added into
the mixture. [5]
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Description of the tools

The machine for injection moulding consists of 2 major parts — a clamping unit and an
injection/plasticizing unit. The former consists of an opening and a closing mechanism and
a clamping mechanism that has to withstand the increased pressure during the moulding.
The injection unit can be either a screw or a plunger type, with the screw being the superior
tool for mixing. [5]

There are several types of screws and every composite compound requires a different
one since each composite requires a different pressure during the injection into the mould.
The compression ratio of the screw is therefore one of the most important design
characteristics of the screw. Most screws feature 3 sections or zones — feed section,
transition/compression section and metering section (figure 14). The feed zone works
similar to a conveyor belt and it moves the compound further down the barrel. In the
transition zone the composite compound is melted and homogenized and fed to the 8rd
zone. The metering zone works as a pump generating pressure and metering the amount
and rate at which the molten composite exits into the mould. The exact type of screw
depends mostly on the polymer used. Examples of 3 screw designs can be seen in figure 15.
The screw in figure 15 (a) is intended for use with highly crystalline polymers that have
a sharp melting point and therefore it has a short compression section. The screw in figure
15 (b) is for semicristalline thermoplastics and has a longer compression section and figure
15 (c) shows a screw for amorphous materials that do not have a true melting point and
therefore the compression occurs along the entire length of the screw. [5, 6]
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Figure 14: Typical screw shape and parts [6, pg. 16]

The mould is a cavity machined from metal (typically tool steels or aluminium with
a coating), in which the final shape of the part is formed. There are several types of moulds.
There are two-plate cold-runner moulds, in which the material is injected through a sprue,
a runner system and gates, all of which have to then be manually removed. Another type is
a three-plate cold-runner system. This type adds a plate which separates the sprue, gates
and the runner system allowing for easy removal and recycling. The last commonly used
type is a three-plate hot-runner system, where the compound is kept in molten state in the
runner system, the sprue and gates, which allows for even easier separation and recycling.
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a vent to allow for the air in the mould to escape as it is filled with the molten compound. [5]

Description of the manufacturing process

Before the compound is injected into the mould it needs, to be dried (polymers absorb
moisture that could lead to defects in the final part). Nonhygroscopic polymers such as
polyethylene or polypropylene are moist only on the surface and only their surface is
heated during the drying. Nylon and polycarbonate are, however, hygroscopic and require
more time in a flow of dehumidified warm air. [5]

After the required amount of composite gets injected into the mould, the screw stops
rotating and pushes forward like a ram. This forces additional compound into the mould,
thus compensating for the shrinkage of the cooling-down part. Typical injection pressures
range from 70 kPa to 100 MPa, and the minimum back-pressure on the screw should be
between 170 and 350 kPa. [5]

After 20 to 120 seconds the part solidifies enough for the part to be removed from the
mould. The solidification time is influenced by the mould shape and thickness, the amount
of the reinforcing phase, etc. The cool-down time also dictates the cycle time of the
moulding machine. [5]

Advantages, disadvantages and other considerations

One of the most important things to control during the injection is the temperature.
Lower temperatures mean less cool-down time and higher volume of parts made, but at the
cost of worse quality due to residual internal stresses and imperfect fibre orientation. [5]
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During the injection into the mould, where high-speed flow through a narrow gate
occurs, the fibres orient themselves parallel to the flow. Then, in the mould, the fibres in the
boundary layer near the walls orient themselves parallel to the flow direction due to high
friction between the flow and the walls. In the centre of the part, where there is less friction,
the fibres orient themselves transversely to the flow. This leads to structures with surface
layers having fibres oriented in the same direction while in the middle there are fibres
oriented in different directions (as can be seen in figure 16). There may be cases, in which
due to the nature and direction of the stresses on the part, this behaviour can be undesirable
because of the resulting anisotropy. If this is the case, the temperature of the injected
composite should be increased, the speed of injection be lowered and the gate can be made
larger. [6, 7]
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Figure 16: Fibre orientation in a injection moulded composite part [6, pg.19]

Another typical defect of injection moulding is the formation of the aforementioned
weld / knit lines that appear around cavities (e.g. cores) and behind gates. Especially SFPCs
with longer fibres (> 1 mm) are prone to forming weld lines. Their formation can be limited
by increasing the time of injecting. Table 2 shows the effect of weld-lines on strength. It
should be noted that even with weld-lines negatively affecting the strength, the composites
are still stronger than just the polymer without reinforcement. [6]

Table 2: Tensile strength with and without weldlines [6, pg. 20]

Fibre 09 6% a0 12% 18%%
volume
fraction

Strength 56.87 +0.17 75.00+ 0.21 82.60+0.13 952.00 £ 0.14 106.60 + 0.17
without
weldline
{MPal

Weldline 5655+0.21 64.01+0.18 6672+ 0.25 70.80+£0.16 7490+ 0.22
strength
{MPal)

Another large problem is the breakage of the fibres, which happens for the same reason
as with extrusion compounding. [6]
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Last but not least, it is hard to maintain dimensional accuracy during injection moulding.
The parts shrink while cooling and can even warp. The fibres increase the warping, and so
does differential cooling (especially on parts with inconsistent thickness). The warping can
be somewhat prevented adding stiffeners and adjusting the fill time (although both too short
and too long times can cause warping too). [5]

The fibres and the fillers also affect the moulding characteristics — they increase the
viscosity and worsen the melting process and thus require higher pressures. [6]

The processing has a large effect on the performance of the final composite, and thus
high-performance SFPC require both the right combination of matrix and reinforcement
but also the right type and parameters of the injection moulding process. [6]

3.3. THERMOSET INJECTION MOULDING

The injection moulding of thermoset-based composites is mostly similar to injection
moulding of thermoplastics with a few exceptions that will be described here. [5]

The only usable thermosets are low-viscosity resins that maintain the low-viscosity for
a long time but cure fast afterwards. [5]

The fibres have to be shorter than 2 cm in order to be used and fillers can also be added.
[5]
Differences to thermoplastic injection moulding

With thermosets the screw/plunger has to stay relatively cold (70 — 100 °C) and the
moulds need to be warmed to 120 to 200 °C. The temperature control is critical with
thermosets in order to prevent premature gelling of the polymer in the barrel. The screw
itself is shorter and has lower compression ratios. [5]

The injection pressure is between 50 MPa and 100 MPa. [5]

Additional limitations and considerations

When phenolics are used, it is critical to vent the volatiles that form during the
condensation process from the mould. [5]

The last notable limitation is to the size of the parts, which is less than 4,5 kg. [5]

