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Abstract 

State-of-the-art aircraft engine manufactures aim to reduce their 

environmental impact steadily. Thereby they attempt to increase engine 

efficiency, use new renewable fuel sources and most importantly aim to 

reduce component weight. While Titanium, Aluminum and continuous 

fiber reinforced thermosetting composites and superalloys prevail in the 

current material selection, the present work desires to raise awareness for 

a novel group of materials; short carbon fiber reinforced thermoplastic 

composites (SCFRTPs). In this kind of composite short fibers give 

dimensional stability and strength while the thermoplastic matrix ensures 

the physical properties, even at temperatures up to 300°C.  

Even though in some applications these materials offer great potential to 

save weight and cost, it is not clear if their properties suffice to be used in 

demanding areas of the aero engine and if they are still able provide cost 

and weight reductions there.  

The present work therefore investigated potential aero-engine components 

that could be replaced by SCFRTPs. With literature, manufacturer data and 

material and process modelling approaches, it is shown that SCFRTPs 

mechanical and physical properties suffice for the selected component. 

Further it is shown that cost reductions up to 77% and weight savings up 

to 67% compared to the Ti-6Al-4V baseline component are possible. 
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1 Introduction 

1.1 Background 

Composite materials with a thermosetting (cross-linked) matrix are commonly used 

materials in structural components in aerospace applications such as airframes and jet 

engines. As GKN Aerospace provided the world’s first all-composite fan containment 

case for the new Boeing 787 aircraft, the company demonstrated that composites take 

the lead, even in the most demanding parts of an aircraft [1]. However, like in other 

industries, GKN Aerospace aims steadily for more process and cost-efficient 

components that need to be lighter without compromising the function and overall 

performance. GKN Aerospace strives to find such solutions still in the family of 

polymers, however this time in composites with thermoplastic matrices. 

Thermoplastics are polymers that do not form a cross-linked network (like thermosets) 

and are therefore principally recyclable and sometimes easier, hence less expensive to 

process and manufacture. Furthermore, thermoplastic polymers offer improved fracture 

toughness, strain-to-failure as well as hygrothermal and chemical resistance, and have 

a higher design flexibility than thermosetting polymers [2]. Of course commodity 

thermoplastics known from packaging and our daily life cannot be used for jet engines 

due to their low mechanical and thermal properties. But special high-performance 

thermoplastics such as PEEK, PEKK, PEI and PAI that exhibit high service 

temperatures and high mechanical properties, could comprise the matrix of those 

thermoplastic composites and lead the way to even lighter and thus fuel-efficient 

engines[3]. Thereby some aerospace industrial pioneers like GKN FOKKER show that 

by replacing baseline solutions with thermoplastics weight reduction, reduced 

installation time and in some cases can even higher mechanical properties be achieved 

[4].  

1.2 Research Questions 

The purpose of this work is to evaluate the potential of using high performance short 

carbon-fiber-reinforced thermoplastic composites in non-primary load-bearing 

components in aero-engines. In particular, the main research questions of this thesis 

are:  

1. Do thermoplastics fulfill the mechanical and physical requirements in order to 

be used in aero-engine components? 

2. What aero-engine components that currently GKN supplies to OEMs can be 

replaced by a thermoplastic solution? 

3. What cost, and weight savings can be achieved by thermoplastic solutions? 

4. Does thermoplastic solutions fulfill the component requirements and how does 

it need to be adjusted?  

1.3 Problems /Aim 

Thermoset matrices are the most commonly polymeric matrices used in aero-engine 

components. The main reason therefore are the polymers’ cross-linked polymer chains 

which provides thermal resistance at increased temperatures (below Tg). For 

thermoplastic matrices however temperature means a decrease of properties since the 

molecular chains are just entangled and start to move with higher temperature present. 

Furthermore, elevated temperature induce creep, a hard to predict change in properties 

over time which imposes a significant threat that needs thorough investigation [5]. 
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Another problem, however also encountered with thermosetting polymers, is the 

processing and manufacturing. Especially high-performance polymers, which have 

high or even no melt temperature (Tm), are hard to process and for some polymers only 

one particular manufacturing process is possible. Therefore further investigation is 

required in order to assess whether the use of thermoplastics is reasonable and feasible 

compared to the current solution. Hence a careful process and manufacturing evaluation 

depending on the identified engine part is required. Another problem is the design and 

the performance of polymers, since design guidelines and performance differ from 

metallic components. Hence the component needs to be evaluated, first in performance, 

then in design and recommendations or changes need to be made.  

1.4 Limitations 

The limitations or the present work were the following: 

- Time 

- Data availability for Materials and Processes 

- Software proficiency and availability 

As for most Thesis projects, the factor time is the most prominent limitation in this 

work. Since only 20 weeks were planned, some tasks could not be performed in detail 

and needed simplification. Further aims the present work to implement a rather 

uncommon type of material into the jet engine and operates therefore only a rather low 

technology readiness level. This means that a lot of data for materials are currently not 

available, especially not at the CUT needed. For this Thesis necessary mechanical data, 

especially at high temperature were often not provided by the manufacturers/supplier 

and thus needed to be estimated or inferred. These limitations did not allow the author 

to make accurate prediction of the selected material behavior and thus have limited this 

work to recommendations and as well as expected trends in material properties. In 

addition, the availability and proficiency of software was a big limitation. At this time 

some of the software used, was not established even for GKN employees and thus had 

to be learned only with the help of tutorials. Unfortunately this was only possible to a 

certain extent, also due to the previously mentioned time limitations.  

2 Theoretical Background 

State-of-the-art aircrafts, aero-engines and cars, have one material in common: 

polymeric composite materials. These materials are well known and well-studied for 

their unique strength-to-weight ratio (specific strength) and exceptional specific 

stiffness. However polymeric composite materials can differ and depend on numerous 

variables. These variables are depicted in Figure 2-1. Basically, a fiber-reinforced 

polymer (FRP) comprising two dissimilar materials that combined exhibit properties 

that neither of the materials could achieve on their own. The host polymer, the so called 

matrix, provides the shape and acts as a “glue” holding the reinforcing fiber together. 

Thereby different matrices and fiber reinforcements can be used, where each 

combination produces different characteristics and properties. 
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This work will focus on short carbon fiber-reinforced thermoplastic composites 

(SCFRTPs) that have the ability to perform in a high temperature environment (up to 

300 °C). Therefore only high-performing thermoplastic polymers will be studied and 

discussed in this work. High and ultra-high performance polymers are characterized 

through their performance properties and use temperatures as seen in Figure 2-2.  

 

Figure 2-2: Hierarchy of High Performance Polymers [6]. 

2.1 Approach 

In this work, the polymer will be reinforced with a short carbon fiber (SCF), simply 

because the combination of short fiber and thermoplastic matrix offers a high design 

flexibility since also complex shapes can be manufactured. Continuous fiber 

reinforcements are limited by their fiber reinforcement, which means that cores and 3D 

complex shapes are hard to realize. Additionally these materials are less expensive than 

polymers with continuous reinforcement. This brings also the advantage that 

commercialized manufacturing methods such as compression and injection molding 

can be applied to produce such components. Additionally to the ease in manufacturing, 

the addition of SCF increases the stiffness of the material. By plotting the specific 

stiffness over the maximum service temperature as shown in Figure 2-3, one can clearly 

see why short fiber composites (blue indicators) are such attractive materials and 

Figure 2-1: Hierarchy of polymeric carbon based composite materials. 
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potential candidates for aero-engine components. In some cases they exhibit the same 

or higher specific stiffness than Aluminum (yellow indicators) with a much higher 

maximum service temperature.  

 

Figure 2-3: Specific Stiffness over Maximum Service Temperature [7]. 

The following subsections will provide a brief introduction to jet engines and their 

functions. It will also explain the requirements for current engine materials and the 

requirements on the polymers. After providing a brief overview over the manufacturing 

methods for SCFRTPs, technical cost modelling for these methods will be introduced. 

Finally, the current state-of-the-art in short fiber thermoplastics technology is 

presented.  

2.2 The Jet Engine 

Modern jet engines require a high percentage of expertise and are a symbol of 

engineering excellence. Without modern jet engine technology and steady 

development, the present air traffic would not be possible and engines would still be 

inefficient, loud and heavy. Nonetheless, the working principle of a jet engine is still 

the same. The large fan at the front of the engine (see Figure 2-4) rotates and sucks in 

air. Some of the air flows around the outside of the engine and produces thrust. The rest 

of the air flowing through the fan, is directed into the compressor, where the air is 

compressed to 40 atmospheres (ATM) in multiple steps. The compressed air is then 

ejected in the combustor where it mixes with fuel and produces a hot jet which is 

basically 1500°C hot exhaust gases. This hot jet then first drives a high pressure turbine 

(HPT) and a low-pressure turbine (LPT). These two turbines are responsible for the 

rotation of the fan, the low and high pressure compressor. Most of the air coming 

through the fan however bypasses and goes around the engine (in the bypass area) and 

opposite to the common believe is the main source of the turbines thrust [8].  
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Figure 2-4: Rolls-Royce Turbofan [9]. 

The compression of the air thereby result in different temperature stages in the engine. 

These stages and the corresponding pressures can be seen in Figure 2-5.  

 

Figure 2-5: Pressure and temperature stages of a turbofan engine [10]. 

As Figure 2-5 shows, the maximum temperatures occur in the combustion chamber, 

around 1500°C and pressures around 40 ATM. However, further away from the high 

pressure compressor and combustion chamber, the temperatures and pressures are also 

rather high. These differences in temperature and pressure hence dictate to a large 

extent the material selection in the respective areas. In the fan area, composites, 

aluminum and titanium are the most commonly used materials, however when 

temperatures exceed 120°C, titanium prevails since traditional aluminum and 

composites have been traditionally considered unsuitable. In the high pressure and high 

temperature regions 400°C - 1000 °C even titanium can no longer be used while nickel 

based superalloys and ceramic matrix composites are instead the materials of choice. 

These high temperature materials have a high density, which is their main disadvantage. 
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Therefore, the aim is to steadily push the boundaries of polymer composites, titanium 

and aluminum alloys in terms of temperature, to reduce weight and implement them 

further back in the engine [11].  

Composites with a thermosetting BMI matrix are the most common high temperature 

resins applied, and have an average CUT of 240°C. Engineers try to push these 

boundaries also with thermoplastics since the CUT of some thermoplastics is above the 

CUT of bismaleimide composites. Some thermoplastics however show stable 

mechanical behavior up to 310°C and could henceforth be applied further in the engine 

[7, 12].  

This prospect is the reasoning behind why the properties of SCFRTPs are further 

explored in the following sections.  

2.3 Short Carbon Fiber Reinforced Thermoplastics 

As elaborated in the introduction is the main focus of this work SCFRTPs. Since 

continuous fiber reinforcements are more common, this chapter will provide an 

overview over the basic load transfer theories and mechanisms that need give the 

composite its properties.  

