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Abstract
There has been a high development of advanced composites with matrix systems of
thermoset polymers in the aerostructure industry, but these thermosets can cause
problems. Therefore, the aim of this project is to evaluate matrix systems made of
thermoplastics, which has been done by theoretical studies. Thermoplastic composites
have been developed lately because of a potential reduced costs and weight of the
aircraft. Three thermoplastic polymers were chosen to be further investigated, based on
process temperature requirements with a range of 200°C, 300°C and 400°C, from Saab
Aerostructures.
Thermoplastic composites have a higher price range because of their advanced
properties. It is difficult to reduce the price of raw materials and therefore it is considered
easier to lower the costs in manufacturing processes. The result of the chosen
thermoplastics was that Polyether-ether-ketone (PEEK) is a suitable material in
composite matrices within the range of 400°C, because of their unusual high melt
temperature and low glass transition temperature. For the temperature range of 300°C,
Polyetherimide (PEI) was considered as a suitable polymer because of excellent
properties similar to PEEK, but with a lower compressive strength. Polycarbonate (PC)
was chosen for the temperature range of 200°C because of advantages like great impact
strength and thermal stability.
Key words: Composites, thermoplastics and aerostructure industry
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Sammanfattning
Det har skett en stor utveckling av avancerade kompositer med matris system gjorda av
härdplaster inom flygplansindustrin, men dessa härdplaster kan medföra en del problem.
Syftet med det här projektet var att istället undersöka matris system gjorda av
termoplaster och detta har gjorts genom teoretiska studier. Termoplaster har på senare
tid utvecklats mer på grund av en potentiell reduktion av kostnad och vikt hos flygplanen.
Tre termoplaster blev därmed utvalda för en djupare studie baserat på tre stycken givna
framställningstemperaturintervall av Saab Aerostructures. Intervallen var 200°C, 300°C
och 400°C.
Termoplastkompositer har en högre prisklass på grund av deras avancerade
egenskaper. Det är svårt att reducera kostnader av råmaterial och därmed kan det vara
mer övervägande att dra ner på kostnader i framställningsprocesserna. Resultatet av
studien med de tre valda termoplasterna visade att Polyether-ether-ketone (PEEK)
anses vara lämplig som kompositmatris inom temperaturintervallet av 400°C. Den
valdes dels för att den har ovanligt hög smälttemperatur och även en låg
glasövergångstemperatur. Polyetherimide (PEI) valdes inom temperaturintervallet av
300°C på grund av många utmärka egenskaper som liknar PEEK, dock med en lägre
tryckhållfasthet. För intervallet av 200°C valdes Polycarbonate (PC) då den har fördelar
som stor slagstyrka och bra termisk stabilitet.
Nyckelord: Kompositer, termoplaster och flygindustri
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1. Background
A composite is different materials combined together and creating a new material with
new physical properties. An example of that is a matrix polymer together with a
reinforcement consisting of fibers. The most common polymers within the aerostructure
industry today are thermosets and thermoplastics. Each polymer has their own
advantages and disadvantages. Thermosets are more commonly used today, therefore
the aim of this report is to analyse different thermoplastic polymers that are suitable for
use as matrices in aerostructure applications made of composites.
Within the aerostructure industry composite parts have so far usually been manufactured
with thermosets, mainly epoxy. Thermoset composites have been replacing structural
parts made of other materials for quite a long time, due to their high stiffness and
strength per unit weight. Structural thermoplastic polymers, the ones that can withstand
heavier weights, have recently been used more in the industry of composites. The ones
that are not able to withstand that much weight have earlier been used in easier
applications. Thermoplastic composites have some significant advantages over
composites made of thermoset and therefore matrices in composites of thermoplastic
can become more considerable in the future as a valuable alternative in the
aerostructure industry.
Today the aerostructure industry is focusing on activities for reducing the impact on the
environment. One of those initiatives is reducing weight by exchanging the heavy
materials to composite parts made of for example thermoplastics. This in turn put a lot of
emphasis on, for example the recycling of composites, which is also an important topic
of this work. However, the selection of which thermoplastics are most suitable as
matrices is not easily done. There are a lot of requirements that must be considered in
order to satisfy the demands from aerospace industries.

1.1 Aim of the project
The purpose of this work is to identify what kind of thermoplastic polymers that are
suitable as matrices in structural parts made of composites. This report evaluates
composites used in the aerostructure components within three different temperature
areas of 200°C, 300°C and 400°C. A literature study has been made on the
manufacturing process, because the aerostructure industries have high demands on the
manufacturing processes of aerostructure applications due to the development of new
technologies. There are requirements such as less weight of the application, but also
faster production, which will reduce the costs. Saab wants to increase their knowledge in
this area and together with Saab Aerostructures, an analysis about thermoplastic
polymers as composites and their applications in the industry will be made. A demand
was also to investigate different companies that are suppliers of thermoplastic used in
composites. Three different high performance polymers will be chosen and investigated
deeper to meet the demands from Saab. Different manufacturing processes for
composites and suppliers are also being analysed together with important subjects like
costs and weight. The results will give information if the thermoplastic polymers are able
to be matrices in structural components in specific temperature areas used in the
aerostructure industry.
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1.2 Method and delimitations
The content in this report is based on information from people working at Saab but also
from several literature studies that have been made. By contacting other companies in
the aerostructure industry, knowledge about materials that they provide are found in this
report. Other information are derived from published books, lecture materials and articles
related to the subjects that are being evaluated.
There is a wide range of materials used for structural parts in aircrafts today. As
mentioned before, this project focuses on identifying different thermoplastic composite
materials. The limitations that have been made are based on the most common
materials that are available in the aerostructure industry today, there is no evaluation of
any new materials. Temperature ranges that will be taken to consideration are 200°C,
300°C and 400°C and a requirement from Saab is that all evaluated thermoplastics
should have a service temperature above 100°C, meaning that the polymer should be
able to manage that temperature without compromising its properties. There will be
information about thermoplastics and thermosets, nothing about elastomers. A study
about two known companies that are suppliers of thermoplastics, Cytec and TenCate,
are described. This report is focusing on materials in structural parts intended for civilian
aircrafts and does not refer to any specific components in the aircraft.
There is also described some background information and facts about subjects that are
mentioned later in the text, in order for the reader to get enough knowledge to
understand the results. Common defects in the manufacturing processes are mentioned,
but there are no further studies made. The level of content is fundamentally described
and adapted to someone with a basic knowledge of different materials. All the
manufacturing methods are also explained very briefly and some details have been
intentionally left out in the name of simplicity. There will be no information about Saab
and what their company are developing today.
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2. Composite materials
2.1 Construction of a polymer
A polymer is a high molecular-weight compound made of a multitude (poly) that repeats
small segments (mers). The organic compound of the polymer is primarily based on
carbon and hydrogen atoms that are bounded to each other by primary or covalent
bounds. That creates molecular chains, which are very long compared to organic acids.
When the monomers create a polymer, the making process is called polymerization. The
polymer properties are decided by what monomers it contains and the composition of the
monomers. If there is only one kind of monomers, the polymers are called
homopolymers and if they consist of more than one monomer they are called
copolymers. [1] A polymer has strong relationships between configuration and
conformation and has macroscopic properties in both liquid and solid form. [2]
The structure of a polymer can be crystalline or amorphous. A crystalline polymer has
tightly packed chains, a structure of order and it is opaque. A polymer can never be fully
crystalline because of pollutants and rest monomers, and that makes all polymers
semicrystalline. The amount of the material that is crystalline decides the crystal degree
of the material. The crystalline structure has good fatigue resistance and chemical
resistance. An amorphous structure has a disorderly structure, compared to the
crystalline structure. It is the molecules inorganic order that decide if the polymer has an
amorphous structure or not. [3]
The polymer chains disintegrate in really high temperatures, which means that the
polymers cannot exist in gas form. Amorphous polymers have only a glass transition
temperature (Tg), compared to the semicrystalline structure that has both Tg and a melt
temperature (Tm). Tg is where the amorphous polymer starts to soften. That is not the
same thing as melting, the polymer chains are strewn around but not complete
disordered. Below Tg for amorphous structures, the polymers usually become hard and
brittle like glass and in the temperature region above Tg they become soft or rubbery.
When crystalline polymers reach a specific temperature, Tm, melting occurs and the
polymer chains are loosening from their crystal structures and become a liquid. [4] It is
an advantage for a polymer to have a low Tg.
Polymers can be divided into three different groups. Which group a plastic belongs to is
decided by the structure of the polymer. The groups are named elastomers,
thermoplastics and thermosets. [3]

2.2 Construction of a composite
A composite is a material where two materials are combined together with different
physical properties. This combination of two materials with independent material
properties can create a new material with new physical properties. [5] The main purpose
with a composite is that it should have combinations of properties that cannot be found in
an isotropic material. [6] The build-up of a composite consists of reinforcement, usually
fibers, and a matrix. The matrix binds the reinforcement together so the reinforcement
can be protected from environmental effects. One of the basic mechanical properties of
a matrix is that the fibers are load-bearing because the shear occurs between the fiber
layers. The matrix also brings the composite its surface appearance, shape and overall
durability. Other properties that the matrix contributes are environmental tolerance, like
protection against high temperatures, ultra-violet light and water. The matrix can consist
of different materials such as metals, ceramics or polymers.
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The best mechanical property of the composite comes with the configuration of
continuous and aligned reinforcement. The inferior structures in composites are those
with randomly oriented reinforcements, but they are still common in both structural and
semi structural applications. There are several applications that have different
reinforcement configurations that can be mixed in the same component.
Polymer composites are often used in structural applications because of stiffness at a
lower weight, compared to metals for example, but also because of the improved
strength. Composites have excellent structural capabilities, corrosion resistance, good
toughness and damage resistance. Composites can outperform any other engineering
material in the most common areas. The biggest issues with composites are the high
raw material costs, difficult manufacturing and lack of knowledge and experience. [7]
Another concern of using composites in structural applications is its ability to absorb
energy without cracking when it is impacted, or the resistance to crack propagation if
there are small defects occurring in the structural part. For this reason, it can be a large
advantage to have a matrix system that is not as susceptible to damage in the first place
and have an ability to resist crack growth. With thermoplastic composites, there is no
chemical reaction to worry about during the manufacturing process, which reduce the
need for cold transportation and storage that complicates the logistics of using thermoset
composites. [8] There are also negative properties that make polymers not appropriate
for all kinds of applications; the material alternative needs a critical assessment and that
need to be created in performance-to-cost-ratio. [7]

2.2.1 Reinforcement
The reinforcement in composites usually consists of fibers that obtain structural loads,
which gives properties like macroscopic stiffness and strength. The most common
reinforcement are glass-, carbon- and aramid fibers, see table 1.
Table 1. Properties of the most common reinforcements. [5]
Material

ρ (density)
3
(kg/m )

σ (tensile
strength)
(MPa)

Specific
Tensile
Strength
(MPa)

E-glass
fiber
(lamina)
S-glass
fiber
(lamina)
Carbon
fiber
(lamina)
Aramid
fiber
(lamina)

2.1

1650

785

43

20

2.1

2200

1050

52

25

1.6

2100

1315

145

91

1.4

2200

1570

75

54
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Tensile
Modulus
(GPa)

Specific
Tensile
Modulus
(GPa)

The reinforcement in composites can be “short fibers”, meaning that they can be
discontinuous, or they can be “endless fibers” which leads to continuous. It can also be
aligned or randomly oriented, see figure 1. [9], [10] Fibers often comes in a form of
fabric. The structure of the fabric decides what properties the material can have. The
properties are primarily density, strength and also in what degree the material can be
impregnated. The directions of the fibers are divided into two groups, warp and weft,
where warp is along the direction of the fabrics and weft is the fabric across the fabric
direction. [5]