3.4. SPECIAL SUBTYPES OF INJECTION MOULDING

Gas-assisted moulding

Gas-assisted moulding can be used to make hollow parts by injecting inert nitrogen gas
into the hot polymer, in which the gas forms a channel. The gas is typically injected at 2,8 —
5,5 MPa. [5]

Injection compression moulding

Injection compression moulding allows for forming with a partially opened mould,
which is then closed and compressed. This method limits the fibre breakage typically
associated with injection moulding. [5]
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Thin-wall injection
Thin-wall injection is, as the name suggests, used for parts with thin (0,5 — 2 mm) walls,
that have the length : thickness ratio higher than 75. Due to the fast cooling of the thin walls

the filling has to be very fast (less than % of a second) and under high pressure (100 —
240 MPa). [5]

Structural foam moulding

Structural foam moulding allows manufacturing of very large parts with high strength-
to-weight ratio. Parts made using this method have a solid skin and a foamed core that is
created by using chemical blowing agents. [5]

3.5. SPRAY-UP

General information

The spray-up technique is best suited for low to medium volume productions and can be
used to make medium to large parts. [5]

Polyesters are used for spray-up onto open tools, and the tools can also be assembled
from multiple parts if needed. [5]

Description of the tools and the manufacturing process

A continuous fibre roving is fed through a combination of a chopper and a spray gun,
where it is chopped and mixed with a catalyzed resin onto an open tool. The fibres are
chopped to 2,5 — 7,5 mm. After the layer is sprayed, it is manually densified with rollers,
which removes air and works the resin into the fibres. After this is finished, additional layers
can be added, forming a laminate. After the last layer is added, the part is left to cure at
a room temperature or at an increased temperature to speed up the process. [5]

A gel coat can be added to the surface to improve it. Rovings or cloths can also be placed
between the layers to improve the mechanical properties. [5]

Advantages, disadvantages and other considerations

The main advantages of this method is the low cost of tooling since there is no need for
a high pressure mould. The processing is also simple, and all of the equipment is portable,
which allows on-site fabrication. Furthermore there is no limit to the size of the parts. The
last big advantage is that the spray-up process can be easily automated. [5]

The main disadvantage is the low strength of composite parts made by spray-up. The
tensile strength does not exceed 70MPa, which is caused by the limited amount of fibres (15
— 20 volume %). [5]

3.6. COMPRESSION MOULDING

General information

Compression moulding is a method that uses high pressures in matched dies. It is
suitable for high volume production (over 1000 — 100 000 pieces per year) due to the larger
initial investment into the tooling (e.g. dies). This method is capable of producing complex
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high-performance parts with good surface quality and it offers good dimensional control.

Inserts or attachments can be moulded directly; hence, it eliminates the need for

machining. It can be used for large parts (up to 8,7 m? and thicknesses as low as 1,8 mm.

Compression moulding can also utilize both thermosets and thermoplastics. This

manufacturing method is fairly common in the automotive industry. [5]

Description of the tools and materials

The dies are machined from a chrome-plated steel, and they are heated by steam or oil

or, more rarely, by water or electrically. Dies can be fitted with a mechanism for ejecting

parts after curing, either using pins or by using pressurized air to push them out. [5]

3.7. THERMOSET COMPRESSION MOULDING

Introduction

Compression moul-
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Figure 17: Thermoset compression moulding [5, pg. 290]

metal mould, formed with pressure into the desired shape and then cured with heat and

pressure. If complex parts are to be made preforms can also be used. The process can be

observed in figure 17. [5]

3.8. SHEET MOULDING COMPOUND

Description of the compound and its manufacturing

Chopper

Resin doctor blade

Continuou:
strand roving

Resin filler

Resin filler
paste T

Doctor ———
blade T Plastic carrler

film

Take-up
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carrier film

|
Chepped

oving  compaction

section

Figure 18: Sheet moulding compound machine [5, pg. 291]

If the compound is
supplied as asheet it is
referred to as a sheet moul-
ding compound. The pro-
cess for making this kind of
compound can be seen in
figure 18. The fibres get
chopped to 2,6 - 5cm
length and are deposited
onto acoat of apolymer
paste travelling on alayer
of polyethylene film web.
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Afterwards a second film with resin is added, sandwiching the fibres between 2 layers of
polymer. The sheet is then rolled into a roll. The final thickness of such a sheet is around 0,5
cm and the rolls are 1 — 2 m wide. The roll is then aged in 30°C for about a week for
thickening. The resulting composition is typically around 25% polymer, 25% glass fibres and
50% fillers, although, if better mechanical properties are needed, the fibre content can be as
high as 65 %. [5]

Chopped strand mats can be added to improve mechanical properties and sometimes
even long longitudinal strands are added. [5]

The most common type of polymer used is polyester. It also comes in a low-shrink and
low-profile variants, which have, however, worse mechanical properties than the regular
one. Less commonly used polymers are vinyl esters, phenolics, ureas, melamines and
epoxies. [5]

The use of fillers is also common. Their main purpose in the sheet moulding compound
is to minimize shrinking and to reduce the cost. Calcium carbonate, aliminium trihydrates
and kaolins are used. Mould-release agents (zinc calcium) and thickeners (calcium oxide,
magnesium oxide, magnesium hydroxide, calcium hydroxide) can also be added. [5]

Description of the manufacturing process

For the compression moulding of sheet moulding compound, the raw material is stacked
into “charges”. They are then heated with infrared light in an oven or with forced-air
impingement heaters, placed into the heated mould and cured under pressure. [5]

Advantages and disadvantages

One of the greatest advantages is that there is very little excess material. There is,
however, the danger of knit-line formation. It is therefore important to place the charges in
a manner that prevents or limits their formation. [5]

3.9. BULK MOULDING COMPOUND

Description of the compound and its manufacturing

If the compound is supplied as bulk, it is referred to as a bulk moulding compound. It
typically consists of 20% fibres 0,8 — 3 cm long, resin, fillers, catalyst and pigment. The
compound is made in an extruder, and the compound leaving the extruder has
a consistency of a modelling clay. It is often shaped into ropes or logs. [5]

There is awide variety of compounds available, varying in the matrix and fibre
composition. [5]

This type of compound is well suited for high-volume production and it produces parts
with good finish, good mechanical properties and it offers a good dimensional stability
during manufacturing. [5]

Description of the manufacturing process

During moulding, the compound is placed into a heated matched-metal die, pressed and
cured. [5]
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3.10. COMPRESSION MOULDING COMPOUNDS

The most common types of polymer for compression moulding compounds are
phenolics, alkyds and epoxies. The typical volume of fibres in the matrix is around 40% and
the fibres are around 1 mm long. The compound gets pelletized before the moulding and
the pellets have a diameter of 1,56 — 6,5 cm and are 0,5 -2,5 cm long. The typical curing
pressure is 5 — 20 MPa and temperature between 170 °C and 190 °C. It is a common practice
to postcure the parts to increase their resistance to high temperatures. [5]

3.11. PREFORM

Description of the compound and its manufacturing

Preform is another kind of ready-to-mould compound for manufacturing SFPC. The
preform is a mat of chopped fibres that are held together by a binder. This allows the
preform to have approximately the shape of the final part. Preforms are used for large parts
with constant cross sections and the percentage of reinforcing fibres is typically very high.