 

Figure 2-6: Load transfer in a SFC with oriented fibers [13]. 

As described earlier is the fiber added to the matrix to change the overall properties of 

the material. Hence the fiber reinforcement gives the strength and the matrix provides 

the shape. If tensile load is thereby applied to continuous fiber reinforcements is directly 

introduced at the fibers by end-load and the load is distributed through the fiber. Thus 

the fibers are the main responsible for the high strengths in continuous FRPs. In short 

fiber composites however, loads are not directly applied at the fibers, instead they are 

transferred by a shearing mechanism through the matrix in the fiber. Therefor the 

bonding between fiber and matrix has to be excellent in order to efficiently transfer 

stresses and strengthen the matrix. The strengthening mechanism can be easily 

described by a force equilibrium analysis as seen in Figure 2-6 and described in 

Equation (2-1).  

𝑑𝜎𝑓𝑥

𝑑𝑥
 = 𝜏(𝑥)

2

𝑟𝑓
 

(2-1) 
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Where,  

𝜎𝑓𝑥 = the fiber stress in axial direction 

𝜏(𝑥) = the shear stress on the cylindrical fiber-matrix interface 

𝑟𝑓 = the fiber radius 

By further developing this equation according to [13, 14] one receives Equation (2-2) 

which shows the maximum fiber stress (𝜎𝑓𝑚𝑎𝑥) in relation to the moduli of the fiber 

and composite.  

𝜎𝑓𝑚𝑎𝑥 =  
𝐸𝑓

𝐸𝑐
 𝜎𝐶 

(2-2) 

 

Where,  

𝐸𝑓 = Young’s Modulus of the fiber, 

𝐸𝑐 = Young’s Modulus of the composite 

𝜎𝐶 = is the external stress resulting on the composite.  

 

𝜎𝑓𝑚𝑎𝑥 is directly related to the fiber length. By closely examining load transfer between 

fiber and matrix in these composites, one can see that at the fiber edges the matrix yields 

(see Figure 2-7). These yields form around the edges, because the fibers resist the 

matrix’ deformation and thereby impose large stress concentrations at the fiber edges, 

limiting the stress transfer to the fibers in these regions.  

 

Figure 2-7: Model of short fiber in matrix exposed to 𝜎𝐶 [14]. 

 

When 𝜎𝐶 is increasing these yield stresses around the edges are increasing as well and 

the area where stresses can be transferred to the fibers decrease. This phenomenon can 

be seen in the top image of Figure 2-8 . If 𝜎𝐶 becomes too high, the load will not be 

able to be transferred into the fiber and high yield around the fibers leads to matrix 

fracture. 
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Figure 2-8: Stresses on a Short fiber depending on 𝜎𝐶[12] . 

These can be prevented by introducing a critical fiber length (𝑙𝑐). 𝑙𝑐 is defined as the 

minimum fiber length in which the maximum allowable fibers stress (𝜎𝑓
∗) is reached. 

The importance of 𝑙𝑐 can be seen in the bottom of Figure 2-8 and be described with 

Equation (2-3).  

𝑙𝑐 = 𝜎𝑓
∗

𝑟𝑓

𝜏
 (2-3) 

Thus, to be able to transfer all stresses into the fibers, the fiber length needs to be 

adapted to the load and the length should be significantly longer than the critical fiber 

length to introduce fiber fracture. If the fiber length is below 𝑙𝑐 matrix fracture would 

be the failure mechanism and the fiber reinforcement would not contribute at all [14].  

To predict the SFC properties, several models can be utilized. For aligned SFC the shear 

lag model for perfect bonding and Halpins equation can be applied [14]. Most 

manufacturing methods however produce composites with random fiber distribution. 

Therefore random fiber composites need modified calculation schemes. One approach 

is to assume a unidirectional laminate and calculate the layers according to conventional 

laminate theory and then multiply these results with safety factors [14]. Another model 

to predict the modulus of randomly oriented short fiber composites is Krenchel’s model. 

This model additionally takes the thickness into account and predicts moduli of 3-

dimensional parts [13, 14].  

2.3.1 Requirements on SCFRTPs  

The theory described in the previous section indicates that the overall properties of the 

composite strongly depend on fiber, matrix and interface properties. If a good fiber 

matrix interface is provided, loads can be transferred better, otherwise fiber debonding 

happens which weakens the load transfer. While short fibers contribute to mechanical 

behavior, the thermoplastic matrix provides the shape and the resistance against 

deformation. Therefore, these polymers have to satisfy certain key requirements in 

order to be considered in jet engines and any kind of high performance application. 

These are according to [12]:  
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1. Performance at short-term temperature exposure 

2. Performance at Long-term temperature exposure 

3. Chemical resistance 

4. Radiation resistance 

5. Mechanical Performance 

6. Fire, Smoke and Toxicity 

These 6 requirements are discussed in the following subsections.  

2.3.1.1  Performance at short-term temperature exposure 

Short-term temperature performance is considered to be the immediate reaction of the 

polymer to thermal influence. Depending on the molecular structure (semi-crystalline 

and amorphous) the polymer changes this structure with the exposure to heat. Therefore 

the polymers short term properties are defined by the glass transition temperature (Tg) 

and the melting point (Tm). Additionally the coefficient of thermal expansion (CTE), 

the crystallization temperature (Tc) and most importantly for components the heat 

distortion temperature (HDT). In Figure 2-9 these temperatures are depicted by utilizing 

differential scanning calorimetry (DSC). Tg, denoted as “a” in Figure 2-9, is when the 

polymer’s molecules start moving and the chains become mobile, amorphous polymers 

properties decrease suddenly at this point, degrading structural integrity abruptly (see 

Figure 2-10). The crystalline phase of semi-crystalline polymers however is not 

influenced by Tg, hence those polymers retain, even though reduced, structural integrity 

even past Tg.  

 

Figure 2-9: DSC of a semi-crystalline polymer [15]. 

 

To provide engineers with a better understanding of the temperature level the polymer 

starts to distort, the HDT was introduced as a thermal property. There the polymer is 

exposed to a load (typically around 1.82 MPa) and then heated. When the polymer starts 

distorting the temperature is determined. For amorphous polymers the HDT is very 

close to the Tg (typically 10-15 °C below) and can be determined rather easily [12]. For 

semi-crystalline polymers the crystalline phases act as non-permanent crosslinks giving 

the polymer strength beyond Tg and subsequently cannot be estimated. In semi-

crystalline polymers reinforcements can drive the HDT even close to Tm.  
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Figure 2-10: Dynamic mechanical thermal analysis (DMTA) of a semi-crystalline and 

amorphous polymer [15]. 

In jet engine components, different materials are combined that expand when the engine 

is operating and temperature increases. There the CTE is a crucial factor that needs to 

be taken into account. In case two materials are fastened or bolted together and then 

expand in different rates, high stresses can occur leading to failure. Hence the CTE is 

an important variable, which needs to be considered. Fillers also change the CTE and 

result into changing an otherwise isotropic polymer into an anisotropic polymer. 

Furthermore it should be noted that the CTE is not stable; it increases above Tg while it 

is lower below, exhibiting unstable behavior [12, 15].  

2.3.1.2  Performance at Long-term temperature exposure 

Long-term thermal properties are far more important and difficult to determine than 

short-term properties. While the short-term properties are easy to identify and depend 

mainly on the chemical composition of the polymer, long-term properties are hard to 

predict and depend on multiple variables. The properties of polymers change during 

their service life, depending on the loads, temperatures and service environments they 

are exposed to, a phenomenon called creep. Rosato et al. therefore introduced the 

following hypotheses for general creep behavior [16]:  

- Creep behavior can be predicted by the examination of creep and relaxation 

data 

- Increasing the load on a product increases the creep rate 

- Reinforcements and fillers in a composite increase the resistance towards 

creep 

- Fiber-reinforced amorphous thermoplastics have generally a greater 

resistance towards creep than fiber-reinforced crystalline polymers.  

- Carbon fibers are more effective against creep than glass fibers 

Physical changes are characterized by the so called creep modulus. The creep modulus 

of a polymer provides information about the changes in strain/modulus under a 

particular load and temperature. When polymers are exposed to temperature, time and 

load, the chains of the polymer chains undergo viscous flow and start sliding against 

each other. Polymers with high intermolecular forces, for example hydrogen bonds, 

tend to creep less than polymers with low intermolecular forces hence creep depends 

not only on the environment but also the polymer itself [5].  
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Another long-term property is the previously mentioned CUT (Section 2.3.1.1). As 

shown in Figure 2-10, the properties of polymers exhibit a decrease at elevated 

temperatures. Therefore the continuous-use temperature also referred to as maximum 

service temperature or relative thermal index (RTI) is often used to define these 

properties. In theory, these variables are temperatures at which 50% of properties are 

retained after 100 000 hours of thermal aging. However, since the ASTM standard for 

determining the permanent effect of heat on plastics is discontinued and rather vaguely 

formulated the testing is not uniform and the time of aging can be as low as 1000 or 

6000 hours [12, 17]. Therefore researchers often use Underwriters Laboratories (UL) 

recommended guidelines. UL is an independent safety consultant, certifying a vast 

amount of products. These laboratories introduced the standard “UL 746B, Polymeric 

Materials: Long-Term Property Evaluations” which is most commonly used to evaluate 

long-term thermal properties of polymers [18].  

Polymers with good thermal stability and high RTI exhibit a resistance to oxidation due 

to their chemical composition. For example aromatic groups are more stable than 

methylene groups and aromatic C-H bonds are better than aliphatic C-H. Aromatic 

compounds have especially stable rings such as benzene. Additionally, a high bond-

strength, such as C-F, is preferable to C-H or C-C bonds. Also the bond strength of 

C=O is better than a methylene group (H2C) [12].  

2.3.1.3  Chemical Resistance 

As for the long-term properties, the chemical composition determines also the 

polymer’s chemical resistance, which is as the name implies the resistance towards 

chemicals but also other environmental influence factors such as water, salt etc. 

Polyimides, Polyesters or Polyamides are vulnerable to hydrolysis (the separation of 

water molecules into hydrogen and oxygen atoms) and their aromatic rings can be 

degraded by electrophiles (a reagent attracted to electrons) and halogens.  

Chemical degradation of a polymer does not always occur through a direct chemical 

attack, but certain environments can also induce stresses, swelling and dissolving. This 

kind of chemical degradation is hard to predict and needs thorough testing. A rough 

estimation of the performance however can be made by looking at solubility 

parameters, which is a measure of cohesive energy between the molecules.  

As a general overview about the chemical resistance, the material data sheet is obtained 

by the supplier. There different susceptibilities for environments should be listed [12].  