Figure 1. Different types of reinforcement configurations. [10]

The backbones of structural composite materials are reinforced fibers. The high strength
and stiffness of the fibers provides the mechanical characteristics of advanced
composites. [11] The fiber composites have high specific stiffness and strength, which
results in a function of low density. [5] One important criterion for fibers used in
thermoplastic structural composites is that they should be available in continuous or long
fiber form. Composite reinforcement can also be in the form of whiskers and particles,
besides from fibers. [11] To a significant degree, the reinforcement determines strength
and stiffness of the composite in addition to some other properties. Some fibers are
today manufactured in a drawing process where the liquid raw material comes from an
opening tool. The process of drawing ensures that the molecules, which are organic in
origin, are in line and parallel with the drawing direction. That translates it into
significantly higher stiffness and strength in the axial direction. It is not only the fiber type
that is of significance, the configuration or forms are equally important. [9]

2.2.2 Matrices
A composite is structured with reinforcement, as mentioned earlier, together with
something called matrix. When the matrix is uncured, it is called resin. The matrix is
impregnating the fibers and therefore the matrix must be liquid at some point to enable
that all fibers are completely wet during the impregnation. This process, the
impregnation, needs to occur over room temperature because thermoplastics are solids
in room temperature and are dissolved or melted for the impregnation phase. [12]
Thermoplastics consist of long molecular chains and the polymer can be heated and
reformed without significantly changing its characteristics. Thermoset plastics need a
curing process and consist of molecular chains that combine an infinite network. When
5

attempting to melt a thermoset resin, the plastic is destroyed. [13] When thermoplastics
get delivered from the supplier it can be obtained in a broad variety of forms as for
example powder, fiber, pellet and film. Thermosets on the other hand can be liquid in
room temperature and can obtain a low viscosity through the use of a diluent. Examples
of thermoset resins are epoxy, vinyl ester and Unsaturated Polyester (UP). [5]

2.2.3 Glass fibers
Today, glass fibers are one of the dominating reinforcements in some high performance
composite applications because of the appealing combination of low cost and good
properties. [14] The density is 2,1 kg/dm3 and it has a single fiber diameter 10-15 µm.
[13] Glass fiber contains of silica (SiO2) that is mixed with varying degrees of other
oxides. The mix is melted and extruded through minute holes in a platinum-alloy plate or
bushing, see figure 2. The glass fibers are emerging from the bushing vertically and
drawn at linear velocities. In next step, they are quenched by water spray or air to
achieve an amorphous structure. The fiber diameter is determined by the hole size,
pressure drop, cooling rate, temperature and viscosity of the melt and drawing velocity.
A protective size or coating is applied to the fibers before they are gathered together.
After that, they are chopped or wound onto forming packages. The glass is dried for 1015 hours at a temperature of 120-130°C. [15]

Figure 2. Description of steps in the glass melting process. [15]

Good properties of glass fibers are high specific tensile strength, low price, good
electrical isolation, radar transparency and excellent tolerance to higher temperatures
and corrosive environments. The disadvantages are low stiffness, abrasiveness and
moisture sensitivity. One thing that differs glass fibers from other reinforcements is the
amorphous structure, which makes them isotropic. It is most common to use glass fiber
where high stiffness is not required and also where part cost is a critical factor. In
composite applications, the most common matrix that is used is unsaturated polyester.
[14] Fiberglass is the reinforcement that is most common in reinforced plastics. It is not
commonly used in aircraft parts because of its high weight, which gives less specific
strength and stiffness compared to carbon and aramid fibers. [13]
Most common glass compositions are E and S glass. “E” denotes electrical and “S” high
strength. E glass has excellent durability and properties. It also dominates consumption.
Similar to that are S glass and that offer strength and stiffness as well as hightemperature tolerance. [14]
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2.2.4 Carbon Fibers
Of all the composite reinforcement candidates, carbon fibers have the highest specific
strength, stiffness and Young's modulus. [14] The density is 1,75 kg/dm3 with a single
diameter of 5-15 µm. [5] There is a high development process towards new carbon fiber
types with improved stiffness and strength. Carbon fibers are manufactured from rayon,
polyacrylonitrile (PAN) and petroleum pitch. When it is manufactured from rayon and
PAN, the starting point of the carbon fiber process is textile fibers. The fiber manufacture
method may be solution or melt spinning, see figure 3. [16]

Figure 3. Description of steps in the pan process. [16]

The fibers are drawn from start and thereby oxidized at temperatures below 400°C so
they can crosslink and ensure that they do not melt during subsequent processing steps.
The oxidizing and drawing can occur concurrently. In the next step, the fibers are
carbonized above 800°C in a pyrolysis process which is a heat treatment in the absence
of oxygen to remove non-carbon elements and create fibers that virtually consists of only
carbon. Graphitization, which is a graphite formation in iron and low-cast steel [17], is
carried out at a temperature over 1000°C to further eliminate impurities and exchange
crystallinity. With both carbonization and graphitization, further drawing may be used to
enhance orientation within the fibers. After the graphitization, fibers are surface treated
and the final size is formed.
There are covalent bounds that bind the carbon atoms together and secondary
dispersion bonds hold the graphene layers together. The strong covalent carbon-carbon
bonds are deciding the properties of the carbon fibers. This occurs within the graphene
layers and therefore it is mainly the degree of the orientations of these layers that
determines the properties of the fibers. The tensile strength reaches its highest point at a
maximum graphitization temperature around 1500°C for PAN and some pitch-based
fibers. The strength continues to enhance with increasing temperature for most pitchbased fibers.
High strength can normally be obtained in the same fibers and is also accompanied by
fairly low strain to failure. [14] Other benefits with carbon fibers are good fatigue
properties, low coefficient of thermal expansion (CTE), X-ray transparency [5], great
tolerance to high temperatures and also lack of moisture sensitivity. The disadvantages
are their high price, conductivity and brittleness. The conductivity of carbon can be
advantageous in some rare examples. It is generally a nuisance that carbon
reinforcement can cause galvanic corrosion of metal inserts and also loose carbon
particles that suspend in the air and can short out electrical and electronic equipment
easily. One concern with polymer matrices combined with carbon fibers is that the
7

carbon starts to oxide at a temperature of 350-450°C. Otherwise carbon fibers has
excellent environmental resistance that impaired as temperature increases. In high
performance applications, carbon fiber reinforcement dominates because of its
outstanding mechanical properties combined with low weight. [14]
Carbon fibers can be divided into different main groups. What group a carbon fiber
belongs to depends on its properties like strength and stiffness. The different types are:
High Tenacity fibers (HT-fibers) also known as High Strain fibers (HS-fibers), High
Modulus fibers (HM-fibers), Intermediate Modulus fibers (IM-fibers) and Ultra High
Modulus fibers (UHM-fibers). [5]

2.2.5 Aramid Fibers
Aramid is short for aromatic polyamides and the fibers belong to the polyamide (PA)
family. These fibers are manufactured in a process called solution spinning. The powder
of the polymer is dissolved in sulphuric acid and is extruded at a temperature of 80°C
through small holes called spinnerets. After that, they are passed into a narrow air gap.
The fibers are later quenched to solidify in a 1°C water bath and then washed off so the
acid is removed. The last step is that the fibers are washed again and dried under
tension and then wound onto spools. [14]
Aramid fibers density is 1,4 kg/dm3 and has a single diameter of 10-15 µm. [13] For
organic materials, the aromatic polyamide temperature tolerance is good because of a
high degree of crystallinity and rigid molecular structure. The advantages of aramid
fibers are very good mechanical properties, especially damage tolerance and toughness,
fairly high temperature tolerance, corrosion resistance and good electrical
characteristics. Common disadvantages with aramid fibers are that they are very hard to
cut and machine, so they need special tools and techniques during the manufacturing
process. Other disadvantages are a high price and moisture sensitivity. [14]

2.3 Thermoplastics and thermosets
What group a polymer belongs to, whether it is a thermoplastic or thermoset, is determined
by what happens to the material when it gets heated. When a thermoset has been cured,
the ability to change its form is lost, which happens because of the strength of the
molecular chains that are hard bounded to each other. [18] Thermosets have a 3D network
that is bounded together with covalent bonds and cannot melt through reheating. [19]
Thermosets has many good properties like good heat resistance, low weight, good
corrosion resistance and great sustainability regardless environment. It has a wide range
regarding form, colour and design, which make the material attractive in the manufacturing
industries. One disadvantage with this plastic is that it cannot be recycled and reformed for
use in other applications.
Thermoplastic is a polymeric material that softens when it is heated and has the ability to
harden when it is cooled down again. [20] This means that the plastic can be formable
and change its form several times. [21] The reason why the material can go from solid to
melt to solid again is because of the secondary bounds. [19] Thermoplastic is always
recyclable and reusable relative to thermosets. [21] Other differences between the two
plastic groups are shown in table 2.
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Table 2. Comparison between thermoset- and thermoplastic matrices in composites. [22]
Property

Thermosets

Cost
Temperature tolerance
Thermal expansion
Volumetric shrinkage
Stiffness
Strength
Toughness
Fatigue life
Creep
Chemical resistance
Available material data
Raw material storage time
(Self life)
Simplicity of chemistry
Viscosity
Processing temperature
Processing pressure
Processing time
Processing environment
Mold requirements
Reformability
Recyclability

+
+
+
+
+
+

Thermoplastic

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Today, thermosets dominates in structural composite applications. Thermoplastics are
used mostly when no reinforcement is included or when short fibers are incorporated.
Thermoplastics has recently received more attention when it comes to composite
applications with continuous fibers due to numbers of attractive potential advantages,
see table 2.
The choice of a polymer for use as composite matrix is not always easily done. Common
issues that are discussed are the reinforcement matrix compatibility in terms of
mechanical properties, bonding of the material, costs of processes or material, and
thermal properties among other things. The biggest issue is process ability, which means
how easy it is to manufacture in several situations. Parts of the process ability issues are
the processing temperature, viscosity, cycle time and health concerns. Having low
viscosity of the polymer can achieve a good reinforcement impregnation, meaning that
every reinforced fiber is surrounded by a matrix that has no voids present. It is much
easier to complete the impregnation with thermosets compared with thermoplastics.
Some thermosets can be crosslinked at room temperature, while other thermosets and
all the thermoplastics requires an increased processing temperature. That temperature
needs to be well controlled and must achieve several hundred degrees Celsius for some
polymers. Thermoplastics only need to be melted, shaped and later cooled to achieve
some dimensional stability. When the good properties of thermoplastics and thermosets
are evaluated, it is important to keep in mind that it is not always completely fair to
compare them. [23]
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2.3.1 Thermoplastic polymer matrices
It is common that a thermoplastic is fully polymerized when it is delivered from the
supplier, which means that all chemical reactions are complete. This means that the user
that is manufacturing a part with this polymer can focus on physical phenomena such as
heat flow and transfer. There are some exceptions; the user can choose to take care of
parts of the polymerization process starting with some low molecular weight
prepolymers. The good molecular weight of thermoplastic fluid may have a viscosity
comparable to a thermoset resin. When the reinforcement has been impregnated, the
final process with polymerization takes place and the molecular weight drastically
increases.
One main feature of amorphous thermoplastics is that they can be dissolvable in
common industrial solvents. In other words, they can be impregnated with a lowviscosity solution, which avoids the problem of high melt viscosity. In other hand, that
means that the solidified polymer and composite are not solvent resistant. For
reinforcement that is solvent impregnated, the residue solvent was not fully driven off
after it had been impregnated which is a serious concern since it impairs the quality of
the composite. A good thing with amorphous thermoplastics is their surface finish
because they do not shrink that much when they are solidified and there is no difference
in shrinking in the presence of crystalline regions.
Polymers with semicrystalline structure usually have a great solvent resistance due to
the crystalline regions. Those regions prevent dissolution of the whole molecular
structure. The high temperature and long term properties, such as creep, also improves
its performance. These benefits will not show if the crystallinity is too low and if the
crystallinity is too high the material will lose its toughness and became brittle. Although,
semicrystalline polymers usually increase in stiffness for the most part. It is common that
semicrystalline polymers have 5 to 50 volume percent of crystallinity with an optimum of
20 to 35 percent for composite applications. Semicrystalline polymers, compared to
amorphous, shrink more than once upon solidification. That means that with a high
degree of final crystallinity, the density change between melt and solid is also high. The
surface of semicrystalline thermoplastic is not as good as the surface of amorphous
thermoplastics. The solvents cannot normally be used to dissolve semicrystalline
polymers, except for some rare exceptions, so the reinforcement impregnation gets
extremely difficult. [22]