There are two methods for forming preforms - direct fibre method and plenum
chamber method. [5]

With the direct fibre method, continuous fibres are chopped to 2,5 — 5 cm and blown
with the binder onto a rotating screen that has the approximate shape of the final part. The
fibres are held on the screen by suction until the preform’s binder is set in an oven.

The plenum chamber method is similar to direct fibre method but the fibres and binder
are blown into an air chamber where they are sucked onto a rotating screen. [5]

The process of spraying the fibres and binder onto the screen can be seen in figure 19.

. Rowing
Roving Cutter Turntahle

Air Exhaust

O

Exhaust
Fan

Prefarm
Screen

Figure 19: Spraying fibres onto rotating screen [5, pg. 294]
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Description of the manufacturing process

After the preform cures it is ready to be placed into the die, into which the resin is added,
and cured. [5]

During the compression moulding the two halves of the die are heated to 105 — 160 °C
and pressurized to 1 -14 MPa (higher fibre content
requires higher pressure to ensure wetting of the fibres). Charge-Balre Transter
The curing itself typically takes 1 — 5 minutes. In the case

of condensating resins (phenolics), volatiles are formed

and need to be vented. This is accomplished by opening
the die momentarily. [5]

It is possible to create hollow parts using this method

by using cores from low-melting metals that are melted

out after curing. [5] 1

3.12. TRANSFER MOULDING

1 1 Ram Transfers
1 7(1 Charge to Mold
General information T ]

Transfer moulding 1is similar to compression

moulding, but it also incorporates some elements from
injection moulding. It is used for manufacturing very

small and very complex parts thanks to good dimensional

control and tolerances. The typical amount of the Figure 20: Transfer moulding

reinforcing phase is 10 — 385 %. [5] [5, pg. 296]

Description of the manufacturing process

The compound is heated to 150 — 180 °C in a separate chamber from which it is then
pushed by a ram into the mould. A schematic of the process can be seen in figure 20. [5]

3.13. GLASS MAT THERMOPLASTIC COMPRESSION MOULDING

General information

Glass mats are made of either continuous or chopped glass fibres and polypropylene.
Unidirectional mats are also used. The typical fibre content is around 40%. [5]

This method is popular in the automotive industry because it is fast and can be
automated. [5]

Description of the manufacturing process

The material is reheated by infrared heat banks to 320 °C before it is hydraulically
pressed in the mould, which is preheated to 135 °C, and left to solidify. The pressure inside
the mould is 7 — 28 MPa. Two-stage compression is often used with the first stage being fast
and the second one slower so that the material can properly fill the mould. [5]
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3.14. LONG DISCONTINUOUS COMPRESSION MOULDING

General information

The long-fibre thermoplastic process works with a polypropylene matrix. The fibres are
12, 25 or 50 mm long. Although the fibres are long, they are discontinuous; therefore, this
manufacturing technique is more similar to SFPC manufacturing. For this reason I have
decided to include it even though the resulting composite is not a short-fibre composite by
some definitions. [5]

The long discontinuous thermoplastic process can be highly automated and is faster than
the glass mat thermoplastic process. [5]

Description of the manufacturing process

The polymer is molten in the extruder. At the end of the extruder the fibre is added,
which ensures good impregnation. Is is then directly moved to the pressing machine
without any additional reheating, which leads to reduced cycle time. [5]

3.15. ADDITIVE MANUFACTURING (3D PRINTING)

General information

Similarly to other materials, additive manufacturing has started appearing as an option
for manufacturing short fibre polymer composites. Most additive manufacturing processes
for polymers can be used for short fibre composites. Only some methods of additive
manufacturing have been successfully used for manufacturing SFPC, but due to the fast
development of additive manufacturing more are sure to follow. [8]

Advantages

Additive manufacturing allows more freedom in design, namely very complex “cellular”
shapes, which are starting to appear more regularly thanks to topological optimization.
Some methods allow fibre alignment. Another big advantage is that additive manufacturing
can be used for rapid prototyping, since additive manufacturing does not require expensive
moulds. [8]

3.16. EXTRUSION-BASED ADDITIVE MANUFACTURING

This method works with the composite material in liquid form and it is a layer-by-layer
process. It typically works with thermoplastic filaments, viscous hydrogel or viscoelastic inks
of thermosets. There is a wide variety of printing heads — each for a different material. [8]

The quality of the resulting part depends on the feeding speed, the melting temperature,
the chemical composition of the fibre-polymer mixture and the distribution of fibres. [8]

Fused filament fabrication (FFF)

In this method a thermoplastic filament is melted and fed to a heated nozzle from which
it is then extruded in layers onto a deposition bed. The extrusion happens under high
pressure so that flow of molten composite is maintained and warping is prevented. Support
structures, which are to be removed after the part is finished, can also be used. [8]
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Polymers commonly used for fused filament fabrication are PLA, ABS, polychloride,
polystyrene, nylon, PAEK, PPS and PPSV. [8]

FFF is by far the leading method for manufacturing SFPC. [8]

Direct ink writing and reactive extrusion

This relatively new method uses a reactive liquid polymer, which cures immediately
under UV light or with use of heat. Fibres are added for increasing the viscosity rather than
improving the mechanical properties. Photocurable acrylic base resins and thermal curable
epoxies are used with carbon or glass fibres. Fumed silica or nanomaterials, such as carbon
nanotubes, can also be used. [8]

Large scale extrusion based processes are not yet common, but there is a great potential
and they are being developed. [8]

3.17. POWDER-BASED ADDITIVE MANUFACTURING

Carbon based processes use a powder that is selectively sintered. Fibres used in this
group of processes are carbon, ceramic or metallic. [8]

Selective laser sintering
Selective laser sintering is a powder-bed fusion process, during which a CO, laser

selectively fuses thermoplastic powder together. [8]

Polyamide, PAEK, PP and PE are used along with nanofillers, which work as a flow agent,
and short fibres, which reinforce the composite. [8]

However, experiments have shown that only a minor improvement of mechanical
properties can be gained and in some cases the mechanical properties of the final part are
worse than those of just the polymer. This is most likely due to poor adhesion between the
fibres and the matrix. [8]