2.3.1.4  Radiation Resistance 

In aviation, during flight at high altitudes the air gets thinner and thus fewer molecules 

can deflect incoming cosmic rays. This implies a high exposure to radiation for 

passengers during a flight but also to the materials in the aircraft. Radiation itself can 

be divided into high-energy radiation (x-rays, gamma rays) and low-energy radiation 

(UV light, visible light). Once more, the chemical structure of the polymer does 

determine the resistance towards radiation. Polymers with strong chemical bonds and 

aromatic rings are resistant against high-energy radiation, however not against low-

energy radiation. Low-energy radiation leads to the formation of free radicals which 

have the potential to break strong bonds due to electron redistribution. In some parts of 

engines however, there is now exposure to visible light and there will be no exposure 

to ultraviolet light. Thus, polymers with strong bonds, that can withstand a small 

amount of high-energy radiation is preferred in this work [12].  
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2.3.1.5  Fire and flammability 

Fire and flammability resistance of components can define the airworthiness of 

components because when exposed to a fire, components need to continue to work until 

an emergency landing can be performed (see Figure 2-11). Aircraft manufacturers 

follow the Federal Aviation Administration (FAA) flammability and fire regulations 

and set performance limits according to total heat release, heat release rate and smoke 

emission as described in ISO 2685:1998 [19]. These parameters can be measured during 

a lab-scale Cone Calorimetry test where samples are exposed to different heat fluxes 

ranging from 25 to 100 kW/m2 and their results are recorded. Results provide 

information about heat release as a function of time, time to ignite, peak heat release 

rate, time to peak heat release, total heat release and level of smoke. Another way to 

determine the flammability of a material is the limiting oxygen index (LOI). The LOI 

value defines the minimum value of oxygen in the fire environment needed to sustain 

flaming combustion. The higher the LOI value the smaller the potential fire hazard.  

Generally, many high performance polymers exhibit excellent fire resistivity. Aromatic 

polymers for example, tend to produce heat transfer by building char in fire situations. 

This char obstructs the production of degradation products, and thereby reduces the 

contribution to combustion and heat-production cycles [12, 20].  

 

Figure 2-11: Fire incident on an engine of an Airbus A319-100 passenger jet during 

service on June 18th 2018 [20]. 

 

2.3.1.6  Mechanical Performance 

The mechanical performance is a key criterion for selecting a material for a particular 

application. Properties such as strength, stiffness and elongation are important 

guidelines and need to fit into the respective application. Polymers exhibit a strong time 

dependency. As discussed in Section 2.3.1.2, a polymer is prone to fatigue failure, 

which means that loading and unloading cycles over a period of time lead to a decrease 

in properties and subsequent failure. Fatigue can be an important limitation since loads 

in a jet engine can oscillate and in some polymers the ultimate tensile strength can be 

as low as 20% after 107 cycles. It is therefore crucial to have reliable data on fatigue 
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behavior at room but also elevated temperature, because as creep, fatigue is temperature 

dependent [7, 12].  

2.3.2 Manufacturing Methods 

Thermoplastic materials can be manufactured by various methods and processes, 

however incorporating a fiber reinforcement imposes limitations on the processability, 

hence some manufacturing methods are not suitable for SFC. Vaidya et al. conducted a 

literature review about reinforced thermoplastic processes and sorted their methods 

according to a typical reinforcement scale. There findings are summarized in Table 2 1 

adapted from [21].  

As seen in Table 2-1, from the various available processing methods only Injection 

Molding (IM), Compression Molding (CM), and Extrusion Compression Molding are 

suitable for all high-performance polymers and at the same time for SFCs. Besides these 

methods one can see that thermoforming methods such as vacuum molding, diaphragm 

forming and thermoplastic stamping can be suitable methods as well. The availability 

of manufacturing methods for certain polymer types mainly depends on the melt 

rheology of the polymers. Polymers such as PPS exhibit very low viscosity and is easier 

to process. Polyimides however exhibit a very high or even no Tm, which implies that 

they are highly viscous and require high processing temperatures and pressures while 

exhibiting poor melt flow. These restrictions impact the process selection significantly 

making the manufacturing selection highly polymer dependent. Vaidya et al. however 

did not elaborate on the possibilities of Additive Manufacturing (AM) and CNC 

milling. These two methods are also feasible and already applied methods for 

SCFRTPs. CNC milling of high-performance polymers is often applied, for very low 

count materials, however it produces a lot of waste and is not an optimal process for 

polymers. Since GKN Aerospace investigates the potential of exploiting the near-net-

shape possibilities of SCFRPTPs manufacturing, this manufacturing method is not 

further described in this work [22].  
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Table 2-1: Summary of reinforced thermoplastic composites processes and process matrices [21]. 
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Almost all manufacturing processes involving reinforced thermoplastics have one 

production step in common, the compounding process. This is the first step, mixing the 

pure polymer with fibers and additives. This process step is usually done directly by 

the polymer producer and material properties for the same base material such as PEEK, 

PPS or PAI can therefore vary depending on the additives. Parameters that change the 

material properties are usually pigments, UV-stabilizers or the polymerization process 

itself. In case of SCFRTPs, the carbon fiber used, since carbon fiber inclusions 

generally increase strength and stiffness as discussed in 2.3. The compounding process 

is performed by a reciprocating twin-screw extruder, where first the polymer is inserted 

through the so-called hopper (Polymer feed label in Figure 2-12), molten and conveyed. 

Then the fiber reinforcement is introduced through a second hopper (Glass feed label 

in Figure 2-12) and mixed with the screw. In this process the melt is also degassed and 

then pressed through a die and commonly pelletized (see Figure 2-12) [16, 23].  

 

Figure 2-12: Compounding Process in a twin-screw extruder [24]. 

2.3.2.1  Injection Molding (IM) 

Considering the IM process depicted in Figure 2-13, a reasonable question is why the 

compounding and the injection molding is not done in a single process. While the setup 

of the extruder in Figure 2-12 and Figure 2-13 is similar, the screw in the extruder 

differs significantly. In the compounder, the twin-screw is responsible for melting and 

compounding, however this configuration cannot provide the necessary pressure 

necessary to perform IM. In addition, in the extruder the single screw is incapable in 

incorporating the fiber in the matrix sufficiently. Hence two different apparatus are 

needed. Furthermore a clamping unit is attached to the IM machine. This unit builds up 

the pressure to keep the mold closed during the injection process. The IM process 

generally consists of four (4) phases. During the first phase the thermoplastic granules 

are fed through the hopper and plasticized. The second phase is the so-called injection 

phase. There the melt is compressed by the screw pitch and then injected into the mold 

cavity by a forward movement of the screw where the melt fills the mold. There the 

melts cools down during the third phase, the settling phase, until the components part 

is below the HDT. Afterwards it is ejected in during the fourth and last phase [16, 23].  

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiSyY6X98fgAhUKxIsKHTasBr4QjRx6BAgBEAU&url=http://atozplastics.com/upload/literature/compounding_page6.asp&psig=AOvVaw3fu5f91FoXUYTE6EPmS4o2&ust=1550670292544178
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Figure 2-13: IM process with a single screw extruder [25]. 

The four phases of IM machines operate simultaneously in synergy and need to be 

carefully calculated and determined. Another important factor that is crucial for the IM 

component’s properties, is the mold itself. Especially with a fiber reinforcement the 

melt flow in the mold determines the components mechanical properties and also local 

weaknesses. Thereby the designer should put the melt flow parallel to stress orientation 

instead of perpendicular as seen in Figure 2-14.  

 

Figure 2-14: Effect of melt flow orientation on mechanical properties [16]. 

Furthermore, the designer should avoid the generation of so called weld lines. As seen 

in Figure 2-15, the two melt fronts meet and form a weld line. The fibers in these weld 

lines are often oriented parallel to the weld flow which creates a weak spot.  

 

Figure 2-15: Weld line formation and fiber allignment in SFC [26]. 

 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwj8y8zl-MfgAhVFxosKHXaaAEcQjRx6BAgBEAU&url=https://www.xcentricmold.com/injection-molding-process/&psig=AOvVaw2MDr2VRDNj7fbkkPTk2L77&ust=1550670733267759
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Figure 2-15 illustrates another consideration that needs to be taken into account when 

molding SFC. While the fibers on the outer surface are aligned on the skin layer, is the 

core layer less ordered and aligned. This makes the material properties of the 

component hard to determine because the thickness of the skin layers and core layers 

depend on multiple factors such as melt flow rate and fiber volume fraction [16].  

IM is a versatile process with different technologies. There is for example fluid assisted 

IM that uses water or a gas to produce hollow components with less shrinkage, less 

warpage and a good surface finish. The process is depicted in Figure 2-16. It needs to 

be noted that the gas or fluid involved in the mold filling process changes the fiber 

orientation further, forming three layers with different fiber orientations [23]. 

 

Figure 2-16: Fluid assisted IM process [23]. 

Another method to produce injection molded parts is Co-injection molding. In this 

process two polymers are combined by IM, creating a skin and core material as seen in 

Figure 2-17. The combination of two different materials can thereby increase 

properties, add design features or reduce cost by reducing assembly steps.  

 

Figure 2-17: The co-injection molding process [23]. 

IM has the advantage of producing near net-shape products with tolerances ranging 

from 0.1 – 1 mm and various shapes. IM can produce hollow, 3-dimensional structures 

as well as circular shapes which makes it a versatile manufacturing method and gives 

the designer a lot of freedom [7].  

From a financial standpoint, IM is very profitable at high batch sizes, since it is 

recommended to not produce by IM for batch sizes under 100 components. At low 

batch sizes, below 1000 pieces the relative costs accelerate, since the initial machine 
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and tooling costs are very high (see Figure 2-18) and the product cost is usually too 

high to be profitable compared to other manufacturing methods [7].  

 

Figure 2-18: Relative cost over batch size for IM processes [7]. 

2.3.2.2 Compression Molding (CM) 

In a CM process either raw granulate or a bulk molding compound are placed between 

two heated dies. Thereby pressure is applied on the material with the upper die, the 

material is distributed through the mold, cooled under the HDT and ejected (see Figure 

2-19). The applied pressures vary between 0.5 to 15 MPa, depending like in the IM 

process on the size and the polymer used.  

  

Figure 2-19: Compression Molding process; left with dough molding compound 

(direct from extrusion), right with granulates or powder, liquefied in the mold [7]. 

Contrary to IM, the shapes CM can produce are more limited. CM can produce sheets 

and solid 3-dimensional parts, however undercuts and hollow structures are harder to 

realize. Subsequently, tooling cost are generally less expensive as for IM. Nonetheless 

if the material requires no heating in the mold, CM can, like IM, be a high volume 

production method [27].  

Directly charging the mold with granules heating them in the die and then letting them 

cool requires a lot of time and energy. Thus preheating the charge is a possibility which 

reduces cycle times. This unfortunately means that an additional processing step needs 
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to be implemented which leads to additional cost and is therefore not a commonly used 

process for manufacturing small to medium series [21].  