2.3.2 Thermoset polymer matrices
Today, the most common thermosets that are used as composite matrices are
unsaturated vinylesters, polyesters and epoxies. The polyesters that are unsaturated
dominate the overall market, but epoxies are preferred in high performance applications.
The unsaturated polyester is the workhorse of thermoset matrices and offers an
attractive combination of low price, uncomplicated processing and reasonably good
properties. The bad properties are poor temperature tolerance, compared to metals for
example, but additives can significantly reduce this to suit most applications. [24] The
major drawback with unsaturated polyesters is that the volatile monomer readily
evaporates during the manufacturing process, which creates an unhealthy work
environment. One way to avoid this problem is to lower the molecular weight of the
unsaturated polyester molecules in order to enable a reduction in monomer content of
the resin. The reinforcement that is used together with unsaturated polyester is glass
fiber because of the good combination of match in terms of both price and performance.
[25]
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2.3.3 Epoxy
When the mechanical and temperature characteristics of polyesters are not good
enough, a conventional thermoset family can be used, epoxies (EP). The epoxide
groups have significant high mechanical and temperature properties with excellent
chemical resistances. All epoxies have an epoxide group in common but the number of
epoxide groups per molecule vary and several epoxide groups leads to higher
functionality. In composites, epoxies adhere very well to reinforcement fibers and many
epoxy systems are intended for manufacturing impregnation. Epoxies are most
commonly used together with carbon fibers that offer the ability to affect the properties
and costs. Because of the improved properties, the price for epoxies increases and they
are therefore used in industries where the cost tolerance is the highest, for example in
military and aerospace applications. [25] One of the most important characteristics with
composite made of epoxies is the weight reduction; carbon-epoxy composites consider
20-25 weight percent lighter than similar structures designed in aluminium. [26]

2.4 Common thermoplastics today
Thermoplastic composites reinforced with fibers were initially made of solvent
impregnation together with an amorphous polymer, like polyetherimide (PEI). Later, fiber
reinforced composites were developed with semicrystalline matrix resins made of
polyether-ether-ketone (PEEK) and polyphenylene sulfide (PPS) by film/fabric stacking
or melt/powder impregnating processes. Other thermoplastic matrix systems have lately
been demonstrated with superior performance in mechanical properties and damage
tolerance, including a semicrystalline polyether-ketone-ketone (PEKK) and covering a
wide range of end-use temperature applications. Besides from good mechanical
properties, a higher glass transition temperature (Tg) has also been important in the
development of additional thermoplastic matrix systems and innovative processing
methods due to producing a variety of thermoplastic preforms and prepregs.
High performance thermoplastics have been demonstrated during the past several
years. They are a unique group of thermoplastics that are usually more expensive and
meet higher requirements compared to other thermoplastics. For example, their
deviating characteristics like temperature stability, high chemical resistance and better
mechanical properties. Due to the high price, high performance polymers are usually
used in military and aerospace industries. They are driven by new product innovation,
development and regulatory controls. [27] The matrix systems in a high performance
thermoplastic are characterized as linear polymers, including polymers such as PEKK,
PEEK and PPS. These thermoplastic polymers have relatively high Tg compared with
other resins and containing cyclic or stiff aromatic chains. A relative high processing
temperature (Tp) is required for the consolidation and fabrication of the composites due
to the high Tg. For example, the high performance polymers polyaryl-sulfone (PAS) and
polyaryletherketone-co-sulphone (HTX) have a Tg above 200°C and were recently
developed as candidates for carbon fiber reinforced composites used in advanced
military industries. Semicrystalline thermoplastic polymers, for example PEKK, PEEK
and HTX compared to amorphous polymers, like PEI, are more resistant to organic
solvents. [28]
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2.5 Manufacturing methods for thermoplastics
composites
The material data on conventional construction materials that can be found today are
based on century’s worth of compiled experiences. On the other hand, when it comes to
products made of composites the material databases are disunited and not completed.
Although, the knowledge of composite design has been a field of active research for
decades but remarkably little impact in terms of different applications. One reason is that
the performance of the products compared to their ultimately cost is extensive.
Significant research and development has been made and resulted in enlightening and
fundamental understanding but countless unsolved issues are still incomplete.
The most advances in the knowledge of composites take place in aerospace industries
where the composites are well established. Those industries offer clear advantages over
conventional materials. High performance polymer composites have also been well
developed by military because performance is more important than the cost. [29]
When thermosets are manufactured, they need no undergo a cure as mentioned before.
A typical heating cycle for aerostructure components with epoxies can range from one to
four hours, but thermoplastics are possible to melt and the process temperature can be
reached in seconds or minutes depending on the size of the component. [30]
To meet future demand, as mentioned before, the aircrafts that are manufactured today
requires new methods of manufacturing and design tools. Composite aerostructure parts
usually include thermosets and they are often manufactured by autoclave processing.
Those manufacturing methods are not compatible with the target production rates due to
the increased demands for faster manufacturing and lower cost. There is also other
important thing to take into account when constructing a composite that the correct
choice of appropriate constituents is chosen, otherwise the finished product can be
resulted in vastly inferior. [31]
Composites potentially offer many advantages but they also require much from the
designer. Manufacturing composites is more critical than conventional construction
materials since the component and material usually are processed simultaneously. It
requires knowledge of all the materials in the component and how it should be
manufactured compared to a monotonous material component. Other things to consider
when manufacturing a composite, besides from technical properties, are the economic
and environmental impact. All aspects of manufacturability are very dependent on the
technique of manufacturing, what kinds of materials are used and under what conditions
they are manufactured. [29]

2.5.1 Common manufacturing processes
Depending on the materials, design and application of the composite, there are several
methods for fabricating composite components. Typical for the most methods are that
the fabrication process involves some form of mold tool due to the requirements of
shaping the unformed resin or fibers. Processes and techniques that are described in
this report are shown in table 3. Differences between manufacturing thermoplastics
versus thermosets are also described below.
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Table 3. Manufacturing processes that are defined below.
Prepreg
Autoclave
Open molding
Closed molding
Cure

Hand lay-up
Spray lay-up
Resin transfer molding
Compression molding
Pultrusion

Prepreg
Today's modern aircraft structures are accordingly built of thin layers of pre-impregnated
fibers stacked to laminates. Those kinds of materials are also known as prepreg
materials and are currently the most common materials used for composite aircraft parts.
Both thermoplastics and thermosets are used as resin in prepregs. The word prepreg is
short for pre-impregnated, refers to the carbon fibers or other kind of fibers that already
are pre-impregnated in previous manufacturing step. The fibers in the thin layers are
usually Uni-directional (UD) carbon fibers matrix or woven fabric pre-impregnated with a
polymer resin. Both woven fabrics and UD matrices are used in the manufacturing
industry of aircraft structures. Due to the opportunities for automation and costs, UD
prepreg materials are often chosen. The fibre volume content of UD prepreg materials
use for commercial aircraft is in the range of 55 – 57 volume percent. The amount of
resin in modern prepreg materials is particular and lightly cross linked in order to stay in
the fibre matrix or fabric during the whole process. Both fibre volume content and
laminate thickness are well controlled in the composite to prevent bleed out of resin from
the laminate.
There are two different methods of manufacturing the prepreg materials; either by melt
impregnation or solvent impregnating. The melt impregnation is common in the
manufacture of most modern prepreg UD matrices and fabric prepregs could use both
types of impregnating. In melt impregnating, a thin film of resin is applied to the fibers.
Under heat and pressure from rollers, the film is then impregnated into the matrix or
fabric. The matrix or fabric will achieve different degrees of impregnating depending on
the temperature, pressure and speed of the impregnating. The degree of impregnating
varies, UD prepreg materials can contain a tiny core of dry fibers while the fabrics are
almost fully impregnated. Those dry fibers in UD prepreg materials are often referred to
as “Engineered Vacuum Channels” (EVaCs). During the cure process of composite parts
with UD prepreg, the dry fibers can be used as air evacuation channels. During solvent
impregnation, the fibers are impregnated in a bath of resin where the viscosity is reduced
when the polymer is dissolved in a solvent. In next step, the solvent is evaporated when
the impregnated reinforcement goes through a drying oven. [32]
The layup of prepregs is often performed by hand and there are varying degrees of
automation. The prepreg must first be cut, either by hand or by automated processes for
longer series and the plies are then placed onto a mold. The sticky plies are then tacked
together to ensure that no air is entrapped. This process is repeated depending on how
many plies are desired and are usually called hand lay-up. In aerospace industry, the
layup is performed in rooms where the environments are strictly controlled. It is also
common with computer-controlled machinery, where the layup is automated, in
industries producing high cost components like aerostructures. That is sometimes called
Automated tape lay (ATL) and can be adapted for both thermoplastics and thermoset
prepregs. Advanced Fibre Placement (AFP) is another automation method for prepregs.
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Both these technologies have computer controlled (CNC) machinery and robotic head
providing the UD prepreg material. [33] However, automated layup machines have
limitations depending on the complexibility of the mold. The prepreg must later be
consolidated by using a vacuum bag that is carefully sealed at the edges. In order to
consolidate and properly crosslink the composite, an autoclave can be used. The
vacuum inside the bag and pressure outside the bag ensure that the prepreg stack
conforms to the mold. [34]
When manufacture composites with thermoplastic, sometimes the processing
temperature are so high that standard bags, usually made of nylon, cannot be used but
there are vacuum bags made of thermoplastics that can withstand temperatures up to
426°C. Autoclave consolidation is also commonly used and prepreg layup followed by
autoclave consolidation has proven to be a possible technique for producing
aerostructure parts. That technique is still not widespread for commercial use. [35]
Using thermoplastics in prepregs instead of thermosets have some advantages.
Thermoset prepregs must be refrigerated in a freezer and has a usable shelf life of 6
months. Thermoplastic prepregs do not need to be refrigerated which resulting in less
energy costs, production control as well as less equipment costs. [30]
Autoclave
This process includes a pressure chamber, an autoclave, to accelerate the cure for
components made of high performance composites. An autoclave manages high heat
and consolidation pressure, which are some of the claims high-performance thermosets
parts require during cure. [36] The autoclave achieves proper temperatures and
pressure required for a properly crosslinking. [34] Processes involving autoclaves usually
cure simultaneously a number of parts and the internal pressure is controlled by injection
of pressurised gas. However, the use of an autoclave could result in high costs and
limited size and due to that, new processes have been prompted where the resins can
be cured with heat only in an oven. That will lead to less expensive operation costs in
comparison to an autoclave, particularly with larger component parts. [36]
VBO (vacuum bag only) is a technique where the prepregs are cured outside the
autoclave with the help from vacuum. Vacuum inside the bag at the same time as
pressure outside the bag ensure that the prepreg stack on the mold remains compacted
during the whole crosslinking process. The vacuum compact the prepreg stacks and the
increased temperature allows the resin to flow to eliminate voids. In the end of the
process, the pressure and temperature are lowered and the component is demoulded.
[34] When the autoclave energy requirements for curing are considered, there is a
possibility for an energy reduction if thermoplastics are used instead of thermosets.
Placement of the reinforcement can be performed with automated tape placement, as
mentioned earlier, for both carbon reinforced thermosets and thermoplastics. However,
the consolidation of thermoplastics makes it possible to eliminate the whole autoclave
step. The consolidation energy requirements for automated tape placement is far less
than for thermosets. [30]
Open molding
Open molding is another manufacturing method. It allows a faster development cycle
due to the simple and less expensive tooling fabrication process. Two of the most
frequent fabrication methods for composites made of thermosets are hand lay-up and
spray lay-up. These lay-up methods can easily be defined as different techniques for
placement of fibers, not placement of prepregs. The first process, hand lay-up, is used
when producing larger products of low volume, such as concrete and random forms. It is
the simplest and most multilateral of all composite processes. To obtain a high-quality
surface, the mold is usually sprayed with a gel-pigmented coat. The gel coat resin is
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made of a material with good environmental resistance. When the coat has cured,
woven and/or glass-reinforcing matrices are placed on the coat and a catalysed resin is
sprayed, poured or brushed on. By manual rolling, the surface in next step compacts the
composite, removes entrapped air and wets the reinforcement carefully with the resin,
see figure 4. For increased thickness, additional layers of woven or matrices are added.
The resin system cures in contact with an accelerator or catalyst, which hardens the
composite. The process does not need any external heat. A disadvantage of hand layup
is the labor intensity but this process is least expensive due to a low amount of
equipment and low cost tooling. Spray lay-up, the second process, is similar to the first
one. It offers faster production, greater shape complexity and is ideal for producing larger
components in low to moderate quantities and the process may also be automated.
Catalysed resin and chopped fibre reinforcement are deposited by a spray gun. See
figure 5. Spray lay-up utilizes room temperature curing resin and low-cost open molds.
The mold is then manually rolled with the same intention as in the hand lay-up. [37], [38]