Multiple jet fusion

This layer-by-layer method fuses powder together through IR light and dispersion of
fusion and antifusion powders. The fusion powder helps with absorbing the energy from
the infrared light and the antifusion powder prevents it. [8]

PP and polyamides are suitable for this method. [8]

3.18. PHOTOPOLYMERIZATION-BASED ADDITIVE MANUFACTURING

This method works with UV curable polymers such as epoxies and acrylic resins. These
polymers have good wetting characteristics and the are very flowable. [8]

Photopolymerization based processes offer high dimensional accuracy if strict
manufacturing conditions are met. This is, however, hard to achieve, and stable
manufacturing of high-performance composites is not possible yet. [8]
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VAT Polymerization

This sub-group consists of three methods — stereolithogrpahy, digital light process and
continuous liquid interface production. [8]

Stereolithography works with UV light, which is controlled with a lens, allowing for
selective curing of the polymer. [8]

Digital light process, on the other hand, cures the polymer layer-by-layer and also works
with long fibres. [8]

The last progressive method is continuous liquid interface production. With this method
oxygen is kept between the liquid and solid, which accelerates the curing process and leads
to superior polymerization. [8]

3.19. SUMMARY AND COMPARISON OF MANUFACTURING METHODS

In this subchapter all of the reviewed manufacturing methods and are compared
(table 8). Please note that additive methods are omitted since their use is not common in
commercial applications and not enough information is available yet.

Table 3: Comparison of SFPC manufacturing methods

Method Advantages Disadvantages Mechanical & other
properties
Injection « Large scale production « Expensive tooling « Fibre length: 0,8 to
moulding - Little processing « Sensitive to 8 mm
- Inexpensive manufacturing temperature « Fibre volume fraction:
process + Hard but good di- <45 %
- Special types for large parts mensional control  Cycle time: 20 — 120 s
thin wall parts, hollow parts + Inhomogenous « Strength: variable and
« Fibre alignment can be structure relatively low due to
controlled » Risk of weld-lines low fibre length
« Damaged and short
fibres
Spray-up + Low cost of tooling + Low strength « Fibre length: 2,5 -

Does not allow for 7,5 mm

fibre alignment .

« Allows for on site fabrication -«
Fibre volume fraction:
15-20%

» Cycle time: variable
(depending on part)

« Strength: <70 MPa

* No size limit

» Can be automated easily

Compression

moulding

Large scale production .

+ Good surface quality

High performance parts

Expensive tooling .

Danger of knit line
formation (only some
compounds)

Fibre length: variable,
dependant on
compound type 0,3 —
5cm
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Wide variety of moulding « Fibre volume fraction:

compounds — variety of final <60 % (dependant on
properties type of compound)
Longer fibres (order of « Cycle time: variable
magnitude of cm) (depending on part)
Can use aligned fibre mats « Strength: variable
Good dimensional control (depending on type of

compound), if aligned
fibre mats are used up
to 1500 MPa

Little excess material
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4. IMPROVING THE MECHANICAL PROPERTIES OF SHORT FIBRE COMPOSITES

4.1. INTRODUCTION

Short fibre composites have one major drawback — their mechanical properties. They
are typically much less strong than long fibre composites. SFPC could, however, reach up to
90 % of the strength of their long fibre counterparts through alignment of fibres. Aligning
the fibres can also mitigate problems with brittleness, which is typical for some polymer
types (e.g. epoxies). [9]

There are several methods used for orienting the fibres uniformly in the composite, it
should, however, be noted that most of the methods are not used commercially on a large
scale and with many of them it is quite unlikely they will ever become feasible for larger
scale use due to prohibitive costs, long production times or low effectiveness. [9]

The processes can be divided into wet and dry processes, depending in whether flow of

aliquid is used or not. Dry methods are typically quicker but less effective at aligning the
fibres. [9]
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Figure 21: Timeline and properties of alignment methods [10, pg. 162]
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This chapter will describe these methods and analyse why they are likely not going to
expand or why they may become used more commonly in SFPC production. The methods
will be described in groups based on the principle of the method rather than the exact type
as seen in figure 21.

It should also be noted that comparing these methods is hard. Each experiment/research
works with different materials and the history of improving SFPC’s properties dates back to
the late 60s. Figure 21 shows the timeline of the improvement methods along with
additional details regarding the level of fibre organization, the strength, its being in use, etc.
It should, however, be said, that there are more methods than listed, some of which, such as
additive manufacturing, are described later. In table 4 a comparison of the basic properties
of parts made using some of the methods can be seen. [10]

Table 4: Comparison of methods for aligning short fibres [10, pg. 163]

Length Alignment

Method Year Matrix Fibre Type (mm) ) Vi (%) Ey(GPa) Eg(%) o4(MPa) ap(%)
LDF 1987 PA Carbon Fiber 813 +5 (92%) 55 130 100 1696 100
SBCF 2010 EP Carbon Prepreg 50 60 161 100 2625 94
DiscoTex 2007 EP Carbon Tow 32 63 a7 535 93
Centrifuge 1980 EP Carbon Fiber 3 55 119 93 1211 85
Laser Drilled 1999 PPS Carbon Prepreg 20-100 57 136 100 1500 82
Disco 1996 PEI Carbon Fiber 3 +14 (100%) 50 100 94 1100 80
HiPerDiF 2013 EP Carbon Fiber 3 +3 (80%) 55 115 91 1509 80
PERFORM 2008 EP Carbon Prepreg 50 132 100 1546 78
UACS 2013 EP Carbon Prepreg 25 60 49 97 500 68
Highform 1987 PES Carbon Fiber 3.2 +5 (85%) 49 99 79 1000 60
Glycerine 1978 EP Glass 0.4K Tow 3.2-12.7 15 (95%) 50 31 80 290 50
DForm 2008 EF Carbon Prepreg 20-60 70 95 600 46
P4-A 1999 EP Carbon  3K-12K Tow 50.8-127 55 110 81 710 40
DCFP 2008 EP Carbon 6K, 24K Tow  28-115 +10 35 55 85 293 31
(21-94%)
Chopped 2010 EP Glass Tow i +10 (78%) 48 27 62 300 25
Acoustic 2010 EP Glass Tow 45 +10 (80%) 65 28 64 110 10
Vacuum Drum 1980 EP Carbon Fiber 2-4 556 105 1200
Vacuum Drum 1985 PIUPES  Carbon Fiber 3 556 91 955
ADF 1997 Nylon-12  Glass 0.2K, 04K Tow 3.2-254 +20 (70%) 40 |74 225
GMT 1993 PE Glass Tow 25 +52 (100%) 15 3 38
Ultrasonic 2014 BisGMA/  Glass Fiber 0.05 9 0.017 45
TEGDMA