2.3.2.3 Additive Manufacturing (AM) 

Even before the additive manufacturing (AM) processes became popular for metallic 

materials, they have been applied to commodity polymers. High design flexibility and 

the ability to experiment with new shapes make AM interesting for a variety of 

applications and nowadays even high performance polymers reinforced with carbon 

fibers can be processed by AM. For those reinforced polymers, the Fused Deposition 

Modelling (FDM) is the most commonly applied method. In this process, a filament is 

inserted in the machine and molten while connected to an extrusion nozzle. The nozzle 

then deposits material in a previously determined manner, creating a component (see 

Figure 2-20) [7, 28]. Unfortunately FDM does affect the material properties quite 

significantly. Hence 3-D printed parts exhibit as much as 70% lower properties than for 

example injection molded composites due to their much higher porosity and anisotropy 

[29, 30]. 

 

Figure 2-20: FDM process [7]. 

2.4 Technical Cost Modelling 

To determine if parts are economically viable, and to decide which manufacturing 

method is the most cost-efficient, engineers apply technical cost models. As seen in 

Figure 2-21 these models can be divided into qualitative and quantitative models [31]. 

According to [31], qualitative models are based on expert judgement and heuristic rules 

which makes them rather objective and therefore quantitative models should be 

preferred to analyze models. Quantitative models are models based on factual data, 

whereby these data can be developed into statistical, analogous, generative and 

analytical and feature-based cost models. Since statistical, analogous and feature-based 

models require a lot of information and previous experience with similar components, 

these methods are not used in the present work. Instead, the author chose to use a 

generative and analytical approach, like most published work about the early cost 

prediction of processes. In generative and analytical cost modelling, processes are 

divided into sub-processes and the cost and time of each sub-process is summarized 

and evaluated. This model is often applied by aerospace and automotive industry since 

it offers the implementation of many variables and can be easily changed, when changes 

in data and variables occur [32].  
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Figure 2-21: Schematic view of available cost models according to [31, 32]. 

 

Mathilda Karlsson developed a cost model for general composite manufacturing, which 

is seen in Figure 2-22. Mathilda Karlsson in essence divided the cost model by different 

cost drivers. Being the manufacturing method one cost driver and the material cost the 

other[32].  

 

Figure 2-22: Information flow of Cost Model developed by [32]. 

As part of this cost model, each manufacturing process is divided into sections which 

make up the manufacturing process. These sections are preforming, main process and 

post-processing as illustrated in Figure 2-23.  

For each manufacturing step different machines and tools are required which 

accumulate different costs such as floor cost, personal cost, electricity etc. These costs 
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Figure 2-23: Illustration of Division of a Manufacturing Process. 
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are summarized for each machine and each step and build the manufacturing costs. To 

the manufacturing costs then the material cost is added. A more precise list of cost 

parameters for manufacturing in materials is provided in [32].  

2.5 State-of-the-art High Performance Thermoplastics 

The majority of polymer use in aerospace has until now been thermosetting polymer-

dominated. This is due to two main reasons; the unfamiliarity of many engineers with 

thermoplastic composites and the heavy investment in thermoset processing methods. 

Thermosetting materials are utilized in aerospace since the invention of fib-reinforces 

composites in the 1960s and have well recorded databases and outperform in structural 

stability compared to metallic materials. There are many FAA approved, off-the-shelf 

prepreg solutions and in most composite manufacturers/suppliers, the capital equipment 

is thermoset-driven, which means that manufacturing lines and equipment is 

predominantly customized for thermosetting composites. In aero-engines, where metals 

are the preferred material solution, even thermosetting composites are considered state-

of-the-art. This is seen in current products from GKN aerospace, where just recently 

lightweight thermosetting composite fan cases and fan spacers were introduced. Hence 

most experienced material engineers at this point would not even consider the 

application of thermoplastics in such extreme components [33].  

Nevertheless, even experienced engineers cannot avoid the shift of the industry towards 

process and cost-efficiency, which has opened opportunities for thermoplastics. 

Generally, it is implied by the compounders that thermoplastic resins are less expensive 

raw materials than thermosetting resins with similar properties. Furthermore, 

thermoplastic processing is much less time-consuming than thermosetting processing 

thus more cost and time-effective. Hence it is not surprising that slowly few 

thermoplastic composites find their way into aircrafts. For example angle brackets, 

skins, ribs and ducts are nowadays made from thermoplastics, mostly replacing 

aluminum and titanium. These parts appear in high volumes in each aircraft and low 

cost processing and materials with low densities safe the aircraft manufacturer time and 

lead to a 20-50% weight reduction compared to all metal solutions. Hence the majority 

of industry has been regarding thermoplastics as non-load bearing, mass-producible 

metal replacing material, however not from structural importance [3, 4, 11].  

One manufacturer however, has spotted the potential of thermoplastics as structural 

high performance material – GKN FOKKER. Since the 1990s FOKKER has been 

actively applying thermoplastics in semi-structural components, for example in the 

FOKKER 50 in CF/PPS reinforced floor panels. Apart from semi-structural 

components, FOKKER saw the potential of thermoplastic composites in critical control 

surfaces. With the production of the Gulfstream 650 aircraft in 2012, the company was 

the first manufacturer of a commercial airplane to use a thermoplastic material as a 

critical control surface. The elevator and vertical tail rudder, depicted in Figure 2-24, 

critical for maintaining control of the aircraft, were made of continuous fiber reinforced 

thermoplastic composites and produced with a thermoforming process. This 

development was actually marking three milestones, the first was the application of a 

thermoplastic as a critical control surface. The second, was the material itself. FOKKER 

used CF-reinforced PPS, a thermoplastic with a Tg of 90°C, which seemed daring to 

many engineers, considering that the temperature at a jet exit can easily reach this 

temperature and exposing a polymer to a temperature above Tg is not very intuitive. 

The third milestone FOKKER achieved with the G650 is the manufacturing technique; 

welding the rudder skin to the supporting structure. In contrast to thermosets, 
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thermoplastics can be welded. In aerospace where joined components are often adhered 

and at the same time riveted, this was a major breakthrough.  

  

Figure 2-24: Thermoplastic Gulfstream G650 tail [34]. 

 

The previous review, about the state-of-the-art application of continuously reinforced 

thermoplastics in aerospace shows, that thermoplastics have high yet still unfulfilled 

potential. To take advantage of this potential, the industry has to overcome challenges 

such as the limitations in processing and manufacturability. Complex forms are hard to 

manufacture with continuous reinforcements and in some cases PEEK and PEKK resins 

are significantly more expensive than epoxy alternatives. Furthermore, the industry is 

pertinent in investing in high cost equipment, especially when this equipment is already 

available for thermosetting polymers. However, thermoplastics do not necessarily have 

to feature a continuous fiber reinforcement; they can have a short or long reinforcement 

as well. This fact opens up new manufacturing methods such as Injection Molding, 

Compression Molding or 3-D printing, which are capable of producing complex shapes 

and with lower investment costs. These polymers could also serve as less expensive 

metal and thermosetting polymer replacement in jet engines, and since FOKKER are a 

part of GKN aerospace, developing short carbon fiber-reinforced thermoplastic 

composite for jet engines can be a development area aiming at next generation engines. 

The wing leading edge of the A380 the horizontal tail plane of Leonardo AW169 

helicopter and the rudders and elevators of Gulfstream have one material in common. 

They are manufactured from continuous carbon fiber reinforced thermoplastic 

polymers (CCFRP). But as described in the introduction, these materials are limited by 

their continuous reinforcement. Design freedom and manufacturing methods are 

limited and SCFRTP could possibly be the solution to overcome these limitations [35].  

Today, there are more and more development programs and companies pushing 

forward with thermoplastic technologies, however still only few public examples for 

SCFRTPs. Airbus and Victrex for example developed a structural helicopter bracket, 

depicted in Figure 2-25. With this injection molded bracket, Airbus could realize a 40% 

weight and cost reduction compared to the aluminum 7075-T6 baseline. Furthermore, 

Airbus did report an ease in assembly since no additional expensive high strength metal 

drills were required. The unique rib design thereby provides a 100 times longer fatigue 

life and a 20% higher specific stiffness of the product. In this case the cost reduction is 

mainly attributed to the 85% better buy-to-fly ratio of the component. The buy-to fly 

ratio, is the weight ratio between the raw material used for a component and the weight 

of the component itself.  
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Figure 2-25: Airbus A350 primary structural bracket made from CF reinforced PEEK 

[36]. 

 

For materials such as titanium and aluminum this ratio is usually very high since a lot 

of material has to be removed until the end-shape is archived. For thermoplastics 

however, this ratio is very low due to the near-net-shape processing [36].  

The automotive industry has also highlighted the potential of short fiber reinforced 

thermoplastics. Volkswagen for example used a blow molded short glass fiber-

reinforced PPS compound in an engine air duct. This application is noteworthy because 

in this application the composite has to withstand up to 230°C. With this duct, 

Volkswagen could ensure a 30% weight loss compared to the previous aluminium 

assembly. The application of PPS in such an environment shows that this thermoplastic 

matrix has potential to be used in aero-engines where GKN supplies components as 

Tier 1 supplier, even at elevated temperatures further back in the engine [37].  

Another example for a SCFRTPs development is a structural bracket developed as part 

of a Clean Sky 2 project, which aims at developing technology that reduces the 

emissions and noise levels produced by aircrafts. As part of this project many 

thermoplastic components have been developed, most of them however with a 

continuous reinforcement. The bracket depicted in Figure 2-26 however, is a SCFRTPs 

that used recycled carbon fibers in a PPS matrix. In the research project around this 

bracket, multiple concepts were demonstrated. First the researchers showed that 

injection molded components have less environmental impact than thermoformed 

material. And the project also demonstrated that the mechanical properties of the 

bracket with recycled fibers are comparable to the bracket with commercial fibers. This 

highlights that industry could even go a step further and apply composites derived from 

recycled material sources [38].  
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Figure 2-26: SCFRTPs bracket from the Clean Sky 2 project [38]. 

The most impressive SCFRTP component to date is probably the injection molded 

engine fuel housing of the Eurofighter typhoon. This part shown in Figure 2-27 exhibits 

all the benefits of these thermoplastics, such as the possible shape complexity, the cores 

and the undercuts. Furthermore inserts were overmolded during the process, which is 

also one major benefit of thermoplastic processes. A fuel housing has high performance 

demands and it has to be resistant towards aggressive chemicals such as jet fuel and 

Skydrol hydraulic fluid. This chemical resistance is provided by the high-performance 

PEEK matrix. The near-net shape process and the lighter material enabled the 

manufacturer to reduce lead times by 50% and help to reduce 30% cost. Compared to 

the former metal matrix solution an additional 50% weight reduction could also be 

achieved [39].  

 

Figure 2-27: Eurofighter Typhoon jet fuel housing made out of PEEK and short 

carbon fiber [39]. 

3 Methods 

The methodology of this work is divided into 5 main sections, beginning with the 

identification of candidate jet engine components, and the following polymer and 

process selection. 