Figure 4. Hand lay-up. The resin (yellow) is brushed on the surface. [39]

Figure 5. Spray lay-up. The resin and reinforcement (yellow)
are sprayed on the surface. [39]
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Closed molding
There are several processes that are included in closed molding and they are usually
automated. Common for all closed molding processes are that the resin and
reinforcement are cured inside a two-sided mold or within a vacuum bag.
Resin transfer molding (RTM) is one manufacturing process also known as liquid
molding which is a closed molding technique. RTM is the most common liquid molding
technique for manufacturing thermosets in structural composites. [40] A dry
reinforcement, a preform, is placed into a two-parted mold usually made of composite
material or metal and the mold is then closed. Under low to moderate pressure, a
catalyst and resin are pumped into the mold through injection ports. See figure 6. The
viscosity of the resin is extremely low in thick component parts to impregnate the preform
evenly before cure. The mold together with resin can be heated and RTM produces parts
without the use of an autoclave. Components that must withstand high temperature
usually undergoes post cure. The use of a two-part epoxy formulation is common in RTM
applications, usually mixed before the injection. [36] There are modest requirements on
the mold because of low pressure and temperatures are encountered, which is one of
the major advantages with RTM. It is also difficult to increase the toughness without
negative effects of the resins. Therefore, when producing short series, stiffened
composite molds for prototypes are commonly used. [40] The process is also able to
produce near-net shape components with dimensionally accurate complex details and all
exposed surfaces have a smooth finish. RTM have the possibility to be a repeatable
manufacturing process for a greater efficiency. However, one disadvantage with RTM is
that the technique often gives a crash rate of 15 percent in medium-sized series. This is
quite unknown to many and several companies cannot implement this for longer periods
of time. [41], [42]

Figure 6. Resin transfer molding. Resin (yellow) are
injected through openings above. [39]

Compression molding is also a closed molding process, suitable for reinforced polymers
made on a rapid cycle time. There are several types of processes within compression
molding, two of them are thick molding compound (TMC) and wetlay-up compression
molding. The process can be automated and the tooling consists of moulds in metal,
usually cast metal or steel, that are mounted in a mechanical or hydraulic molding press.
The molds are heated and reinforced polymers are placed inside and the molds are
closed. See figure 7. Pressure is applied and the material undergoes a cure process,
which usually have a short cycle time from seconds to minutes. In next step, the mold is
opened and the composite part is removed. [43]
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Figure 7. Compression molding. The molds are closing with
reinforced polymers (yellow) inside. [39]

Pultrusion is another closed molding process that compared to other manufacturing
methods is the most cost-effective method for producing large scales of composites. It is
a continuous and fast-growing manufacturing technique where the products are used in
a wide variety of fields. Continuous reinforcement is impregnated with a resin and then
consolidated into a solid component. The reinforcement is in fiberform and packed in
creels where it is later pulled and gradually brought together into an open resin bath for
impregnation, see figure 8. There are different methods of impregnation besides from
open bath, for example injection impregnation where the reinforcement is entering a
heated die with constant cross-section, the mass initiates crosslinking and emerges from
the die as a hot solid. In next step, the solid enter a cool-off section where it cools off
enough before reaching a pulling mechanism followed by a saw where the composite
are cut in desired lengths. Pultrusion can produce composites in any length with flexible
cross-sections. The reinforcement must be continuous, usually in form of rovings or rolls
of fabric. Glass-reinforced unsaturated polyesters are the dominating resin due to easily
manufacturing but also its attractive performance-to-cost ratio. [44]

Figure 8. Pultrusion process. The reinforcement (green) are packed in creels
and later impregnated with resin (yellow). [39]
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Cure
Beside from what materials the process contains, the cure of a composite is one of the
most important steps in the process of manufacturing when using thermoset polymers.
Thermoplastic polymers can be melted and do not need a curing step. There are several
processes to cure a thermoset composite. The most basic method is curing at room
temperature. By applying heat and pressure, the cure can be accelerated. Before the
layup is exposed to heat, a vacuum bag with breather assemblies is placed and attached
to the tool. A vacuum pump is then used for consolidating the layup and reducing voids
when the matrix progresses through chemical curing stages. The main purpose of the
cure assembly is removing air from the laminate before the cure and even out the
pressure over the surface to ensure that no internal over pressure is achieved. The most
components used in the aerostructure industry are commonly cured in an autoclave. [45]
Differences between manufacturing thermoplastics and thermosets
Thermoplastic liquid molding is quite similar to thermoset. RTM is still an unusual
method to use for thermoplastics but compressive molding is a well-known process,
usually for long fiber thermoplastics. There are differences between the use of
thermoplastics and thermosets, like a higher compression ratio and injection pressure for
thermoplastics. The cycle time, which is almost the whole hardening time, is also shorter
with thermoplastics because of no chemical reactions needs to take place, and therefore
better suited for long series. [40] Thermosets are widely used in pultrusion processes,
but when it comes to thermoplastic the technical feasibility of thermoplastic pultrusion
has nevertheless been established by a few organisations but is still under research and
development. A difference when using thermoplastics is a preheating step before the
material enters the die, it is required in order to melt the thermoplastic due to higher melt
temperatures. The raw material is usually in prepreg form. [46]

2.5.2 Other processes and defects
Some of the most common manufacturing processes within the aerostructure industry
are mentioned above, but there is still some processes that are considered interesting
and those are described below. Short studies about common defects in manufacturing
processes are also written in this chapter.
Commongling process
Any kind of resin can be made to work if there is a possibility to process the
thermoplastic resin into a fiber. That type of manufacturing is called commingling
process, the diameter of the fiber in the matrix is matched to the reinforcing fibers that
assure a good distribution between both fibers. The blend of filaments produces yarn
that can be woven or braided into fabrics. These fabrics can later be molded and used
in other processes. The commingling process results in flexibility where the forms are
much easier to braid and weave which reducing some costs in that process step. [28]
[47] Advantages by using thermoplastics in commingling are that no solvent emissions
will happen during processing, there is welded joints that are better than adhesive
bonds, the fibers enchance the ability to produce complex forms and a faster cycle time
due to no curing step. [48]
Electron-beam and UV-curing
For thin laminates, material in multiple layers, a process involving electron-beam (Ebeam) has been developed as an efficient curing method. A stream of electrons is
exposed to the layup and providing ionizing radiation, causing crosslinking and
polymerization in radiation-sensitive resins. Besides from the use of an E-beam,
ultraviolet (UV) curing is also an occurring alternative. UV radiation activates a photo
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initiator added to the thermoset resin and then sets off a crosslinking reaction. However,
UV curing is only working when the reinforcement is of glass fibers, not carbon fibers.
[36]
Defects in the manufacturing processes
In most cases, components that are manufactured to be used in aircraft applications are
inspected by non-destructive testing processes. However, unwanted defects in the
material are still a problem. [49] One common defect that occurs during multi-stack
forming is fibre wrinkling, especially on surfaces and geometries that are double curved.
This is a problem because these wrinkles consider causing serious reduced strength and
are therefore restricted in applications used in aircrafts. [50] Other defects in the
structure parts caused by the manufacturing processes and the material are porosity,
resin rich areas, unwanted overlaps, gaps between adjacent prepreg layers and
insufficient curing. [49]

2.6 Weight and costs
Today there is a requirement of increased automation in the aerostructure industry in order
to meet demands for reduced weight but also reduced costs and cycle time in the
manufacturing processes. In commercial aircrafts, the potential weight saving is highly
valuated. If there is a possibility to reduce weight and fuel consumption, the range or
payload of the aircraft could instead increase. [51]
The weight of structural components in the aircraft industry is a critical property.
Reducing the weight of an aircraft by using composites can result in many advantages,
the most important one is less fuel emissions that could lead to a more fuel-efficient
transport system. The use of composites in aerostructures have increased lately from a
few percentage up to 50 weight percent of total materials used, which can be seen in the
787 Dreamliner manufactured by Boeing, one of the world’s largest aerospace
companies. [52], [53] It is difficult to balance reduced weight with today's technology and
increased performance. For example, while components within the automotive industry
intend to reduce weight, there is an expectation of all new technologies and more
electronic gadgets so the potential net weight loss at the end will not be as large as
expected. [54]
Aerospace and military applications have the extreme desire to obtain high performance
and therefore include the most expensive raw materials. [55] In civilian aircraft
applications, the composite components are not only chosen according to the cost but
also to safety reasons which are considerably more cautious. [51] By replacing heavier
material in the aircraft, such as metals, with composite materials that have similar
properties will not only approve the weight but also the maintenance costs to avoid
corrosion that occurs in metals. [55] The price of thermoplastic composites are high and
will probably stay high as long as commercial sales volume stays low, since composites
are often used in low volume applications. Polyimide prepregs of thermoplastic polymers
such as Avimid, Eymyd and Cypac are among the most expensive ones, they are almost
3 to 4 times more expensive compared to prepregs made of thermosets. However, there
are some thermoplastic polymers, for example PPS, PES and PEEK, where the prices
are comparable to some thermoset composites. [56] PEEK is still a relatively expensive
thermoplastic and it is more expensive in prepreg from than most epoxies, but the
manufacturing cost for a PEEK composite is far less than the manufacturing of an
expoxy. The net costs for conventional composites with carbon fibers and epoxy are
higher than composites with carbon fibers and PEEK. [30]
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One important thing, of a longer perspective, is to reduce the manufacturing costs. [51]
During a long time, composite parts for aircraft have been manufactured using hand layup. As a result of increased number of composite parts, level of integration and their
large scale the hand lay-up is both costly and difficult. [37] By using composites in
aerostructure applications, the manufacturing cost can decrease the production cost due
to the ability of parts integration. [55] As mentioned earlier, thermoplastics can be
reformed after heated and therefore are the rework and repair procedures less
expensive. [30] One way to reduce costs in production is using thermoplastic composites
instead of thermosets. Thermoplastic composites are more suitable for automated
productions that could lead to a faster production and thereby a reduced cost. [56] If it is
possible to use thermoplastics in rapid fabrication processes, the facilities cost, capital
equipment, floor space and environmental control requirements will decrease. [30]
For aerostructure components, prepreg technology seems to be relevant even in the
future due to lack of reliable technologies. [50] The fibers could either be in prepreg form
or in tows, which are narrow tapes of impregnated fibers. The costs for thermoplasticsand thermosets tows are evaluated in table 4. [56] Figure 9 shows the cost contribution
of some processes that are mentioned above, including the costs of tooling, material and
labor. [57] In figure 10, a relative comparison of costs of carbon based composites are
provided. The first staple, the conventional, shows the process and material cost of a
thermoset, in this case epoxy. The other staples show different thermoplastics and their
costs in material and processing. [30] The conventional staple is at 100 percent and is
the one to compare the others with.
Table 4. Relative costs of thermosets versus thermoplastics. [56]
PROCESS
Thermoset
tow
Thermoplastic
tow:
- ex powder
- ex
commingling
- ex melt
- ex solvent