Note: V¢ — fibre volume percent, E; — Young’s modulus, Er — stiffness retention accounting for
different fibres and matrices, o, - tensile strength, ox - tensile strength retention accounting for
different fibres and matrices

4.2. ELECTRICAL FIELD METHODS

Electrical methods work by inducing forces on fibres with an external electric field.
There are both dry and wet methods. Both AC and DC sources can be used. [9]
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Principle

The electrical field induces a dipole moment on the fibre in the liquid matrix. ,#When
a rod (e.g. single SCF) is suspended in a dielectric liquid (e.g. a liquid epoxy resin) and then subjected
to an AC electric field, the rod becomes polarised due to its shape anisotropy, dielectric properties and
electrical conductivity being different to that of the liquid resin. As a result, a greater density of
opposing charges will be induced at the ends of the rod. The interaction of this dipole with the electric
field gradient during the dielectrophoresis process generates a torque; which leads to rotation and
alignment of the SCFs in the direction of the applied electric field.“ [11, pg. 15]. The force exerted on
the fibre is stronger than forces with centrifugal alignment. [12]

Advantages

Electrical field methods can act locally and work with any composite. Theoretically by
optimizing the shape of the electrode a certain pattern could be created but I was not able to
find any experiments confirming this. [12]

Experiment 1

First experiment was aimed at describing the microstructure of a composite aligned with
an electric field. In this experiment glass fibres (20 pm diameter, 0,25 — 1,25 mm long) were
used at 10 volume %. They were suspended in an uncured epoxy and aligned with electric
field (f = 5 Hz, E = 1,2 — 2,4 kV/mm for orthotropic composite). [12]

Results & evaluation of experiment 1

The experiment showed that the time to rotate the fibre is independent of the fibre
aspect ratio. As expected, the resulting material was stronger and reached 40,4 MPa at 10
volume % of the reinforcing phase. The accuracy of alignment was not given [12]

Experiment 2

The purpose of this experiment was to improve the fracture toughness of epoxies. Its
results are, however, also relevant to improving the mechanical properties of SFPC. [11]

The fibres (7 pm diameter, 1,8 — 3,5 mm) were mixed with the polymer to 10 weight %.
During mixing the average fibre length was reduced to 0,72 mm. The mixture was then
further diluted to 5; 2; 1,5; 1 and 0,5 weight %. The epoxy-fibre mixture was then poured
between the electrodes and aligned by electric field (E = 30 V/mm, f = 10 kHz). [11]

Results & evaluation of experiment 2

The length and the aspect ratio had once again no influence on aligning glass fibre above
certain electric field intensity and aspect ratio. [11]

The alignment process was heavily influenced by the amount of the reinforcing phase.
At 0,5 weight %, 55 % of the fibres were within 30 degrees of the ideal orientation. The
amount of aligned fibres decreased rapidly with higher weight percentage.

Due to the low volume fraction this method is not useful for high-performance
application. The processing time was also very long (1 hour). [11]

44



4.3. MAGNETIC METHODS

General description

This group of methods is relatively similar to the electric ones both in principle and in
the results. [13]

Magnetic force is a contactless volume force. In most experiments a homogenous field
was used and the fibres rotated in one place (there was no displacement). [13]

Magnetic methods are highly sensitive to the magnetic properties of the fibres and like
all wet methods to the curing rate and viscosity of the matrix, all of which affect the
effectivness of the method. [13]

One interesting result of the 20
experiments was the fact that the
alignment happens faster with
longer fibres (nickel coated carbon

) (mT)

fibres). Those also require magnetic
field intensities since the magnetic

(0.3,5°
0 min

susceptibility of alonger fibre is /& 7of
higher than that of ashort fibre.
A graph highlighting this effect can

be seen in ﬁgure 22. [13] 510 1‘5 2‘0 2‘5 slo 35 4Io 4|5 5lo 55
a,

Advantages Figure 22:Relation of minimum magnetic field required

Because magnetic force is to fibre aspect ratio, a, — aspect ratio, BY:&5)

a contactless volume force, it does minimum magnetic field necessary to have 80 % of the
not damage the fibres or cause fibres oriented at +5 degrees [13, pg. 136]

chemical alterations. It also allows

for remote orientation of fibres in 3 dimensions. Another advantage is that permanent
magnets and electromagnets are readily available and magnetic methods are less sensitive to
changes in pH and surface than the electrical one. [13]

Disadvantages

This method is mostly used for nano-particles and carbon nanotubes. While nanotubes
would improve the mechanical properties of traditional composites and be a good
reinforcing phase, it is currently not a common practice to use them in such a way.
Furthermore, I was not able to find any studies using magnetic method for aligning fibres
with the goal of improving the mechanical properties, although, it should theoretically be
possible. I also was not able to find any experiment in which a higher weight percentage
than 5 % would be used and with fibres longer than 0,1 mm, which makes magnetic method
fairly ineffective in comparison to other methods for aligning fibres in high-performance
structural composites. [13,14]
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4.4. PNEUMATIC METHODS

Pneumatic process is a dry process. These processes are used mainly manufacturing

glass-mat reinforced thermoplastics. [9]

Description of the manufacturing process

During pneumatic fibre alignment a mixture of fibres and polymer powder is blown
from a tube onto plates and then falls onto a perforated plate. Afterwards it is heated, which
forms the final glass-mat reinforced thermoplastic, which can then be used in compression

moulding. The process can be seen in figure 23. [9]

Evaluation

Pneumatic methods have the worst effectivity of the “conventional” methods for aligning
short fibres, with only slightly more than a half of the fibres being within 52° from the
intended orientation, leading to only a minor increase in strength. [9]

PLATE ONE PLATE TWO

\ HEATER
\  PERFORATEDPLATE ,—  COMPRESSSIONMOULDER

Figure 23: Pneumatic manufacturing process [9, pg. 618]

4.5. ALIGNING FIBRES IN A FIBROUS MASS

With this method a mass of fibres (2) is placed onto a screen above (3) a nozzle (4).
Pulsating gas jet from the nozzle combined with low pressure gas coming from the opening
in the middle (7) of the apparatus separates the fibres and lifts them upwards. When the
fibres pass around the specially designed conical annular vertical passage (10), they align
themselves and then they are deposited on the top of the apparatus on a porous closure (12).
The apparatus can be seen in figure 24. [9]
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4.6. HYDRODYNAMIC METHODS

As was already mentioned, the fibres have a tendency to orient themselves when they

flow at a high speed through a narrow gate. This set of methods uses this principle to

deliberately orient the fibres in the flow direction. [9]