3.1 Identification of candidate Jet Engine Components 

The identification of jet engine components was performed by interviewing GKN 

Aerospace employees with experience in design, manufacturing and analysis of aero-
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engine components. Therefore a presentation about the topic and the general SCFRTPs 

as well as a questionnaire were prepared. The Questionnaire with an approximate topic 

introduction can be found in Appendix 7.1. Information obtained during the interview 

was then written down in an interview protocol. Further a Microsoft Excel spreadsheet 

with all suggestions and additionally obtained information such as current material 

solution, loads, part requirements, etc. were created to properly assess the demands on 

all suggested components.  

From this excel sheet a scoring scheme was developed, in order to objectively identify 

the most promising component. Thereby two different scoring schemes were applied, 

because all manufacturing methods have different weaknesses and strengths. For 3D-

printing for example the shape complexity is generally not a cost driver, in contrast to 

injection molding where the shape complexity is a cost driver since more complex 

shapes require a more complex mold. Hence two scoring schemes were applied, one 

for IM and CM and one for 3D-printing. During the interviews the author further 

identified a SCRFTP that has already been implemented in the aero-engine. A 30% 

SCF filled, injection molded Polyetherimide (PEI) component is found in the cold area 

of an aero-engine model which served therefore as a perfect role model. Hence ranking 

criteria for IM and CM were additionally judged on this part. Nonetheless both scoring 

schemes the following five criteria below were chosen for the feasibility study:  

➢ Mechanical loads 

➢ Shape complexity 

➢ Production volume 

➢ Current Material selection  

➢ Availability of information 

As discussed in 2.3.1, the mechanical properties of polymers tend to degrade at elevated 

temperatures. Hence these polymers should not be exposed to high loads especially 

when approaching their respective maximum service temperature, since their strength 

and other properties significantly degrade at those temperatures. Hence the application 

of SCFRTPs in the previously explained areas of the engine is only feasible if the loads 

are low. Supplier data has shown that tensile strength and modulus suffers an 

approximately 75% reduction at 200°C compared to the samples tested at room 

temperature, given that the polymers CUT was around 260°C. Further it is known that 

even low load rates lead to significant tensile creep and they should therefore be 

avoided [40]. Hence the author chose that potential components exposed to 

temperatures higher than 200°C have to be non-primary load bearing or auxiliary. This 

point is so crucial that the author decided to give it additional weight in both scoring 

schemes.  

The shape complexity was introduced as a criterion because shape complexity adds 

additional cost for IM and CM. For components with undercuts, special tooling and 

increased labor would be needed in injection and compression molding processes. 

Hence a simple shape without undercuts, inserts and cores could be more economically 

feasible for with IM and CM produced thermoplastics. Since these limitations are not 

valid for FDM components, this property is weighted differently for this processing 

method. A high shape complexity, undercuts and hollow cores are the strength of this 

production method, so a high shape complexity has additional weight in this scoring 

scheme.  

Another cost driver is the production volume. Compression and IM components require 

high initial investment costs such as machine and tooling costs, those fixed cost can be 
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reduced and offset by producing a high volume. Therefore it is generally favorable to 

use these processes for high quantity components. Vendors advise to produce a 

minimum of a hundred parts in order to justify the manufacturing process and justify 

the initial cost [27]. Hence the repeating volume was weighted according to the 

repeating amount in one aero-engine, where parts with a very high quantity (quantity ≥ 

4) were ranked much higher than materials with a low quantity (quantity ≤ 1). However, 

it needs to be noted, that this cost driver is once again not true for 3D-printing. In 

particular, a 3D-printer has a high initial cost, however there is no special mold needed 

and one printer can produce complex shapes. The downside of this process is usually 

the reduced mechanical properties the manufacturing time for one piece and the usage 

of support structures which are in essence waste material, hence in the 3D printing 

scoring scheme a low production volume is preferred.  

The current material selection was taken into account because according to research 

work currently performed at GKN, it is more sustainable and economically feasible to 

replace titanium and steel rather than aluminum components. Aluminum is a relatively 

inexpensive raw material (compare to titanium) and so are the currently applied 

manufacturing methods. Aluminum exhibits the same specific strength as the 

SCFRTPs, so it has no clear advantage to replace the well-studied aluminum alloys. 

This point is valid for both scoring schemes.  

Lastly, the availability of information was chosen as a selection criteria because the 

interviewed employees were very creative and came up with a vast number of ideas and 

components that could be manufactured using SCFRTPs. These employees however 

often were not able to provide data such as loads, requirements, drawings or any kind 

of specific data which made it difficult to find out about the requirements of the 

components. Subsequently the author chose to utilize components with GKN internally 

available data.  

The two scoring schemes can be seen in Table 3-1 and Table 3-2. These two schemes 

were applied to all components and the components were ranked. The results will be 

discussed in Chapter 4.2.  

Table 3-1: Scoring scheme for IM and CM processes.  

Rating Load 
Shape 

Complexity 
 

Availability 

of 

information 

 Quantity  
Current 

Material 

High 0 1 Yes 2 
> 4 

Pieces 
4 

Titanium 

Steel 
4 

Medium 2 2   
2-4 

Pieces 
2 Composite 2 

Low 4 4 No 0 
1 

Piece 
1 Aluminum 1 
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Table 3-2: Scoring scheme for 3D Printing. 

Rating Load 
Shape 

Complexity 
 

Availability 

of 

information 

 Quantity  
Current 

Material 

High 0 4 Yes 2 
> 4 

Pieces 
1 

Titanium 

Steel 
4 

Medium 2 2   
2-4 

Pieces 
2 Composite 2 

Low 4 1 No 0 
1 

Piece 
4 Aluminum 1 

3.2 Performance Assessment of Selected Component 

The performance of a component depends on four main factors as seen in Figure 3-1. 

Manufacturing, Material, Design and the originating component Properties are 

dictating the component performance and should be subjected to closer examination.  

 

 

Figure 3-1: Influence factors on performance. 

 

3.2.1 Material 

In this subsection material selection and material choices are discussed based on 

literature. Information about physical properties as described in Section 2.3.1 is given 

by discussing manufacturer and scientific literature. The validity of this data is 

questioned by the author, merely because the variation of manufacturer data. The author 

therefore recommends to take in this chapter presented values and trends as a guideline 

and conduct own customized tests later on, to verify material properties, and selection. 

3.2.2 Design 

The final design for the identified component was provided by design engineers at GKN 

Aerospace. Time restrictions unfortunately did not permit to conduct a full design study 

and the author therefore chose to give design recommendations based on input from 

manufacturers/suppliers and literature. These design recommendations aim to be a 

guideline for future work and shall point out necessary changes to produce a suitable 

thermoplastic composite.  

Performance

Manufacturing

Material

Properties

Design
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Further, the author did compare the metal baseline concept to the new thermoplastic 

concept by evaluating weight changes depending on the component thickness. In the 

provided drawing the thickness was the only parameter that could easily be adapted and 

give a rough information about the weight reduction possible compared to the metal 

baseline. Therefore data obtained by suppliers was observed by manipulating Equation 

(3-1) 

𝜎 =
𝐹

𝐴
 (3-1) 

Where 

𝜎 is the tensile stress in [MPa] 

𝐹 is the force in [N] and  

𝐴 is the cross sectional area.  

 

𝐴 = 𝑡 ∗ 𝑤  

Where 

𝑡 is the thickness in [mm] 

𝑤 is the width [mm] 

With a given 𝜎 and by assuming a constant width, the force dependency on thickness 

be depicted. The results for these estimations are only valid parallel to the fiber 

direction. A better method would use laminate analysis where also transverse ultimate 

stresses and properties are taken into consideration. Then, a more complete analysis 

would be possible capable of providing a bigger picture. Unfortunately such 

calculations have not been possible due to the lack of material information and the 

investigation of these should be considered in future work. Another consideration that 

should be done in future work is the determination of the material’s elastic limit and 

calculate the thickness values with those values, since materials in aviation should not 

be used at their plastic limits. Another refinement of this assessment could be the use 

of data at the intended CUT. As described in 2.3.1 exhibits the polymer but also 

titanium different properties at different temperatures, and it would be more realistic to 

compare this data. Further the strength at the CUT was not available and room 

temperature data was used.  

3.2.1 Manufacturing 

To analyse the influence of manufacturing techniques, the author conducted flow 

simulations with Moldflow Adviser 2019 from Autodesk. These simulations were used 

to gain information about fiber orientation for IM. The simulation results for IM are 

then discussed but since the light version of Moldflow Adviser was used, the results are 

rather simple. This methodology is thus not optimal, since the software only returns the 

fiber orientation at the surface and not the fiber tensors which could give more complete 

material information. Hence fiber tensors were estimated in Chapter 3.2.2 based on 

literature. Nonetheless these simulations with the modelled properties in the following 

subsection gives a good picture over what properties the designer can expect from the 

component.  

CM and FDM and their melt flow patterns could not be investigated due to software 

restrictions. The applied version of Moldflow Adviser only supports IM simulations, 

https://www.autodesk.com/products/moldflow/overview
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the advanced version of this program and other software solutions however offer mold 

flow simulations for CM as well and can be researched in future work. For FDM the 

tool paths could not be obtained from the Markforged Eiger software that was also used 

in the cost modelling. Subsequently there was no information about filament and fiber 

orientation available, and no manufacturing quality prediction for this method possible. 

3.2.2 Properties 

To assess the mechanical properties of the chosen component, calculations and 

estimations have been performed to see if manufacturer data could be reproduced and 

used for more elaborate design studies.  

With the previously determined raw material properties and manufacturing methods, 

the author chose to recreate the compounds material data with Multiscale Designer v3.4 

and ESA Comp v 3.4.80, both from Altair. Multiscale Designer is a tool that develops 

multiscale material models and simulations of parts manufactured from heterogeneous 

material. It uses Finite Element Analysis (FEA) to build a unit cell model and calculates 

macro homogenous linear material properties of the material given. Even though not 

used in this report it can additionally provide information about nonlinear material 

properties such as rate-independent plasticity, viscoelasticity, and isotropic and 

orthotropic continuum damage laws. The steps chosen and the input data can be found 

in Appendix 7.5.  

With the material data obtained from Multiscale Designer, the author then created a ply 

in ESAComp which is an analysis and design software for composites that assesses the 

properties of layered structures. It is thereby a laminate analysis type tool, as mentioned 

in Section 2.3. With the data from Multiscale Designer which provides properties for 

one ply with unidirectional oriented short carbon fibers, a laminate was then created. 

For IM components the author assumed that the surface layers are unidirectionally 

oriented and the core has a quasi-isotropic orientation. Literature has shown this fiber 

orientation pattern due to the viscous flow in the mold [26]. The oriented layers were 

assumed to make up 50% and the random layers the other 50%. These values vary, 

depending on pressure and polymer, hence the author took general values from [26]. 