RESIN
COSTS
X

THROUGHPUT
RATES
X

PREPREG
INVEST.
X

ADDED
COSTS
X

1.5X
2.5X

0.5X
4X

2X
1.5X

2.5X
3X

X
X

0.5X
X

2.5X
2.0X

2X
1.8X
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Costs

Per unit cost at unit 100
685
64
204

213
185
136

261

326

Tooling cost/unit

102
83

73
64

Material cost/unit
Total labor cost/
unit

Manufacturing processes
Figure 9. The bar diagram shows different costs of four manufacturing processes. [57]

Figure 10. Processing- and material costs of different materials. [30]
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3. Environment
Due to organic materials that are involved with manufacturing with polymer composites,
a health and safety concern comes up. General concerns about health and safety exits
in all industrial environments.

3.1 External work environment
One advantage with both thermoplastics and thermosets is their durability. Unfortunately,
that is not positive in an environmental aspect. When they are durable, they degrade
slowly and if the plastics are burning they can sometimes release toxic flames. However,
the use of thermoplastics and thermosets have resulted in advantages that effect the
environment, like the ability to reduce weight in automotive applications and thereby
decreased fuel and carbon dioxide emissions.
Thermoplastics are a material that can be recycled, and the new material can be used in
more applications than it has before. [58] The final parts of composites usually offer little
in the form of reuse and recyclability. Composites including thermoplastics can be
pelletised and converted to other forms suitable for extrusion processes and injection
molding. They have also an ability to be reworked since they can be reformed after
heating. Components that cannot be repaired are recycled for use in other composites
and blends. [30] Other plastics, like thermosets, can be energy recycled where the
energy is used for heating or production of electricity. Components that are unable to be
reworked for use, usually thermosets eventually ends up in the scrap heap.
The recycling parts of plastic have lately been an important aspect and there is several
ways to recycle a thermoplastic, like chemical recycling where the polymer chains are
broken down into smaller units by heat or chemical and the units can later be used as
chemical raw materials. Mechanical recycling is also a common process where the plastic
parts are sorted and minced but the structure is unchanged. Mechanical recycling is either
‘’closed-loop recycling’’ where the original properties are unchanged or ‘’downgrading’’
which results in degraded properties. Closed-loop recycling is a common process for
thermoplastics.
Some thermoplastics and thermosets contain additives that give the plastic desired
properties like softness, flexibility and stretch ability. Since the plasticisers only are additive
added, they are not chemically bounded to the material and therefore it is a possibility that
they can leak from the plastic. When plastics burns and when they are manufactured, they
can contribute to emissions like carbon-, sulfur-, nitrogen- and methane dioxide. The
emissions of sulfur- and nitrogen oxides results in acidification which has a major impact on
the environment. [59]

3.2 Internal work environment
Two main health concerns associated with composite manufacturing are exposure to
toxic substances and airborne particulates. Exposure can be in the form of absorption,
inhalation, ingestion and injection. Ingestion and injection are the most common and
dangerous exposure routes. Inhalation of toxic substances irritates the mucous
membranes of the airways and can lead to central nervous system depression (CNS)
that affects the breathing and brain activity. Eye and skin absorption of toxic substances
can irritate the tissue and lead to dermatitis. Both absorption and inhalation can lead to
sensitization.
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The most effective engineering control is ventilation. That should strive to extract
contaminants so close as possible to the generating source. For ventilation system to
achieve proper function it needs to be professionally designed, maintained and installed.
Clothing, hand and eye protection is always required to reduce exposure hazards.
Protection of respiratory should only been seen as a temporary solution until engineering
and administrative controls can be implemented to eliminate the need for such
protection. Under normal processing conditions thermoplastic resin is not toxic.
Unsaturated polyesters and vinyl ester are the main health concerns due to the styrene.
That is because styrene has low acute toxicity and excellent warning properties, and
also low chronic toxicity that are the main hazard inhalation. Like mention before, epoxy
has higher toxicity with their lower molecular weight. With epoxy the most potential
health hazard is absorption of the hardness that often are highly toxic. Reinforcement
types, compared to the contrast of matrices, are not toxic and can at worst cause
temporary irritation. These irritations can make the skin more susceptible to absorption
of organic substances. Molding compounds and prepregs effectively eliminate most
concerns of inhalation of toxic substances and absorption.
The largest concerns with open-mold techniques and in process impregnation are
efficient ventilation, elimination of bare skin and uses of suitable gloves are effective that
means of significantly reducing exposure hazards. As long as appropriate, gloves are
worn the health concerns for prepreg layup into open molds are practically eliminated.
Using conventional cutting techniques dust from the machining of composites can be
considerable nuisance both in inhalation and direct contact. In machining operations, it is
common that the workpiece is heated and organic matter thermally decomposed.
Products of decomposition are potentially toxic and therefore are ventilation necessary.
It is important that most off what have been written above concerns adverse health
effects based on studies on laboratory animals of exposure that are extreme, and also
on experience from occupationally exposed workers like those who works generally 40
hours a week, year after year. Therefore, it is appropriate to have safety procedures and
equipment so composites can be manufactured and machined without creating
significant health and safety issues to the operator. It is of high weight to understand the
potential hazards and enforcement of fully accomplished safety routines. [60]

3.3 Environmental aspects about thermoplastics
An advantage with thermoplastics matrices compared to thermoset is that no active
chemistry is involved in composite manufacturing. The matrix-specific danger that is
normal processing of thermoplastics is associated with high temperature of
manufacturing equipment and melts. If a thermoplastic is incorrect heated to a
temperature in excess of the indented temperature it can decompose into airborne and
potentially toxic substances and inhalation hazard can develop. Thermoplastic, except
for PPS, decompose into kind of harmless substances that at worst can give temporary
irritant to eyes and respiratory tract. All polymers contain additives that potentially can
decompose into toxic substances. Therefore, it is necessary for local ventilation where
the thermoplastics are produced.
The nature of thermosets makes them unpleasant to work with from a health view,
because of chemical reactions involving volatile and potentially toxic substances that are
needed for the crosslinking process of the polymer. In direct contrast, the molecular
structure of thermoplastics makes them chemically inert if they are processed correctly.
That means that no risk substances need to be considered. [61]
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3.4 Environmental aspects about epoxies
Epoxy has a different type of toxicities because of many resin types and crosslinking
possibilities that can occur. With some exceptions, epoxy systems are generally not
particular toxic through inhalation. One of the most dangers while working with epoxies is
from direct contact with resin constituents, which can lead to dermatitis and sensitization.
The toxicity of epoxy decreases if the molecular weight increases, that means that low
molecular weight epoxies are often highly toxic. Epoxy vapor or dust that is heated up to
a temperature in excess of 300°C can produce skin damage that can be permanent. [61]

3.5 Reach regulations
European Union entered a regulation year 2007 called REACH, which stands for
Registration, Evaluation, Authorisation and Restriction of Chemicals. Those regulations
protect the human health and environment from risks caused by chemicals in industrial
processes and in products such as cleaning products, clothes and electrical
components. Manufactures, for example in the composite industries, have
responsibilities under REACH depending on what chemicals are used in the processes.
[62]
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4. Companies
This chapter describes two large material suppliers of thermoplastics that operate within
the aerostructure industry. There are several companies that provide thermoplastic for
use in aerostructure applications, but this report focused on Cytec and TenCate.

4.1 Cytec
Cytec Industries Incorporated was founded in the early 1900s in U.S.A and was then
called American Cyanamid Company. In December 2015, a Belgian chemical company
named Solvay purchased Cytec Industries. Today, Cytec is now part of Solvay Group, a
multi-national company that manufactures components made of polymers, chemicals
and additives for a wide range of industries. Solvay provides adhesive materials and
advanced composites for extreme-demand environments that must withstand external
conditions such as high temperature changes, extensive contraction and expansion of
the material, flammability and smoke.
Cytec is a leading supplier when it comes to composite materials for the commercial and
military aerospace industries. For the aerospace industry, Cytec are providing
components from 3 different main areas; adhesives and surfacing films, carbon fiber and
prepregs and resin systems. The composites are made of prepreg and resin systems
with lower manufacturing costs and possibility of design freedom in the process. Cytec
manufactures composite carbon, glass and fiber reinforced materials used for structural
components. All components are fabricated with recycled fiber and organic resins. The
different prepregs and resin systems are Thermoplastic Prepregs, Thermoset Prepregs,
Preform and Resin infusion systems. Thermoset prepregs includes materials as epoxy,
bismaleimide (BMI), phenolic, polyimide and cyanate ester technologies.
Cytec provides a huge variety of tape and fabric formats such as low, medium and high
temperature molding and deformable rapid forming systems (DForm). Besides from
prepreg processes, the company manufacture and supply processes such as hand layup, filament winding, resin infusion and compression molding. They also provide
solutions for autoclave and oven/vacuum bag prepreg molding. Cytec are specialised in
pre-configures process material kits. Those tailor-made material consumable kits reduce
the customer cost for the manufacturing process by more than 50 percent. The
consumable materials can be purchased in three levels of kit depending on the intended
application. [63]