Due to the nature of this method it is a wet method,
meaning that the fibres are dispersed in aliquid. The
liquid is typically highly viscous (except for water) as this
ensures good fibre dispersion and alignment. The down-
side of viscous liquids is that the manufacturing process
is slow. Glycerine, ammonium alginate but also water
can be used. [9]

There are 3 general steps to all hydrodynamic
methods:

- fibre dispersion preventing fibres from inter-
acting with each other

+ fibre alignment

« fast and careful separation of the liquid so that
fibres are not disturbed

One minor problem is that the first two steps work
best with a viscous liquid and the last step would benefit
from a liquid with low viscosity. [9, 16]

4.6.1. AMMONIUM ALGINATE ALIGNMENT

Ammonium alginate is used for composites with
whiskers and short fibres. [9]

The mixture is extruded through an opening into an
acid precipitating bath forming gel filaments which are
then dried. [9, 16]

There is no report on the alignment effectivity. This
method is expensive, limited in materials, there is no
possibility of recycling and the volume fraction is low.
[16]

4.6.2. GLYCERINE ALIGNMENT

Figure 24: Annular apparatus
[15, pg. 1]

Glycerine is used only for short fibres. Glycerine has lower viscosity than ammonium

alginate, which leads to higher productivity. [9]
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Manufacturing process

The mixture of glycerine and fibres is forced through a tapered nozzle, which aligns the
fibres because of the fluid friction between the boundary and the core layer. The mixture is
then deposited onto a flat gauze or mesh. The carrier liquid is then removed. Since this is
the longest part of the process, the removal can be sped up by application of heat. Then the
fibres get washed gently by a water spray and then get impregnated. [9, 16, 17]

Results and evaluation

More than 90 % of the fibres were within +15°. It also allows for high volume fraction of
the reinforcing phase. This should make this method suitable for higher performance
applications. Like most wet methods, the processing time is quite long, which may be
preventing a widespread use. [17]

4.6.3. CENTRIFUGAL ALIGNMENT

This method utilizes centrifugal forces for the removal of the liquid. A fibre-liquid
suspension is discharged from anozzle onto the inner surface of arotating permeable
drum. The centrifugal force removes the liquid almost immediately resulting in good
alignment of the fibres thanks to the low time when the aligned fibre is suspended in the
liquid. Vacuum drums can be added for even better results. The resulting material is an
aligned fibre mat. [9]

Advantages

The main advantage of this approach is the easy removal of the liquid. Resulting
alignment accuracy is +3° of around 60% of all fibres, making it a much more effective
method than all dry methods. [9]

Disadvantages

The main disadvantage is that this is a batch method. [9]
4.6.4. SHEAR CONTROLLED ORIENTATION IN INJECTION MOULDING

Shear controlled orientation in injection moulding uses the interactions between the
layers of the composite during injection so that the fibres align and weld line formation is
suppressed. Because the part is stronger, it can be ejected sooner, which also shortens the
processing time [9]

Principle

The fibres have a natural tendency to orient themselves parallel to the flow near the walls
of the mould but in the middle this effect is less pronounced if at all present. A shear flow
between the boundary and the middle layer helps align the fibres in the middle. [9]

The controlled macro shears are created by a device consisting of small oscillating
pistons. This device in a variant with 2 piston oscillating 180° out of phase can be seen in
figure 25 and version with 4 pistons oscillating 90° out of phase in figure 26. [18]
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The effectiveness of this method is not reported and neither is whether it is used
anymore. [18]

SHEARING OF DOUBLE LIVE FEED

THE MELT OEVICE \

Figure 25: Double feed (2 pistons) [18, pg. 273]

J

Figure 26: Quadruple feed (2 + 2 pistons) [18, pg. 273]
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4.6.5. HIGH PERFORMANCE DISCONTINUOUS FIBRE METHOD (HIPERDIF)

This relatively young method is used for producing tape or tow type prepregs of fibres
less than 5 mm long. This method uses water, which is much less viscous than glycerine
used with other hydrodynamic methods, as the carrier liquid. This leads to shorter
production time, which is the main issue with other hydrodynamic methods. [19]

The tool

The alignment happens in a device consisting of a nozzle and two plates. The first plate
orients the fibres and the other one prevents overflow. The original concept utilized plates
oriented at an angle but further development changed this arrangement to the desks being
parallel (figure 27). The desks need to be closer than the length of the fibre. This evolution of
the method also allowed the use multiple nozzles at once for higher production rates (figure
28). [19]

Fibre —
suspension jet N i /

Fibre
suspension jet

<= Tow type aligned
short fibres

(a)

A Section view A-A"

Fibre
suspension jet

I—- " 5 [ Perforated

—

——— conveyor belt
vacuum vacuum

Water suction plate with a slit
(slit width = gap width between parallel plates)

(b)

Figure 27: Schematic of HiPerDiF tooling. (a) initial design, (b) simplified design
(19, pg. 177]

50



Principle of the method
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[19] Figure 28: Use of multiple nozzles with the updated design.

(a) single nozzle, (b) two nozzles, (c) multiple nozzles [19, pg. 178]
Experiment description
In the experiment testing the HiPerDiF method, Yu et al. combined carbon fibres
(density: 1,820 g/cm?, length: 3 mm, diameter: 7 um) with a water soluble polymer and
water. The fibres made 0,008 % of the mixture and the goal was two composite materials,
one with volume fractions of 46 and the other one with 65 %. [19]

The manufacturing process started with HiPerDiF alignment. The prepregs made were
then placed in a semi-closed mould with a vacuum bag and placed into autoclave, where
they were cured at 0,69 MPa. The mould was then closed and the composite cured at
2,15 MPa and 135°C for 90 minutes. [19]
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Results & evaluation

The resulting materials had fibre volume fractions
of 41 and 55%, lower than expected. This was blamed
on excess resin and misaligned fibres. The orientation
of the fibres was much better than expected though.
65% of fibres were within 3° in the specimen with 41%
of fibre volume fraction and 67% of the fibres were
within 8° in the specimen with 55% of fibre volume
fraction. Furthermore even with relatively low
moulding pressures the fibre packing was good,
leading to high tensile modulus and strength, 115 GPa
and 1509 MPa respectively for the specimen with 55%
of fibre volume fraction. A comparison of the
properties of a composite made using the HiPerDiF
method to other aligned short fibre composites as
well as continuos carbon epoxy composite can be
seen in figure 29. [19]

It should also be noted that there are similar
methods but all of them achieved worse results in
terms of mechanical properties than HiPerDiF, which
appears to be the best method for aligning short
fibres to date. [19]

4.7. ULTRASONIC METHODS

A method using a completely different approach
to the previous ones is the ultrasonic method. The
alignment of the fibres happens as aresponse to
standing sound waves. The fibres align to the nodal
positions of the waves. [20]

There are several approaches — mode switching,
focused ultrasonic beams, linear arrays of transducers
facing areflective surface and emission of counter
propagating waves. The last one is less sensitive to
changes of the resonant frequency because of the
particle content and the position of the nodes can be
changed. [20]
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Figure 29: Comparison of (a) tensile
modulus, (b) strength and (c) strain for
HiPerDiF made specimens and exis-
ting experimental data (see legend
above) [19, pg. 184]

Similar to other wet methods, the viscosity of the liquid phase is critical (lower is better).