For CM the author assumed isotropy in longitudinal and transverse direction since the 

chosen compound from TenCate needs manual distribution in the mold and has rather 

long fibers. This compound was chosen, because it was the only BMC commercially 

available, specifically for CM. Out-of-plane properties were assumed to be matrix-

dominated, hence are significantly reduced [41]. Estimations for FDM, where more 

complicated. Wang and Smith showed in [42] that the fiber orientation is similar as in 

IM. Fibers are oriented at the surfaces and tend to be random in the middle, which is 

however only valid for a single filament. One FDM manufactured part is nevertheless 

comprised by many depositions which might not be only printed in one direction. So 

properties are greatly dependent on tool paths which could not be properly be estimated 

in the present work. Therefore the author assumed a similar fiber orientation case for 

these materials as for IM with a slight property reduction. This entire procedure is 

admittedly not optimal for the estimation of laminate constants and merely provides 

trends. It is recommended to perform flow simulations that are able to return fiber 

tensors and to calculate the material and component properties with those. There also 

weld-lines and properties at drill holes could be determined properly.  

To have a second analytical solution to model material behavior, Krenchel’s model was 

applied. This model also takes out-of-plane randomness into account and could be used 

https://markforged.com/eiger/
https://altairhyperworks.com/product/Multiscale-Designer
https://altairhyperworks.com/product/esacomp
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to assess CM composites with improved accuracy. Krenchel’s model is shown in 

Equation (3-2).  

 

𝐸𝑐 =  𝐸𝑓 ∗ 𝑉𝑓 ∗ 𝜂𝑙 ∗ 𝜂𝜃 + 𝐸𝑚 ∗ 𝑉𝑚 (3-2) 

 

Where  

𝐸𝑐 is the Young’s Modulus of the composite 

𝐸𝑓 is the Young’s Modulus of the fiber 

𝑉𝑓 is the fiber volume fraction 

𝜂𝜃 is the orientation efficiency and depends if in-plane randomness and in- and out-of-

plane randomness is applicable. For in-plane randomness 𝜂𝜃 = 3/8 for in and out-of-

plane randomness 𝜂𝜃 = 1/5.  

𝐸𝑚 is the Young’s Modulus of the matrix 

𝑉𝑚 is the matrix volume fraction  

𝜂𝑙 is the length correction factor and can be described in Equation (3-3) below 

 

𝜂𝑙 = 1 −
2

𝛽 ∗ 𝑙
∗ 𝑡𝑎𝑛ℎ

𝛽𝑙

2
 (3-3) 

 

Where 

𝑙 is the fiber length 

𝛽 is the average fiber orientation anlge described by Equation (3-4  

 

𝛽 =  √
2𝐺𝑚

𝐸𝑓 ∗ 𝑟𝑓
2 ∗ 𝑙𝑛

𝑅

𝑟𝑓

 (3-4) 

 

Where  

𝐺𝑚 is the matrix shear moduls 

𝑅 is the fiber diameter and can be determined with Equation (3-5) 

 

𝑙𝑛
𝑅

𝑟𝑓
=  

1

2
𝑙𝑛

1

𝑉𝑓
 (3-5) 
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3.3 Operations List and Cost Calculation 

To get an overview over cost of different manufacturing methods, the technical cost 

model presented in Section 2.4 was applied. Therefore references [31, 32, 43-46] were 

used to gather technical data about machines and processes. Additionally, numerous 

manufacturers were contacted and asked for estimations and quotes. Further material 

data sheets for polymeric materials were gathered and quotes for all materials were 

requested.  

To divide the main process in sub-processes, all manufacturing methods from Section 

2.3.2 were analyzed and process flow charts were created. Since the authors in [32, 44] 

were mostly looking at continuous fiber reinforcement the preforming step includes 

more tasks than for thermoplastic short fiber reinforced materials, where the fiber is 

already present in the matrix. Hence fibers do not need to be stacked up or stitched, 

however the granules and additives need to be dried and prepared, hence the author 

chose to introduce a prepare step (see Figure 3-2).  

To each step the author tried to find the cost drivers shown in Table 3-3. These cost 

drivers were identified by comparing different literature assessing costs for IM, CM 

and 3D-printing. 

 

Table 3-3: Cost Parameters for applied model. 

Cost driver Parameter Unit Description  Assumptions 

Processes Parameters 

Machine Cost 𝐶𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝑈𝑆𝐷 

Cost for initial 

investment in the 

machine 

(includes 

installation) 

 

Hourly Machine 

Cost 
𝐶ℎ𝑀𝑎𝑐ℎ𝑖𝑛𝑒 

𝑈𝑆𝐷

ℎ
 

Machine cost for 

one hour use 

Assumption 10 

years 

amortization, 

261 Workdays 

per years, 8 

hours per day 

Tooling Cost  𝐶𝑇𝑜𝑜𝑙 𝑈𝑆𝐷 

Cost for tools 

such as molds, 

nozzles etc.  

 

Dedication 

Degree 
𝐷 % Percentage of 

supervision 

Completely 

manual = 1  

Preparing Preforming
Main 

Process
Post-

Processing

Figure 3-2: Process steps considered in the present work. 
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needed from 

operator 

Highly 

automated = 0.2  

Mold filling 

time 
𝑡𝑀𝐹 𝑚𝑖𝑛 

Time to fill a 

mold  

Fill a mold 

through draping, 

pressure etc.  

Electricity cost 𝐶𝐸𝐿 𝑈𝑆𝐷 
Cost for 

electricity 

Further divided 

in fix and 

variable costs 

Manual Labor 

Cost  
𝐶𝑀𝐿𝑎𝑏𝑜𝑟 𝑈𝑆𝐷 

Cost for an 

employee per 

hour 

 

Preparation time 𝑡𝑝𝑟𝑒𝑝 𝑚𝑖𝑛 

Duration of 

process 

preparation  

Mold / Nozzle 

installation, 

fiber drying 

Preforming time 𝑡𝑝𝑟𝑒𝑓 𝑚𝑖𝑛 

Duration to 

preform 

component 

Preform 

compression 

molding 

compound 

Main Process 

time 
𝑡𝑚𝑎𝑖𝑛 𝑚𝑖𝑛 

Duration of main 

process  
 

Post processing 

time  
𝑡𝑝𝑜𝑠𝑡−𝑝𝑟𝑜 𝑚𝑖𝑛 

Duration of post-

processing 
 

Material Parameters 

Material Cost 𝐶𝑅𝑀𝑎𝑡 𝑈𝑆𝐷 
Raw Material 

Cost 
 

Waste  %𝑊𝑎𝑠𝑡𝑒 % Waste Percentage  

Total Material 

Cost 
𝐶𝑇𝑜𝑡𝑎𝑙𝑀𝑎𝑡 𝑈𝑆𝐷 

Total Material 

Cost (with waste)  
 

 

As presented in Chapter 2.4 in Figure 2-22, the product cost is usually divided in 

manufacturing and material cost, whereby manufacturing costs are further divided into 

fix and variable costs. Fix manufacturing costs 𝐶𝐹𝑖𝑥𝑀𝑎𝑛  are as seen in (3-6) tooling 

costs and fixed electricity costs.  

𝐶𝐹𝑖𝑥𝑀𝑎𝑛 = 𝐶𝑇𝑜𝑜𝑙 + 𝐶𝐸𝑙𝐹𝑖𝑥 
(3-6) 

 

Variable manufacturing costs (𝐶𝑉𝑎𝑟𝑀𝑎𝑛) are variable electricity cost, manual labor cost, 

and hourly machine costs. 
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𝐶𝑉𝑎𝑟𝑀𝑎𝑛 = 𝐶𝐸𝑙𝑉𝑎𝑟 + 𝐶ℎ𝑀𝑎𝑐ℎ𝑖𝑛𝑒 +  𝐶𝑇𝑀𝑎𝑛𝐿𝑎𝑏  
(3-7) 

 

Where the operations costs (𝐶𝑇𝑀𝑎𝑛𝐿𝑎𝑏 ) can be calculated by summing the different 

process time steps that were previously multiplied by the dedication degree. This sum 

of the total process cost is then multiplied by the manual labor costs 𝐶𝑇𝑀𝑎𝑛𝐿𝑎𝑏 as seen 

in Equation (3-8). 

𝐶𝑇𝑀𝑎𝑛𝐿𝑎𝑏 = 𝐶𝑀𝐿𝑎𝑏𝑜𝑟 ∗ ∑ 𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 ∗ 𝐷 
(3-8) 

 

 

The overall manufacturing costs 𝐶𝑀𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 are then:  

𝐶𝑀𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 =  𝐶𝐹𝑖𝑥𝑀𝑎𝑛 + 𝐶𝑉𝑎𝑟𝑀𝑎𝑛  
(3-9) 

 

To calculate the material cost, first the weight of the component (𝑤𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡) needs to 

be determined. This has been done by taking the Volume from the CAD drawing and 

multiplying it by the material density as seen in (3-10). It should be noted that the author 

chose to use different volumes for the thermoplastics and the titanium baseline. The 

titanium baseline has a thickness of 1.5 mm, this wall thickness is however too thin for 

all thermoplastic processing methods, especially with the high performance polymers. 

High performance polymers have a high viscosity, especially with high fiber loadings. 

Hence according to manufacturers a minimum thickness of 2.5mm is realistic  

𝑤𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 =  𝜌𝐶 ∗ 𝑉𝐶 (3-10) 

 

Then the weight is multiplied with the raw material cost and the waste percentage as 

seen in (3-11).  

𝐶𝑇𝑜𝑡𝑎𝑙𝑀𝑎𝑡 =
𝑤𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 ∗ 𝐶𝑅𝑀𝑎𝑡 ∗ (100% + %𝑊𝑎𝑠𝑡𝑒)

100%
   

(3-11) 

 

After several considerations, the author decided to further refine this cost model, and 

divide the manufacturing costs into machine and tooling and labor costs. Furthermore, 

a more realistic lean management approach where only the parts in-demand are 

produced, has been applied. This meant that the author calculated with recurring fix 

costs that were added after every produced set of components. The lifetime of tools and 

the component production was estimated to be 4 years, which is conservative but still 

realistic. The initial model of the Trent XWB engine from Rolls Royce for example was 

certified in February 2013 and a new engine model with increased performance was 

certified 2017 4 years later [47]. Theoretically it can be assumed that the older models 

could still be produced however, for simplicity the author did not regard this. For the 

EBM baseline cost assessment, the author assumed, based on manufacturer data, that 

one set of components can be produced at once which reduced labor costs significantly. 

Another refinement was the machine cost, were machine hours were calculated and a 

machine use of 100% for simplicity was assumed. This assumption makes the cost 
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model more realistic because it is not accurate to pay-off machine investment with only 

one component, usually a company invests in technology when a sufficient quantity of 

components makes the investment feasible. The amortization of the machine 

investment was said to be 10 years and leads to the machine hour costs in (3-12). 