4.2 TenCate
TenCate started in the 17th century and has its roots in Almelo and Nijverdal,
Netherlands. Today, they still have their headquarters located in Netherlands. TenCate
is a recognized industry leader among advanced thermoplastic composite materials. The
thermoplastics that TenCate are providing are used in composites intended for aircraft
interiors and structural applications in commercial aircrafts. The plastic is also used in a
variety for industrial applications, ranging from oil and gas to automotive. [64], [65]
TenCate values the thermoplastic composites for their process robustness, fire
retardancy, impact resistance, solvent resistant and moisture resistance. They also value
the ability to be recycled or reformed and have a wide database and history regarding
aerostructural thermoplastic composites. [66] TenCate have knowledge about
composites because it has been a highly appreciated material due to their lightweight,
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unique performance attributes and competitive cost. Carbon fiber prepregs offer
lightweight and also high stiffness in several applications. Glass fiber prepregs deliver
performance with cost reduction and improved strength over injection molded plastics.
[67]
The thermoplastic composites that TenCate are manufacturing have their fiber reinforced
with a range of different resins and combinations to support a variety to high
performance aerospace applications. The primary resin systems offered include PPS,
PEKK, PEEK and PEI. The thermoplastic composites that TenCate produces can be
delivered in forms like laminate, prepreg and semi preg. Polymers that are well suited for
primary and secondary structural applications are PPS, PEEK and PEKK and they offer
excellent toughness and chemical resistance. The definitions of primary- and secondary
structures are the ability to manage loads of an aircraft. Primary structures can withstand
all critical loads and in case of damage, the whole aircraft will fail. Secondary structural
applications are elements of an aircraft that are able to carry inertial loads and air, no
major impacts. [68] The most common applications that TenCate use thermoplastic
composites for are flight control surfaces, wing leading edges, access doors and panels,
flooring, fuselage clips and brackets, seating and cargo containment systems. [66]
Today, TenCate are working on a version of PEEK with a lower Tm and with a Tg that is
almost identical to the one of the standard PEEK. It is a challenge for numbers of users
that require a temperature of 400°C to forming PEEK. Appropriate heating devices are
needed which in most cases are not available. The customers of TenCate want a
material that benefits from the characteristics and performance of PEEK. Therefore,
TenCate want to offer the customers PEEK composites with a lower processing
temperature. When it comes to interior parts, the key requirement according to TenCate,
is the heat release and FST, which stands for flame, smoke and toxicity. Both PEI and
PPS meet these requirements. Like mention before, PEI is an amorphous polymer and
therefore has a lower chemical resistance compared to PPS, which has a semicrystalline
structure. The temperature areas that TenCate is focusing on are basically as high as
possible. PEEK and PEKK are the materials they are evaluating in these high
temperature areas.
According to TenCate, their main competitors are Toray, Toho Tenax and Solvay. There
are also a number of other companies that provides thermoplastics in the same
industries, like Victrec, Evonik, BASF and Barrday. Many years ago, TenCate qualified
both PEI and PPS with glass and carbon fabric reinforcement for the companies Airbus
and Boeing, and they are the only source supplier for these materials. TenCate
thermoplastic composites are used for a large number of parts, for example
thermoplastic clips on the Airbus aircraft model A350 and wing leading edge on A380.
[69]
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5. Aerostructure materials
Today, there are different kinds of materials that are used when an airplane is
constructed. Both composites and metals are used. The most common metals for
structural parts are Aluminium and Titanium. In table 5, some material data of Aluminium
and Titanium are described. Common applications within the aerostructure industry are
also written in this chapter.
Table 5. Material data for Aluminium and Titanium. [70]
Material

ρ (density)
3
(kg/m )

σ (tensile
strength)
(MPa)

Tensile
Modulus
(GPa)

500

Specific
Tensile
Strength
(MPa)
185

75

Specific
Tensile
Modulus
(GPa)
28

Aluminum

2,7

Titanium

4,7

1100

235

115
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5.1 Metals
Two of the most used metals in aircrafts are Aluminium and Titanium. Aluminium has a
low density of 2,699 g/cm3 and a melting temperature at 660,37°C. The pure metal is a
little soft and plastic formable in both cold and hot condition. Aluminium is often used as
an alloy. [71] The metal has many good properties, low weight comparing to other
metals, high strength, non-corrosive, leads electricity and heaths and is easy to form.
[72] The good properties of aluminium are the reason why it is commonly used in the
aircraft industry. [73] Titanium is a light, strong and simple made metal with great
corrosion resistance. Titanium is as strong as steel but with a 45 percent lower weight. It
has a melting point at 880°C. Titanium can be used as an alloy and has also a very good
resistance to salt water. It also has a significant high tensile strength, see table 6. [70]
It is not only the metals the aircraft industry wants to exchange, it is also the thermosets.
Of total amount of materials today, airplanes can exist up to 50 percent of thermosets
and as mention before. The customers within the aerostructure industries have high
demands. One demand is the environment advantages, the industry need a material that
can be recycled. [71]

5.2 Applications
The main reason for using composites for transportation applications is because of the
high specific stiffness and strength. Composites also entail a manufacturing process of a
lighter product. As an effect of the lower weight, the fuel consumption can reduce and
emissions can decrease. [29] It has shown that an extra kilogram in an airliner requires
130 litres of fuel per year. The money that would go to fuel could instead go to increase
range or payload. For civilian aircraft applications, composites are very common. There
is and has always been a big challenge with introducing new types of composites in the
aircrafts. Airbus Industries, which is one of the worlds largest manufacture of aircrafts,
had their metal rudder widebody jets on the models A300 and A310 replaced by a
carbon reinforced epoxy sandwich with honeycomb core. This was year 1983 and the
result of the change was a decrease of 22 weight percent. 17000 parts was reduced to
4800 parts.
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Some common applications for composites in aircrafts are control surfaces, parts of wing
skins, entire vertical and horizontal stabilizers, leading edges, fairings, thrust reversers,
engine nacelles, propellers, radomes, access doors, landing gear doors and large parts
of cabin interior and cargo compartments. Boeing wants to increase the amount of
composites for every new model they make. In civilian aircrafts, one of the most
advanced composite structure are the all-composite empennages, which are entire
horizontal and vertical stabilizers including control surfaces. This exists in every Boeing
model since the year 1987. [74]
Example of requirements that must be considered based on demands from aerostructure
industries when selecting a thermoplastic material for use as a matrix in composites are:
[75]
●
●
●
●

Thermoplastic components exposed to temperatures such as 180°C must have a
Tg above 210°C.
400°C is a limit for processing temperatures.
For enough compression resistance of the matrix, the elastic modulus should be
about 3 GPa, which is common for semicrystalline materials. Semicrystalline
materials are also preferred due to their have good solvent resistance.
The level of crystallinity should be up to 30 percent in order to meet elongation
and toughness needs.

Airbus was one of the first commercial aircraft manufactures, and they made extensive
use of composites in their aircraft model A310, which was introduced in 1987. The
weight of the composite components was about 10 percent of the whole weight. The
next plane that was introduced was the Airbus A320. That plane was the first commercial
aircraft to use an all-composite tail that includes the vertical stabilizer, tail cone, and
horizontal stabilizer. The Airbus A380 was produced year 2006 and had about 25
percent of its weight made of composites, see figure 11.

Figure 11. Components made of fiber reinforced composites in Airbus A380. [76]
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Boeing 777 was first introduced in 1995. About 10 percent of the structural weight is
made of carbon fiber-reinforced epoxy, 50 percent is aluminium alloys, see figure 12.
[77] Boeings model 787 Dreamliner is one of the latest airplanes that are produced. In
that plane, as much as 50 percent of all material are advanced composites, see figure
13. [76]

Figure 12. Components made of fiber reinforced composites in Boeing 777. [77]

Figure 13. Amount of materials in the Boeing 787 Dreamliner. [76]
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5.3 Technology readiness level
Technology readiness level (TRL) is a measurement system that determines a specific
maturity level of a particular technical project. TRL was originally conceived at NASA in
1974 with the purpose to assess the maturity of a technology into a system. There are
nine different levels of readiness technology, classified from 1 to 9. The assignments to
the parameters for each technology level are based on the progress of the project from
the idea (level 1) to the full deployment of the product (level 9).
Topic definition for each level: [78]
1. Basic principles observed and reported = Research and behaviours of systems and
architectures are developed from scientific to applied research. Mathematic formulations
and algorithms tools are produced for simulation.
2. Technology concept or application formulated = Research is applied. Scientific
principles and theory define the concept in specific application areas. To simulate and
analyse the application, analytical tools are developed. Descriptions of characteristics
are made. Little to no experimental proof of concept for the project.
3. Experimental proof of concept = Active research and design are applied. A proof-ofconcept model is assembled. Laboratory and analytical studies are required. This level
evaluate if the technology is practicable and ready to proceed to further levels.
4. Technology validated in laboratory = Multiple components are tested with one
another. Detached prototyping and integration of technology elements.
5. Technology validated in relevant environment = Continuation of level 4. Basic
technologies integrated with reasonably realistic elements. The technology must
undergo more testing and simulations that are close to realistic as possible.
6. Technology demonstrated in relevant environment = Engineering feasibility are fully
demonstrated in actual system application. The technology has a complete functional
representation model or prototype. Limited documentation is done.
7. System prototyping demonstration in operational environment = Demonstration of
system in operational environment. Most functions are available for testing. Requires
that the prototypes are displayed in space environment.
8. System completed and qualified = the development of system has ended. The
technology has been approved and qualified for implementation in existing technology
systems. The system is “flight qualified”. Most documentation completed. All functionally
is tested in operational and simulated scenarios.
9. Actual system proven in operational environment = Fully integrated with operational
hardware or software systems. The technology is completed and has been “flight
proven” during a profitable mission, ground or space. All documentation is done. The
operational experience is successful.
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TRL level
7-9
TRL level
4-6
TRL level
1-3
Figure 14. Three different TRL intervals. [79]

In this report, the TRL scale was divided into three intervals in order to categorize the
evaluated materials to the right levels, see figure 14. The most well established materials
in the aerostructure industry have a TRL level in the intervall of 7 – 9. They are
demonstrated in space enviroments and have the right properties that are required in
aircrafts. Common thermoplastic polymers within this interval are PEEK, PEKK, PEI and
PPS. As mentioned earlier, all these polymers are used in structural aircraft parts today
and they are all able to be exposed to high critical enviroments.
Polymers that are advanced into a TRL level 4 – 6 are used in some components in the
aircrafts. Polymers in this intervall can be used in parts that not require high performance
properties, they are verified in relevant enviroments such as interior components which
are not exposed to high temperatures and external forces. Some examples of
thermoplastics that are considered to belong to this interval are PC and ABS. However,
continued research and development about these material are needed to make sure that
the materials in these levels have the possibility to withstand all external factors that
occurs in aircrafts.
Materials within the interval of TRL level of 1 – 3 are not fully established in the
aerostructure industry. No tests have been conducted to determine the ability of the
polymers to meet the required demands for materials used in airplanes. Polymers in this
interval may be selected for use in commercial aircrafts in the future, but testing is
needed to verify that they have the right performance to perform adequately in high
critical enviroments. [79]
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6. Evaluated polymers
This report has selected some thermoplastics with properties that are evaluated below.
Some properties are described in table 6. These thermoplastics are common in the
aerostructure industry and also used in many everyday applications. Some of them are
considered to be high performance thermoplastics, as explained earlier, and others are
engineering thermoplastics, which are polymers that exhibit higher performance than
commodity polymers but are not driven by new product development and regulatory
controls like high performance thermoplastics. [27], [80]
Table 6. Different properties of each thermoplastic that have been evaluated. [28], [81], [82],
[83], [84], [85]
POLYMER

Tg
(°C)

Tm
(°C)

Tp
(°C)

ρ
(density)
3
(kg/m )

Compression
strength
(MPa)