[20]

Experiment description

There were several experiments with ultrasonic alignment, one of which wanted to

determine the improvement of mechanical properties of a composite with its fibres aligned
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by ultrasound. In this experiment a po— —
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specimens. [20] Figure 30: Ultrasonic apparatus [20, pg. 1016]
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Results & evaluation

The fibre volume fraction was 9 % +2 %. The measurements confirmed an increase in
stiffness in the direction of alignment (8% better than transverse to the direction) and up to
43% improvement of strength even though the volume fraction of the reinforcement was so
low. [20]

The experiment was, however, done on a thin sample with just one layer. Furthermore
there are no mentions about the accuracy of alignment and possibility of increasing the low
volume fraction and the length of the fibres. It is also not clear if this method could ever be
used for a large scale manufacturing. There has been research into the effects of ultrasound
onto a single fibre but very little research has been made for a mass of fibres. Ultrasonic
methods are therefore at this point unlikely to be used commercially for aligning the fibres
in SFPC. There is, however, the possibility of using them in additive manufacturing, which
is currently being researched. [20]

4.8. ADDITIVE MANUFACTURING

3D printing is an even less conventional method that can create composite parts with
aligned fibres. Unlike other methods, many of which have first appeared as soon as in the
70s and never caught on, 8D printing is relatively young and still evolving rapidly. [20]

The best results in terms of mechanical properties were achieved using a combination of
carbon fibres and a thermoplastic. There were two similar experiments of fibre alignment in
fused deposition modelling (more accurately fused filament fabrication (chapter 3.16.)), only
differing in fibre volume fraction and therefore also the resulting mechanical properties. In
the following, the experiment with higher fibre content will be described since it resulted in
stronger material. That is, however, not a universal rule. Some experiments have shown that
a higher percentage of fibres can lower the tensile strength since higher fibre fraction
introduces more porosity. [21, 22]
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Experiment description

In the experiment ABS copolymer was used with 3,2 mm long carbon fibres. [22]

The fibres and the polymer were first compounded and extruded into preforms with 10,
20, 30 and 40 weight %. The printing itself was carried out with a nozzle (0,5 mm diameter)
heated to 205°C and the table to 85°C. Layers 0,2 mm thick were layered on each other. The
composite was deposited in a direction parallel to the loading direction. The mixture with
40 weight % kept clogging the nozzle and it would therefore be impractical for commercial
use. [22]

Testing

The printed composite was cut into dog-bone samples, on which displacement
controlled tensile tests were carried out. [22]

Results of the experiment

The specific strength and modulus have both increased in comparison to a samples
without the fibres. [22]

It was discovered, that pores formed between the beads on the samples, which happened
during printing. The pores, however, run in the main direction of the fibres and loading and
should hence have little effect on the overall strength. The experiment uncovered that
higher percentage of fibres shrunk the voids thanks to better packing of the mixture. [22]

The ends of carbon fibres, however, cause formation of voids in the beads, leading to
a performance decrease. This was blamed on the independent flow of the phases during
printing. The formation of voids in beads could be prevented by better attachment of the
fibres to the matrix either by using a more compatible combination of fibre and matrix or
by coating the fibres in a layer increasing the strength of the bond. [22]

The resulting material had fibres just 0,4 mm long, most likely due to breakage during
extrusion compounding and printing with causes similar to those highlighted in chapter 3.1.
This should, however, not completely prohibit high-performance applications, provided
the fibre aspect ratio is high enough. [22]

The fibres were aligned well, although they were slightly tilted downwards because of the
direction of the printing head. No numerical value for how well the fibres were oriented was
given. [22]

Figure 31 shows a comparison between samples made from the same preform, one using
printing and the other one using compression moulding. The compression moulded sample
performs slightly better since it has less voids. The printed sample has, however, better
aligned fibres. It can therefore be assumed that if the amount of voids was lowered, the
printed sample would outperform the compression moulded one. [22]
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Figure 31: Effect of fibre content and manufacturing process on (a) strength, (b) modulus. FDM -
fused deposition modelling [22, pg. 149]

4.9. INDUCED DISCONTINUITY PROCESSES

This group of processes is based on introducing discontinuities into unidirectional long-
fibre prepregs. This makes it debatable, whether it is a SFPC method, but for the sake of
completeness I have decided to include it. [10]

The reason why the fibres are

broken, is almost opposite to all of the | me A

other methods. While all the other processability performance

methods start with an easily formable " .

weak and cheap material, this one % é

begins with avery strong and g 2

expensive, but hard to form long fibre % &

composite prepreg, in which the fibres

get broken to improve the formability

at the cost of aslight deterioration of

prOperties, Figure 32 hlghhghts Why Short random Unaligned Highly aligned  Continuous
whiskers short fibres short fibres  aligned fibres

this makes sense as there is an optimal
and Figure 32: Performance and processability relation,

point between strength X
optimum - purple rectangle [10, pg. 164]

formability. [10]
Stretch broken carbon fibre

Fibres in the prepreg were initially broken to 100 mm length. In order to make
processing easier, this length was later decreased to 50 mm. [10]

Although this method looked very promising according to most reports and the
resulting parts exhibited exceptional strength, it is unknown how much or if it is used at all,
since it was developed for US department of defence and there seem to be no reports of
civilian use. [10]
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Perform

Rather than breaking the fibres, this method makes fibres discontinuous by drilling small
holes into the prepreg with a laser. [10]

This method has also achieved exceptional results but it is very rarely used. [10]
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5. PROPOSAL OF A NEW METHOD FOR ALIGNING SHORT FIBRES

51. ELECTRIC CURRENT METHOD

Although electric field has been used for aligning fibres, the use of electric current has
not been experimented with or even mentioned in any of the articles and books.

The idea behind the method

As electric current flows through a conductor, magnetic field is generated around it,
which can generate magnetic forces. If electric current was to flow through the matrix and
the fibres, each fibre would generate its magnetic field which would interact with the fields
of the other fibres. This interaction would exert magnetic forces on the fibres, which could
orient them in the direction of the flow of electrons.