 

𝐶ℎ𝑀𝑎𝑐ℎ𝑖𝑛𝑒 =
𝐶𝑀𝑎𝑐ℎ𝑖𝑛𝑒𝐼𝑛𝑣𝑒𝑠𝑡

10 𝑦𝑒𝑎𝑟𝑠 ∗ 261 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑑𝑎𝑦𝑠 ∗ 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 ℎ𝑜𝑢𝑟𝑠
 (3-12) 

 

The author assumed 261 working days with 8, 12 or 24 working hours, depending on 

the manufacturing process. 8 hours were chosen for CM and IM due to the dependency 

of the process on labor. For EBM due to the shorter printing times and the assumption 

that no new printing process was started after hours but independent printing was 

possible after the operator had left, 12 hours was assumed. Since the 3D-printing 

process takes even more time 24 hours were assumed, since printing times of more than 

3 days were calculated. It needs to be mentioned, that the cost model did not consider 

machine costs arising from pre-processing such as Hot Isostatic Pressing (HIP), 

annealing and granule drying. Although this is an imperfection that can have an effect, 

due to limited data available and time restriction HIP had to be omitted from the cost 

model.  

4 Results and Discussion 

4.1 Identification of Candidate Jet Engine Components 

As described in Section 3.1, potential component suggestions were gathered from 

interviews and graded according to a self-developed scoring scheme. The results are 

depicted in Table 7-1 and Table 7-2 in Appendix 7.2.  

Thereby the scoring scheme identified component 19 as most promising candidate for 

compression and injection molding and component 21 as most promising candidates 

for 3D-printing. However, due to time restrictions, both selected candidates require 

significant design and development work, which cannot be achieved in the present 

work. Therefore the author decided to focus on component 20 that has a high ranking 

with both schemes and whose design is more mature. In both Tables green color was 

used highlighting high scores, yellow medium points and red low or no points.  

4.2 Performance Assessment of Selected Component  

Component 20 is a component found in a warm section (approx. 200°C) in one aero-

engines GKN supplies components as a Tier 1 supplier. As seen in the scoring scheme, 

component 20 is not exposed to any loads, since it is auxiliary. Its current baseline 

material is a Ti-6Al-4V alloy, a very commonly used titanium alloy in aerospace. To 

get a picture of the component a modified version of component 20 is depicted in Figure 

4-1.  
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Figure 4-1: Dummy of component 20. 

4.2.1 Material  

Of course the design and manufacturing play an important role for component quality 

and its properties, however the main factor providing the components their physical 

properties is the material itself. Due to the CUT specified above, only a few polymers 

have the potential to be used in component 20. These are PEEK, PEKK, PAI, PI, PPS 

and PBI, and their material data was collected by gathering material data sheets from 

suppliers. From this selection the author chose two thermoplastic matrix materials to 

present the manufacturing and performance considerations, that need to be made using 

these material. The author chose PEEK because of the comparably high availability of 

information and research in carbon fiber filled compounds and due to its high 

mechanical performance. Second, the author chose PPS as matrix material, since it 

fulfils the thermal requirements, has a low viscosity which enables low wall thicknesses 

and is the least expensive material of the previous selection. 

 

4.2.1.1 PEEK 

Table 4-1: Material data of different PEEK compounds. 

 Unit PEEK PEEK + 

30% CF  

PEEK + 

40% CF 

PEEK + 

30% CF 

CM 

PEEK + 

CF 

FDM 

Manufacturer   KyronMax Victrex Ketron Roboze 

Physical Properties 

Density g/cm3 1.31 1.41 1.45 1.42 1.36 

Thermal Properties 

HTD 1.8 MPa °C 159 336.5 349 232 280 

CUT °C 249   249 250 
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Mechanical Properties 

Young’s 

Modulus 

GPa 3.85 37 37 9.65 13.8 

Ultimate 

Tensile 

Strength 

MPa 85.1 336 336 110 115 

Flexural 

Strength 

MPa 152 503 407 159  

Flexural 

Modulus 

GPa 7.93 33 34 6.89  

 

Data from manufacturers, depicted in Table 4-1, shows that different manufacturing 

methods and filler loadings have different effects on mechanical and thermal properties. 

The addition of carbon fiber causes a significant increase in mechanical properties and 

even on the HTD which rises due to the reinforcement. Hence it can be concluded that 

more filler is favorable for the mechanical and thermal properties of the composites. 

Another observation can be made with Table 4-1, if the manufacturing method changes, 

the mechanical properties vary significantly, while the CUT seems unaffected. From 

this observation two things can be concluded, first the fiber reinforcement has almost 

no influence on the CUT, since the matrix properties are solely responsible for the 

resistance towards heat. Secondly, FDM and CM produce components with lower 

mechanical properties due to multiple factors originating from the process. IM causes 

alignment of polymer chains and fibers because of shear forces which are introduced 

during the injection process, while CM does not align the polymer chains. Further CM 

has a comparably slow cooling process compared to IM which allows crystallization of 

the polymer to continue for a longer time and forms more homogenous crystals. These 

crystals are bigger and randomly oriented and lead with the random fiber orientation to 

more isotropic properties, increase strain but reduce strength. IM on the other side cools 

down the polymer more rapidly which supports the formation of crystal layers and fiber 

layers within the material, increasing the tensile and impact properties compared to CM. 

Crystallization is also one of reasons why FDM manufactured parts perform worse than 

IM components. IM allows a better crystalline structure growth due to more rapid 

cooling during the process and further has better material compaction properties than 

FDM. FDM components also exhibit a lower density, due to the high pressures applied 

in CM and IM that compact the polymer more. This also leads to a decrease in 

properties as loads cannot be evenly distributed in the material [48].  

A study conducted by Zheng et al. showed how the flexural properties SCF reinforced 

PEEK decrease with an increase in temperature, however the CF filler increase the 

polymers stiffness significantly even at 235°C. The researchers observed a flexural 

stress of around 150 MPa at 235°C which is a 500% increase compared to the pristine 

polymer. At 235°C the flexural modulus is almost 0 GPa for the neat PEEK, 

nonetheless the reinforced PEEK still has a modulus of around 5 GPa. This shows that 

the CF offers significant reinforcement to the polymer even at temperatures close to the 

CUT. By observing the fracture surfaces of the tested specimen the study also observed 

that the failure for all samples is clearly matrix failure. At low temperatures it can be 

seen that the fibers stay embedded in the polymer and there is no sign for fiber pull-out 

and debonding. At elevated temperatures however the molecular chains tend to slide by 
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each other and also seem to slide off the fibers which makes deboning and pull-outs to 

the breaking mechanisms [49]. This study shows that the CF reinforcement is a crucial 

factor for the high temperature performance of SCFRTPs since it provides stiffness and 

strength even at high temperatures.  

4.2.1.1  PPS 

As previously observed in PEEK compounds show PPS compounds the same trends in 

Table 4-2. With the addition of CF the tensile strength and stiffness increase. So 

decrease the properties as well when CM is applied and this is also due to crystal and 

fiber orientation. However, it can also be noted that the tensile and flexural strength 

show only little increase or no increase with higher fiber contents. This could be due to 

the selection of two different materials suppliers with different compounds, which 

could use for example high strength fibers, one could have better fiber matrix adhesion 

or longer fibers. In Table 4-2 one can also see that there is currently no CF reinforced 

PPS filament commercially available. One reason therefore could be filament feeding 

issues while printing that were reported by Kishore et al. in [50]. The researchers 

extruded PPS filaments with 40 and 50% fiber fillings, however they could not print 

these due to their roughness and rigidity. This indicates that further research needs to 

be conducted in order to produce commercially available PPS CF FDM filaments.  

Even though CF PPS compounds are offered by a variety of vendors, the claims about 

CUT and high temperature behavior are not supported in their documentation. However 

data for GF PPS compounds is available and also some scientific publications. Tanka 

et al. studied for example the crack propagation behavior of injection molded plates of 

short CF reinforced PPS. Interesting thereby was that they tested samples oriented in 

and opposite flow direction. Therefore they investigated elastic constants of their 

compounds finding that at room temperature, the transverse modulus was 47% lower 

than in flow direction. Further they found that this trend does not change at 130°C 

indicating that the increased modulus originated by the fibers lessens in a constant 

manner. Their crack propagation testing found that in melt direction the fibers blocked 

cracking and perpendicular cracking occurred around the fibers in a zigzag manner. 

This behavior did not change at high temperatures, merely the stress intensity factor 

range decreased for the composite at that temperature [51].Fila et al. studied the creep 

behavior in CF/PPS composites manufactured by a fiber impregnation process. Thereby 

they conducted short-term creep testing and found CF PPS unsuitable for high-

temperature applications where more than 1.5 kN loads are applied. However they 

argued, that their novel manufacturing method was unsuitable for the polymer and 

matrix and the bad results could originate therefrom [52]. By looking at reinforced PPS 

with other fibers the author found material data from Solvay which published material 

data of a 40% fiber filled PPS compound. After inspection the author found that strength 

and modulus of this material was lower than for the carbon fiber reinforced material, 

however concluded that the overall material behavior can be estimated using this 

compound. According to Solvlay, their Ryton PPS compounds show little decrease in 

creep modulus after 1000 hours at a 34 MPa testing load. The creep modulus was 

reduced by 11% after 1000 hours from 3.5 GPa to 3.1 GPa at 150°C. Furthermore the 

tensile modulus was reduced by 53% at 200°C from 15 GPa to 7 GPa compared to the 

material properties at 23°C. Tensile properties reduced by 61% from  195 MPa at 23°C 

to 75 MPa at 200°C [40].  
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Table 4-2: Material data of different PPS compounds. 

 Unit PPS 
PPS + 

30% CF 

PPS + 

40% CF 

PPS + 

66% CF 

CM 

PPS + 

CF 

FDM 

Manufacturer   
Kyron 

Max 
RTP 

TenCate 

Cetex 
N/A 

Physical Properties 

Density g/cm3 1.35 1.45 1.48   

Thermal Properties 

HTD 1.8 MPa °C 116  268   

CUT °C 260     

Mechanical Properties 

Young’s 

Modulus 
GPa 3.31 34.8 40.5 41.4  

Ultimate 

Tensile 

Strength 

MPa 64.5 268 260 207  

Flexural 

Strength 
MPa 90.3 404 405 496  

Flexural 

Modulus 
GPa 3.95 29.4 32.5 33.8  

 

The data above imply that CF-reinforced PPS can perform at CUT, however should not 

be objected to continuous static loads.  

Summarizing the discussed materials above, the author deems PPS and PEEK possible 

for component 21 since no loads are applied. Nonetheless the author recommends to 

conduct product specific analysis and testing, since general material behavior is very 

dependent on the loads, load rates and the specific temperature. Furthermore, the 

component will probably be exposed to temperature cycling which could further age 

the component.  
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Figure 4-2: Stress/Strain curves for 40% GF filled PPS at different temperatures[40]. 