1300

1290

102

1300

1390

PEEK

143

343

PEKK

156

338

PP

165 175
NONE

>185

31 - 42

900

-

PEI

-20 -5
215

315

105

1270

824

PAS

215

NONE

330

-

1400

897

PA 6

50 70
153

225

70 - 84

1100

-

NONE

225 290
>121

60 - 70

1200

446

PLA

55

180

-

1250

-

HTX

205

386

85 110
420

80

-
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PPS

85

285

84

1360

635

ABS

105

NONE

300 355
246

27 - 48

13 - 55

ULTEM

186

280 310

120 150

1000 1400
1340

PC

360 400
370

σ
(tensile
strength)
(MPa)
86

-

90

PEEK
Polyarylethe-retherketone (PEEK) is a high performance thermoplastic for use in
advanced composites. PEEK is a part of the polyketone (PEK) family. It is a
semicrystalline thermoplastic with an unusual high melt temperature compared to other
thermoplastics; it is also one of the highest performance thermoplastics known today.
[86] PEEK have limiting oxygen index, low smoke density, excellent flame resistance,
mechanical strength and a low heat release rate, approved by a new FAA regulation in
the USA concerning civil aircrafts. [28] PEEK material can be exposed to high
temperatures and can be used continuously up to 250°C. It can withstand high water
pressure for a long time without serious degradation. [87] In the aerospace industry,
PEEK materials are ideal for the environments the material are exposed for such as low
temperatures and atmospheric particles but also for protection of electrical and hydraulic
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cables used in the airplanes. [88] PEEK is usually reinforced with carbon or glass fibers
when used in high-performance composite applications. The addition of carbon fibers
provides a much higher thermal conductivity, enhances the stiffness and compressive
strength and also lowers its expansion rate. In combination with glass fibers, PEEK
significantly reduces the expansion rate. It is ideal for components that require higher
stiffness, strength or stability when exposed to temperatures like 150°C. [87], [89]
PEEK can be available in different forms depending on required application and
manufacturing method, for example powder, film, tape, granules and pellets reinforced
with fibers. [90] Known suppliers are the companies Victrex and Craftech. [91], [92]
PEKK
Polyether-ketone-ketone (PEKK) is a semicrystalline thermoplastic with extremely high
melting point, good structural performance, high toughness, damage tolerance and
possess a high price. [89] PEKK belongs to the polyketone (PEK) family together with
PEEK. In 1960s, PEKK was invented as a part of the Apollo space program. Composites
involving PEKK have high heat resistance and can withstand flame, toxicity and smoke.
The polymer has good chemical resistance to a wide range of fluids and high mechanical
loads. Due to the semicrystalline nature of the polymer, PEKK can be used in
applications exposed for temperatures up to 204°C. [93] Most common manufacturing
methods for composites involving PEKK are autoclave and press moulding but PEKK is
also compatible with additive manufacturing, 3D printing. It can also be extruded or
injected into molds to produce films or tubes. PEKK is also suitable as resin in matrices
used in composites. In aerospace industry, PEKK is common in structural parts as a
replacement for aluminium and is often reinforced with glass or carbon fibers when used
in high-performance composite applications. [89] There has been a demand by the need
for lighter materials and PEKK combined together with carbon fibers can offer highperformance applications with just half the weight. [94] Companies that provide PEKK in
different forms are Arkema and Cytec. [95], [96]
PP
Polypropylene (PP) is a thermoplastic that have a semicrystalline structure and despite
that, it is relativity easy to mould. The impact strength and tensile modulus are similar to
those of HDPE. Other properties are good chemical resistance at higher temperatures
and higher rigidity and hardness. [97] PE is known to have the ability to withstand steam
sterilization. PP is the cheapest and chemically least complex polymer used in
composite parts. It is usually reinforced with glass fibers in composite applications and
has in the recent years become the most common thermoplastic matrix material. [98]
One dominant manufacturing process is injection moulding, it is relativity easy to mould
despite its semicrystalline nature. In fiber form, PP is used in applications like continuous
filaments and tape. [99]
PEI
Polyetherimide (PEI) is a part of the polyimide family and is an amorphous thermoplastic
with related characteristics to PEEK [89] It offers excellent chemical resistant, low smoke
generation and outstanding creep behaviour. PEI also exhibits superior strength and
mechanical performance and is often used in demanding applications where high
temperature in combination with very high mechanical strength is required [100] In
aerospace industry, PEI can replace materials in structural applications such as metals
and other high-performance materials. One usual manufacturing method where PEI is
used is compressive molding. [101] Other thermoplastics that are part of the polyimide
family with similar properties are polyimide (PI) and polyamide-imide (PAI). [102] One
known company that supply PEI in several forms is Sabic. [103]
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ULTEM 9085
Another version of PEI is ULTEM 9085. [104] It is a high performance engineered
thermoplastic material that is used with the FDM method. The plastic can be used today
in automotive, aerospace and military applications because of its FST rating, which
mean it is satisfies flame, toxicity and smoke standards. It also has high strength-toweight ratio. The material expands the use of 3D printing into applications that can
demand good chemical and thermal resistance. Advanced applications include
manufacturing tools, functional prototypes and high production parts. ULTEM 9085 is
suited for high-quality parts that must withstand strict aerospace industry requirements.
[105] One company that provides ULTEM 9085 is Stratasys. [106]
PAS
Polyaryl-sulfone (PAS) is a high-performance thermoplastic polymer with an amorphous
structure with good tolerance to high temperatures and with a high melt viscosity. PAS is
a part of the polysulfone (PSU) family. Since the amorphous structure of the polymer,
PAS is resistant to many but not all chemical solvents. In the aerospace industry, PAS in
composite applications are often reinforced with glass or carbon fibers. Besides from
PAS, the polysulfone family contains polyether-sulfone (PES) and polyaryl-sulfone (PAS)
all with resembling characteristics. [89]
PA
One of the most known semicrystalline thermoplastic families is the polyamides (PA),
where the repeating units in the polymer chain are held together by amide links. PA is an
engineering polymer with several grades, like PA6, PA6.6, PA6.10 and PA 12. The
difference between them is repeating carbon atoms in their chains. [98] PA have the
ability to be used in applications exposed to moderately increased temperatures which
improving its usefulness as a matrix material. Depending on the type of the PA polymers,
they have very good mechanical properties and good fatigue strength. Products
produced in PA are usually made by extrusion or casting processes. Composite
applications including PA are normally reinforced with fibers, such as glass or carbon
fibers, depending on desirable mechanical properties of the application. [107], [108] A
known supplier of PA is the company Ensinger. [109]
PC
Polycarbonate (PC) is a common transparent thermoplastic that belongs to the polyester
(PE) family. It is one of the fastest growing engineering plastics with properties like good
thermal stability and great toughness. PC is an amorphous polymer and therefore
displaying very good mechanical properties. It offers very high modulus of elasticity and
impact strength. PC also has a high heat deflection temperature, low coefficient of
thermal expansion and good electrical insulation properties which makes PC a prime
material for electrical components. [110] There are different grades of PC depending on
required application and the material is variable in different forms like film, sheets and
pellets. PC has also been used as a 3D printing material. [111] Resins of PC are typical
found in compression molding. [112] Due to an excellent compatibility with a range of
polymers, PC is well used in blends. [113] In aerostructure industry, PC is often
reinforced with glass fibers to increase the compressive and tensile strength used in
aircraft interior applications such as wall mirrors, window dust covers, class dividers and
decorative- and seating fixtures. [114], [90] PC is also suitable together with aramid and
carbon fibers. [115] TenCate is one known company that provide PC in different forms.
[116]
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PLA
Polyactic-acid (PLA) is one of the most well-used polymer for everyday products and
applications. Unlike other thermoplastics, PLA is a biodegradable thermoplastic derived
from renewable resources but with similar characteristics to PE, PS and PP. Additive
manufacturing often uses PLA as a 3D printable filament due to a low glass transition
temperature. PLA constricts when it is exposed to heat and is thereby usable as a shrink
material but not suitable for high temperature applications. The most important benefit of
PLA is that it naturally degrades in the nature. [117]
HTX
Polyaryletherketone-co-sulphone (HTX) belongs to the thermoplastic PAEK family, same
as PEEK and PEKK. A company called Imperial Chemical Industries (ICI) synthesised a
PAEK material in order to increase the temperature resistance without enhance the
processing temperature. It is related to the degree of crystallinity of the polymer. They
called this material HTX-PAEKS, based on copolymers which are polymers derived from
different monomers. HTX-PAEKS exhibits extremely high Tg and Tm. Besides from
thermal behaviour, HTX-PAEKS include high stiffness, strength and excellent resistance
to chemicals and wear. [118], [75]
PPS
Polyphenylene sulphide (PPS) is an engineering thermoplastic used in a wide variety of
applications. PPS is a part of the polyarylene-sulfide family. [89] It has outstanding
chemical, heat and flame resistance combined with good electrical insulation properties.
Due to that, PPS has found use in electrical components in place of some thermosets or
metals and have the ability to withstand up to 250C. [119] PPS have also high tensile
strength and flexural modulus. PPS combined with glass or carbon fibers improve the
heat distortion and rigidity. Common applications for PPS in the automotive industry are
ignition plates, carburettor parts and flow control valves for heating systems. [102] There
are several companies that provide PPS, for example Solvay, Sabic and Toray. [120],
[121], [122]
ABS
Acrylonitrile butadiene styrene (ABS) is one of the most well-used and multilateral
engineering thermoplastics. ABS is opaque with a diverse combination of properties. The
polymer has good flexural strength, tensile, impact and fine resistance to chemicals.
ABS is most used for prototypes, patterns, tools and end-use parts. It is good to use
ABS for structural applications when impact resistance, stiffness and strength are
required. The material is a low cost engineering plastic and it is easy to machine,
fabricate and easy to paint and bond. [123] ABS resins can be used for molding parts
that require outstanding surface finishing and close dimensions. The polymer can be
processed at different temperatures depending on required properties. ABS has many
positive properties but there are also some negatives, like a deterioration of appearance
when ABS is exposed to Ultra Violet (UV) rays and the effect on humidity during the
manufacturing process. [124] ABS is the most widely used material for Fused Deposition
Modeling (FDM) machines, which are 3D printing technologies. [125] FDM is when a
polymer filament is melted and then deposited in successive layers to build a 3D model.
The model is according to a computer- aided design (CAD) file. [126] The company
Stratasys is one supplier of ABS. [106]
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7. Result and discussion
The aim of this project was to investigate thermoplastics in three different temperature
areas, one polymer for each temperature. Several properties were compered to each other
based on demands that need to be considered for materials used in the aerostructure
industry. See values in tables 7-9.
Table 7. Thermoplastic polymers within the range of 400°C.
POLYMER
Considered temperature
area (°C)
Tg (°C)
Tm (°C)
Tp (°C)
σ (tensile strength)
(MPa)
3
ρ (density) (kg/m )
Compression strength
(MPa)

PEEK
400

PEKK
400

HTX
400

143
343
360 - 400
86

156
338
370
102

205
386
420
80

1300
1290

1300
1390

1130

Table 8. Thermoplastic polymers within the range of 300°C.
POLYMER
Considered temperature
area (°C)
Tg (°C)
Tm (°C)
Tp (°C)
σ (tensile strength) (MPa)
3
ρ (density) (kg/m )
Compression strength
(MPa)

PEI
300

PAS
300

PA6
300

PPS
300

215
NONE
315
105
1270
824

215
NONE
330
1400
897

50 - 70
225
225 - 290
70 - 84
1100
-

85
285
300 - 355
84
1360
635

Table 9. Thermoplastic polymers within the range of 200°C.
POLYMER
Considered temperature
area (°C)
Tg (°C)
Tm (°C)
Tp (°C)
σ (tensile strength)
(MPa)
3
ρ (density) (kg/m )
Compression strength
(MPa)

PP
200

PC
200

PA6
200

ABS
200

-20 - -5
165 -175
>185
31 - 42

153
NONE
>121
60 - 70

50 - 70
225
225 - 290
70 - 84

105
NONE
246
27 - 48

900

1200

1100

-

446

-

1000 1400
13 - 55

When the choice was made, many important characteristics were analysed. As mention
before, some of the demands from the aerostructure industries are low weight and faster
production that can reduce the costs. Materials in aerostructure components should also
be able to manage high mechanical weight combined with high temperatures. These
were the focus areas that were taken into account when the three materials were
chosen.
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7.1 Choice of polymers
The choices were that one suitable material for the temperature range of 400°C is
PEEK. For 300°C was PEI chosen as an appropriate material. The last material, PC,
was considered as a reasonable material in the temperature range of 200°C. See table
10 for beneficial properties of the three chosen materials. Why these polymers were
chosen is motivated below.
Table 10. Properties of the chosen materials PEEK, PEI and PC.
PROPERTIES
Focus area (°C)
Tg (°C)
Tm (°C)
Tp (°C)
Structure
σ (tensile
strength) (MPa)
3
ρ (density) (kg/m )
Compression
strength (MPa)
Reinforcement
Example of forms
Example of
applications

Example of
composite
manufacturing
processes

TRL Level
(interval)

PEEK
400
143
343
360 - 400
Semicrystalline
86

PEI
300
215
NONE
315
Amorphous
105

PC
200
153
NONE
225
Amorphous
60 - 70

1300
1290

1270
824

1200
446

Carbon- and glass
fibers

Glass fibers

Powder, reinforced
pellets, film, tape,
3D materials
Cabin ceilings,
sidewalks, cargo
compartment
panels, cable
covers