Problems & obstacles

There are several obstacles. Firstly this method would only work with conductive
materials. That is not a major problem for fibres, as one of the most commonly used fibre
types is carbon fibre, which is highly conductive, but it is an issue for polymers. The
polymers that are used for conventional manufacturing methods are not electrically
conductive. This can be helped by the addition of electrically conductive fillers. This does,
however, lead to a decrease of strength and in some cases thermal instability.

There are conductive polymers available, such as polyacetylene, PPV, PPY, polyanilines,
PT or PPS but they are not commonly used for manufacturing of high-performance
composites, therefore there is little to no information regarding their use in such a way. The
only one, which has been mentioned in literature is polyphenylene sulfide (PPS), which is
used in additive manufacturing. [23] There is also a patent for composite with polyacetylene
matrix but I could not find any further references of this composite being used. [24]

The bigger problem is the unpredictability of the flow of the current through the part
with fibres. Since the fibres would be more conductive than the matrix, the current would
no longer flow as shown in figure 33a but rather choose the randomly dispersed fibres. This
would lead to unpredictable magnetic field interactions. Furthermore, if the viscosity of the
liquid was low enough all of the fibres would move to the middle and form one conductive
fibre, since the force acting on conductors when the current flows through them in the same
direction, moves them together. This could be influenced with the viscosity of the matrix
since the magnetic force decreases when the fibres get closer, so that at certain distance the
viscous forces would get higher than magnetic ones.

Possible advantages

If the fibres aligned themselves in the direction of the flow of electrons in a material
without fibres, it could be very beneficial to the mechanical properties of parts with complex
shapes and stress concentrators. The flow of electrons in a material without fibres is going to
be the same as the direction of stress around various shapes, ergo if the fibres got aligned in
the same direction the composite would have the fibres aligned in every place in the stress
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direction. The electric current distribution in a fibreless part was verified in ANSYS
workbench as seen in figure 34. An example with a plate with a hole can be seen in figure 33.
Figure 33a shows the stress concentration in the part, which matches the flow of the electric
current. Figure 33b shows fibres aligned by a homogenous field or by some other method
used for creating aligned fibre preforms with the hole drilled after manufacturing. Figure
33c shows the fibre distribution if electric current was used for alignment and the fibres
aligned as intended and it highlights that the fibres are aligned perfectly parallel to stress in
every point.
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Figure 33: Plate stressed in vertical axis. (a) stress in the part/flow of electric current, (b) fibres
aligned by a method with homogenous field/from aligned fibre preform (c) distribution of
fibres in a part made using electric current flow

Figure 34: Total current density in a plate with a hole displayed in ANSYS
Workbench
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5.2. ALTERNATING MAGNETIC FIELD METHOD

The idea

When a conductor is placed into changing magnetic field, voltage and eddy currents get
induced in the volume of the conductor. According to Lenz’s law the currents flow in such
directions that the field they generate opposes the field change that induced the current.
The conductor will behave like a magnet, whose magnetic moment will experience torque if
it is not aligned with the magnetic field. This phenomenon might cause alignment of
conducting non-ferromagnetic fibres in a non-conducting matrix or water.

Problems & obstacles

I was not able to determine what field change (dB/d¢) would be necessary to cause fibre
alignment in one time-interval of monotonic field increase. Alternating field or similar
periodically oscillating field may appear as a way to prolonging the aligning effect, but the
quarter-period time shift would result in alternating polarity of the torque, and hence zero
net effect.

Another unknown in this process would be the redistribution of currents in the fibres
due to the reorientation, related to the total energy of the fibre in the imposed magnetic
field. The process might also involve the fibre and matrix transport, and changes of its
fluidity. A complex physics simulation including Maxwell’s equations along with object
mechanics in a viscous fluid, fluid dynamics and, in some cases, also heat transfer would be
required. Such analysis was, unfortunately, beyond the scope of this work.

Advantages

If a functioning process scheme was found, it would be an advantage that the fibre and
matrix materials would be less restricted than in methods utilizing matrix conductivity or
fibre ferromagnetism.
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6. SUMMARY

The objectives of this thesis were to describe, analyse and summarize manufacturing
methods of SFPC, to describe and analyse the methods for improving the mechanical
properties of SFPC and to propose a new method.

Based on the review of literature, the methods were described along with the advantages
and disadvantages and at the end compared in a chart. Compression moulding is the most
universal method thanks to the wide variety of usable compounds and prepregs/preforms
with aligned short fibres. Spray-up, on the other hand, is a much cheaper and simpler
method offering unique options such as on-site manufacturing but with the downside of
a lower volume fraction, thus limiting the maximum strength. Injection moulding is a fast
and wide spread method for manufacturing polymer parts and the tools require little
changes to accommodate manufacturing of composites. Last but not least, additive
manufacturing is seeing a rapid development and has a great potential, although its use for
composite manufacturing is in its infancy.

Methods for improving properties of short fibre composites are almost as old as
composites. They have, however, seen a rise of interest in the past three decades because of
the renewed interest in composites that are cheaper than the long-fibre ones while having
only marginally worse mechanical properties. First methods to be developed were
hydrodynamic methods, which used viscous liquids. Their use complicated the
manufacturing process and made it longer. Then came pneumatic methods, which were
faster, but could not match the accuracy of fibre alignment of the hydrodynamic methods.
New progressive approaches appeared, such as electrical, magnetic and ultrasonic ones but
they all suffer from having low volume fraction, insufficient fibre orientation or the
combination of both. There was also a method to help align fibres during injection
moulding but it never caught on commercially. A new promising high-performance
method — HiPerDiF was developed in 2014. HiPerDiF is a hydrodynamic method but unlike
the other ones it uses water, which is much less viscous than liquids used with other
hydrodynamic methods. That massively boosts the speed and efficiency of the alignment
process. Furthermore HiPerDiF is designed in a way that allows high-volume production of
prepregs with vastly superior mechanical properties in comparison to all other methods.
Last but not least, additive manufacturing is also well suited for fibre alignment, but similar
to regular 8D printing of composites, the technology is still developing and is not yet
mature enough for mass commercial use.

Finally two new methods were suggested. First method would use electrically conductive
fibres and matrix and the alignment would be induced by the interaction of the magnetic
fields generated by the current flowing through the fibres. There are, however, nowadays no
conductive polymers that are commonly used for manufacturing composites. If this
method were to work as intended it would allow for fibres to be aligned around a variety of
shapes and the fibres would therefore transfer and absorb the stresses better, thus
improving the strength and modulus even further than simple unidirectional alignment.
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The second method uses an alternating magnetic field, which induces eddy currents and
an opposing magnetic field that might align the fibre, although more research regarding this
method is required.
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