Powder, 3D
materials

Compression
molding

Carbon-,
aramid- and
glass fibers
Film, sheets,
pellets, 3D
materials
Aircraft interiors
like wall mirrors,
seating- and
decorative
fixtures, window
dust covers
Compression
molding

7-9

4-6

Aircraft interiors
and secondary
aircraft structures

Fiber placement,
rapid
lamination/forming,
autoclave and
continuous
compression
molding
7-9

7.2 PEEK, 400°C
In the temperature range of 400°C, both PEEK, PEKK and HTX was considered as
options. The reason why PEEK is a suitable matrix polymer for the process temperature
range of 400°C is because of their unusual high melt temperature and surprisingly low
glass transition temperature. PEEK can be exposed to high temperatures and can be
continuously used up to 250°C. It has good properties such as very good flame
resistance, mechanical strength and can withstand high water pressure without seriously
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degradation. PEEK can be reinforced with carbon- and glass fiber, which leads to higher
thermal conductivity, higher stiffness, stability and a much higher compressive strength.
Therefore, PEEK reinforced with fibers makes an excellent composite. The thermoplastic
composite is also suitable for environments like low and high temperatures and
atmospheric particles, which is common in the aerostructure industry. Another
advantage is that PEEK can be used as protection of electrical and hydraulic
components, which is also well used in aircrafts. The reason why PEKK was not chosen
is because it has a higher Tg. However, PEKK could still have been an alternative
because of its higher melting point and good properties, such as structural performance,
high toughness, damage tolerance and high heat resistance. Why PEEK was chosen
before PEKK was because of PEEK has a higher process temperature, which was one
of the main focus in this report. HTX was also an alternative, but it has a significant high
Tg and a low tensile strength compared to the others. Another reason why HTX was not
chosen was because it is not a well-established material on the market yet.

7.3 PEI, 300°C
In comparison with PEEK, PEI is a more appropriate polymer for the process
temperature range of 300°C. It has been chosen as a suitable matrix material because
of PEI is one of the most well used high performance plastics today. It has also related
characteristics to PEEK, but with an amorphous structure instead of and a
semicrystalline structure. Due to the amorphous structure of PEI, it have superior
strength and mechanical properties. PEI has high compressive strength, but not as high
as PEEK. PEI has the highest tensile strength of all three chosen thermoplastics. It also
has good properties such as outstanding creep behaviour, chemical resistance, fast
cycle time in production and high strength-to-weight ratio. PAS was considered as an
option in the beginning for this temperature range because of its high Tg and good
compressions strength. However, with further studies and information, PEI exhibits
better properties such as a lower density and therefore was PAS not chosen. PPS and
PA6 were also under consideration of choice in this range because both have a low Tg.
PPS was not chosen because of low compression strength. PA6 has a low density,
which is good, but were not chosen due to its low Tm. PEI can be used as composite
material together with reinforcement of glass fibers. It is often used in demanding
applications where high temperature in combination with very high mechanical strength
is required and therefore it is common and suitable in aerostructure components. It
satisfies flame, toxicity and smoke standards, which makes it ideal for both interior
applications and secondary aircraft structures.
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7.4 PC, 200°C
For the lower temperature range of 200°C, the polymer PC has been chosen as an
appropriate matrix material. In this temperature area were PC, PP, ABS and PA6
compered. PP has a significant low Tg and a low density but with a low tensile strength.
ABS has also a really low tensile strength. Another disadvantage with ABS is a very low
compression strength and a higher density than the others, therefore was ABS not
chosen as a proper material. PA6 was considered in both this temperature range and in
300°C, as mentioned above. It was either not chosen for this area because it has a
significantly higher process temperature or no data on compressive strength was found.
The main reason PC was chosen over the others was because of the structure. PC has
like PEI an amorphous structure and therefore it has good mechanical properties, but
with a compressive strength half of PEI. It has also good thermal stability, great impact
strength, and it can be combined with glass-, aramid- and carbon fibers. It is transparent
and therefore easy to colour and along with an excellent compatibility with other
polymers, allows it to be used in a wide range of applications. In a point of view of the
aerostructure industry, PC composites are frequently used as interior material because
of its low process temperature. In aircrafts, it is also a common material used for
electrical components because of its good electrical insulation, in comparison with PP,
ABS and PA6.

7.5 Advantages and disadvantages
Temperature tolerance is one important aspect that limits the use of thermoplastic
composites today. Thermoplastics are only able to manage some temperature areas and
difficult to reach higher process temperatures over 400°C, which is a disadvantage.
Another disadvantage, compared to thermosets, is the experience and knowledge about
thermoplastics. It has been done much more research about thermosets that have result
in an inferior knowledge. Some thermosets have advantages over thermoplastic, such as
better thermal expansion, stiffness, strength, viscosity, temperature- and pressure
processing. Even though thermoset has many good properties, thermoplastic can still
able to compete with them in the future. Thermoplastics have better toughness, chemical
resistance, recyclability, reformability, time- and environment processing. Another good
property are energy savings for the materials, refrigeration is not required for storing
thermoplastic prepreg materials. The largest disadvantage is still the high costs of raw
materials. The companies that will use thermoplastic composites must be prepared to
pay more in order to receive high performance materials.
All three thermoplastics can be manufactured in a variety of forms, which is positive for
the companies that will use them. They can also be manufactured with different kind of
methods. All three polymers can be used as material in additive manufacturing, like 3D
printing. For example, PEI has an alternative form, called Ultem 9085, which are
produced by 3D printing and used in aircrafts today. To use materials that are produced
with 3D printing is very good in a future perspective because the production will be more
operative. That will create new preconditions and opportunities for the companies within
the aerostructure industry.
Some materials where not chosen for further evaluation in this report, but that does not
mean that they cannot be used in the aerostructure industry. More research about them
could perhaps lead to further use in some applications. Today, the leading manufactures
for commercial aerostructures require materials with less weight, which results in a
growing interest for an increased level of automation in production. By using composites
in aircrafts, the weight can be reduced and that can result in many advantages, such as
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fuel consumption and instead increase the range or payload of the aircraft. By replacing
material in the aircraft will not only approve the weight but also the maintenance costs to
avoid corrosion that occurs in metals. High performance thermoplastics come to a high
price due to their advanced properties. Today, thermoset composites also come in a
higher price range but are still not as high as thermoplastic composites. Aerostructure
applications have the extreme desire to obtain high performance and therefore include
the most expensive raw materials. It is difficult to reduce the cost of these raw materials,
and therefore it is more important to reduce the manufacturing costs in a longer
perspective. If the weight can be reduced, the carbon dioxide emissions will decrease
and that is an important factor from an environmental perspective in the aircraft industry.
As mention before, it exist some advantages by choosing thermoplastic instead of
thermosets in structural applications. Thermosets that are commonly used today in the
aerostructure industry are difficult to produce because of their crosslinked structure.
They are neither recyclable for such as recycling, and therefore they cause a problem for
the environment. The customer to the aircraft industry has a demand that requires that
the materials can be good in the future for the environment. Advanced thermoplastic
prepreg composite materials stand out with regard to their ability to allow complex
designs with high specific strength and stiffness. This makes them an excellent choice
for lightweight automotive components to reduce mass and increase fuel efficiency.
While maintaining the functionality of traditional thermosetting prepreg, mechanical
characteristics, shorter production cycle time and recyclability makes thermoplastic
suitable for a mass production manufacturing.
Another aspect of the environmental effects, one advantage with these three
thermoplastic composites is that they can be recycled, compared to thermosets
composites that are used today. Thermoplastic composites are not completely safe for
the health; there are still concerns about health and safety in the industrial environment.
The administrative control needs to enforce sensible and safe workplaces as well as
limiting each individual’s exposure through for example worker rotation. When
manufacturing thermoplastic composites, it is important that the environment manage all
the demands for safe production.
If thermoplastic composites will be replacing thermosets in the future, a big question
comes up about the ability for the developing countries to produce them safely. The
materials are chemically inert if they are processed correctly and therefore it is important
that all the manufactures have the right knowledge to produce them. Thermoplastic
composites are today better for the environment than the thermoset composites, but to
manage to replace the thermoset composites to thermoplastic composites, money is
required. It is not obvious that all the developing countries have the money for the right
equipment in order to contribute to a safe environment. Therefore, replacing composites
can be a safety issue.
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8. Conclusions
For development of thermoplastic composites today, the knowledge needs to increase in
order for the material to get a permanent place in the aerostructure industry. If the
manufacturing process could get a higher productivity, the costs will reduce, which would
lead to a brighter future for thermoplastic composites.
Some of the thermoplastic are high performance materials with excellent properties and
with the ability to combine that with low price could lead to a wider use. The use of other
materials should decrease in order to the possibility of thermoplastic to grow. PEEK, PEI
and PC are three materials that have a high potential for use as matrices in composites
materials in aerostructure applications. PEEK and PEI have a TRL level in the interval of
7 – 9, which means that they already are well established in the aerostructure industry
and are considered good materials for use in structural components. PC belongs to a
lower level of TRL, in the interval of level 4 – 6, and is still under development in order to
increase in the TRL scale but is deliberated to be a good material for use in
aerostructure components.
Good properties that all these three thermoplastics provide in the three temperature
areas are:
•
•
•
•
•
•
•

Suitable material in aerostructure parts
Compatible with 3D manufacturing
Available in different forms
Capable of replacing metals
High mechanical strength
Great thermal conductivity
Fast cycle time

The most unique advantages for each thermoplastic in the evaluated temperature
ranges are:
Peek 400 °C
• High melt temperature
• Able to withstand high temperatures
• Can be combined with different kind of fibers
• High compressive strength
• Low glass transition temperature
PEI 300°C
• Good chemical resistant
• Great creep behaviour
• High tensile strength
• High flame resistant
• Toxicity resistant
PC 200°C
• Great thermal stability
• High toughness
• Good electrical insulation
• Can be combined with different kind of fibers
• Great impact strength
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It is important that a wide knowledge about these materials include in which temperature
range that they are most suitable in. Today different temperatures have a big impact in
the aerostructure industry, and therefore they are an important aspect to take to
consideration when choosing a material for desired applications. Another important
aspect to take into account is the safety issue, and due to the good properties of
thermoplastic composites they contribute to an increased safety.
These three materials are only a selection of all available thermoplastics that can be
found today. It exist more suitable materials for applications in the aerostructure industry
today, but they need to be identified and further evaluated to ensure that they have the
right qualifications that are required for use within the aircraft.

8.1 Recommendation and future work
The most thermoplastic composites used in the aerospace industry are under
development. Composites made of thermosets dominate today because much more
research and testing have been done. Therefore, further investigations need to be
accomplished for thermoplastic composites, so the material can be widely used in the
future.
This report involves basic information about polymers and needs more detailed data
about PEEK, PEI and PC before they can be applied to a specific component in the
iarcraft. Further investigation and testing on the materials is recommended. Based on
literature facts, the materials can manage different temperatures, but they need to be
tested in relevant environments. It is not just the temperatures that are recommended to
be tested, there should also be implementation on the different properties.
Earlier in this report, defects in the manufacturing processes were mentioned. Further
work can be done in this area. There is a lot of research on solutions to avoid defects
during the manufacturing processes that could lead to an increased efficiency in the
production.
Another recommendation is further focus on different manufacturing processes including
these materials. There has to be research about other suitable processes that would
manufacture the material faster or cheaper. Also, a further look into other companies
besides TenCate and Caitec are recommended to learn more about how other
companies are developing thermoplastic composites. For example, developers like
Toray, Toho Tenax and Solvay, which today are competitors in the thermoplastic
composites industry.
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