 

4.2.2 Design  

General design requirements such as a uniform wall thickness the prevention of sharp 

edges are fulfilled by the current design. Furthermore, there are no abrupt transitions 

from thin to thick and vice versa. Even though the current component design of GKN 

Aerospace could technically be manufactured by all manufacturing methods as is, this 

is not advisable since the overall dimensional stiffness and manufacturability could be 

improved though commonly found rip designs on the inside of the component. As seen 

in Fehler! Verweisquelle konnte nicht gefunden werden. could this simple feature 

increase the dimensional stiffness while reducing the risk for deformation such as 

warpage, especially at elevated temperatures.  

 

Figure 4-3: Stiffness and weight increase with polymeric rib design [6] 

Possible weight reductions with SCF filled PPS and PEEK can be seen in Figure 4-4 

and Figure 4-5. Here, the component thickness was changed and compared to the 

1.5 mm thick EBM component. The break-even thickness is, as seen in Figure 4-4, 

4.6 mm which equals a volume of 218 cm3 for PPS and 4.7 mm which equals 222 cm3 

for PEEK based components. By plotting the weight reduction over the thickness until 
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break-even weight as done in Figure 4-5, one can see that a 67.2% weight reduction 

can be possible for PPS. This weight reduction is however only valid for the 1.5 mm 

thick PPS compound, because it is not advisable to produce such a thin PEEK 

component. PEEKs high viscosity, especially when filled requires wider wall 

thicknesses, which is a minimum of 3 mm considering the shape of component 20 

shape. Hence the maximum weight reduction possible with the PEEK component is 

34.5%.  

 

Figure 4-4: Weight dependence on thickness of thermoplastic components compared 

to the Titanium baseline product. 

 

  

Figure 4-5: Weight reduction with 40%CF filled PEEK and PPS compound. 

Figure 4-6 shows the comparison between the thickness increment in the thermoplastics 

and the 1.5mm thick Ti components ultimate tensile strength. There it can be seen that 

to reach the same ultimate load at RT as possible in Ti, the thickness would have to be 
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increased to 7.1 mm in the 40% CF filled PPS compound or to 5.3 mm in the PEEK 

based compound.  

 

Figure 4-6: Loads possible for Thermoplastics compared Ti baseline at RT. 

Furthermore, gate locations need to be chosen carefully since these can be noticeable 

on the part surface and determine the fiber orientation which again determines the 

material properties. Moldflow simulations depicted in Appendix 7.3 show that the gate 

locations are crucial for the part quality since weld lines and porosity can be avoided 

simply by choosing the right gate location.  

Another consideration when designing for manufacturing are the ejector pin marks, 

which will become evident after the part ejection. These marks are almost inevitable 

and also need considerate placement to ensure proper ejection and appropriate 

placement. 

4.2.3 Manufacturing  

Results of the flow simulations are shown in Appendix 7.3. There, it can be seen that 

filling the mold with the PPS polymer poses no problem with just one gate location on 

the top. In Figure 4-7 one can also see the fiber orientation at the skin layer with only 

one gate location, which is the basis for the property estimation and helps understanding 

the anisotropy of component 20. As depicted in Figure 7-2 one can see that the 40% GF 

filled PPS (Solvay) component can easily be produced by IM producing weld lines only 

at the drill holes. It needs investigation of the material properties suffice at these holes 

or if they should be inserted after the manufacturing, adding an additional post-

processing step. Unfortunately, there are also some estimated sink marks (see Figure 

7-5) and the program also showed air traps (see Figure 7-3). This could be solved by 

additional tool design optimization and with localized heating or cooling of the mold. 

The author deems the gate location on top of the component suitable as well, since weld 

lines can be avoided. This can be observed by comparing Figure 7-8 to Figure 7-6, 

where two gate locations were selected. By manufacturing the component with PEEK, 

there are as expected difficulties. As previously mentioned, the simulated thickness of 

2.5 mm is not sufficient in order to produce high quality PEEK components. The quality 

prediction seen in Figure 7-9 for 40% CF filled Victrex PEEK is rather pessimistic and 

does probably not suffice for aerospace grade parts. Hence the author recommends to 

increase part thickness to at least 3 mm to have better material flow and minimize air 

traps (see Figure 7-10) and sink marks (see Figure 7-11).  
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Figure 4-7: Fiber orientation at skin layer with one gate on top (yellow). 

4.2.4 Properties 

Even though material properties where sufficiently discussed in the previous 

subsection, the author sought more information about the materials and implement 

material models to get also information about transverse behavior and laminate 

constants. With Multiscale Designer, ESAComp and Krenchel’s Model, the author 

subsequently obtained the laminate constants for each material. In 
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Table 4-3 all constants are elaborated, and the laminate layups used can be found in 

Appendix 7.5.2. By comparing the calculated moduli with the data provided by 

manufacturers, as seen in Figure 4-9, one can notice that the IM results produced by 

laminate theory (LT) are very close to the RTP compound with normal fibers and the 

author therefore assumes, that the transverse modulus should be considered 

representative for this component. The value is about 50% reduced, a decrease that was 

also found in previously discussed literature. The second RTP compound modulus with 

ultra-performance fibers (UP), is too high because the fibers applied in LT are standard 

modulus fibers, commonly used in aerospace applications. Values from Krenchel’s 

Model fit with the quasi-isotropic CM LT layup, however these values are significantly 

lower than TenCate’s BMC. This compound exhibits the highest properties because it 

is a long fiber-reinforced thermoplastic with a very high fiber volume fraction due to 

the tape like form. Hence it is not surprising, that it, despite being a CM compound, 

exhibits very high properties and the models are not appropriate.  
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Table 4-3: Investigated Engineering Constants for 40% CF filled PPS. 

 Unit IM LT LT 
Krenchels 

2D 

Krenchels 

3D 

RTP1387 

UP 
RTP1387 

TenCate 

BMC 

Ti-4Al-

4Mo-2Sn 

CF 

Content 
% 40 40 40 40 40 40 66 0 

Ex GPa 34.34 22.80 23.55 14.42 40.5 34.475 41.4 110 

Ey GPa 17.83 22.80       

Gxy GPa 4.52 8.28       

Poissons 

Ratio 
 0.224 0.377       
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Figure 4-8: Visual Comparison of Longitudinal Modulus. 
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Table 4-4, one first notices that LT underestimates considerably the manufacturers’ 

data for IM components by around 13%. Krenchels Model on the other side 

overestimates the CM compound from Ketron even after adjusting Vf to the lower 

value, by more than 50%. Krenchels model however describes the 3D-printed material 

from Roboze rather well, maybe because the fibers are more randomly aligned in out-

of-plane direction, or maybe because of the tool path. However this could also be a 

coincidence and cannot be concluded without taking a closer look at the microstructure. 

All property discrepancies can be due to differing fiber lengths, fiber quality, polymer 

quality, and processing parameters, hence a proper material prediction is difficult at this 

stage. Just by changing melting temperatures and injection pressures a different 

microstructure can be achieved, which means different properties. Hence the material 

constants investigated above should be used with caution and only as a rough estimate.  
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Table 4-4: Investigated Engineering Constants for CF filled PEEK. 

 Unit LAM IM LAM CM 
Krenchels 

2D  

Krenchels 

3D  

RTP 2287 

HF UP 
Victrex 

TenCate 

BMC 

Ketron 

CM 

Roboze 

FDM 

Filament 

Ti-4Al-

4Mo-2Sn 

CF 

content 
% 40 40 40 40 40 40 66 30 n/a 0 

Ex GPa 35.53 23.6 25.23 15.58 40 43 43.4 9.65 13.8 110 

Ey GPa 18.87 23.6         

Gxy GPa 4.77 8.53         

Poissons 

Ratio 
 0.245 0.384         
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Figure 4-9: Visual Comparison of Longitudinal Modulus. 

4.3 Operations lists and cost calculation  

As described in Chapter 3.3 a thorough cost comparison for each manufacturing method 

has been applied. Furthermore, it was identified in Section 3.1 that the baseline concept 

for this component is Electron Beam Melting (EBM). Since AM of metals was not the 

main focus of this work, a brief process description of EBM is given in Appendix 7.3. 

Additionally sources and parameters for cost and time can be seen in Appendix 7.5 and 

the operation lists in Appendix 7.6.  

For the cost modelling the author further chose the least expensive polymer available, 

which would still fulfil the required CUT temperature and have a sufficiently high 

HDT. This was in the present work PPS because of its lower melt viscosity. As 

elaborated previously in Section 4.2.1.1 PPS is easier to process, allowing lower wall 

thicknesses and is easier to implement than PEEK, hence is preferred in the present 

work.  
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Figure 4-10: Price development of one component dependent on the overall quantity. 

The results of the cost modelling can be seen in Figure 4-10 which on the first glimpse 

supports previous cost assumptions. The initial costs for IM and CM are much higher 

than the initial costs for FDM and EBM. This originates from higher initial investment 

costs due to expensive tooling. After approximately 250 parts however IM and CM 

become less expensive than EBM and after 390 less expensive than FDM. After 

manufacturing a total amount of around 500 parts IM becomes less expensive than CM. 

The reason for the high price for FDM printed products is the high filament cost, which 

is in this case 300 USD per kg and the long printing time which exceeds one day. It 

needs to be mentioned, that no price was available for carbon fiber filled PPS filaments, 

which implies that the break-even price is probably higher.  

As described in Section 3.3 , the cost model was further refined, to be able to make a 

recommendation for a preferred manufacturing method and to determine more realistic 

break even quantities and prices.  

Table 4-5: Cost per piece in USD for refined cost assumptions for 100 engines over 4 

years. 

 IM  CM FDM EBM 

Material [USD] 9.16 8.54 59.34 66.45 

Labor [USD] 9.82 13.27 22.69 16.39 

Machine and Tooling [USD] 25.17 29.08 57.64 108.19 

Total Cost [USD] 44.14 50.88 139.66 191.02 
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Figure 4-11: Cost distribution of IM, CM, EBM and FDM. 

Looking at Table 4-5 one can see the results of this refinement. For the annual 

production volume of 400 parts over 4 years, injection molded components are 75% 

and compression molded 72% less expensive than the EBM baseline product. FDM is 

constantly 31% less expensive than EBM and 68% more expensive than IM and 62% 

than CM. 

In Figure 4-11 it is apparent that machine and tooling cost have the highest cost 

percentage in all four manufacturing methods. Even though CM and IM require a tool, 

the high machine cost of EBM cause the makeup. The long printing time and relatively 

cheap machine costs, however make 3-D printing less cost intensive than EBM. Due to 

the high machine cost, EBM’s manufacturing becomes more expensive than every other 

manufacturing method.  

It can also be seen, that IM and CM are more labor intensive as FDM and EBM, even 

though the overall labor costs are lower. This is due to the fact that the author calculated 

without automation of processes due to limited information. Nowadays however can 

IM and CM be fully automated and the labor force thereby significantly reduced. With 

a reduction in labor percentage, man-made mistakes can be avoided and the aerospace 

industries’ demand for zero defects is more likely to be achieved (i.e. GKNs Zero 

Defect initiative). The labor cost arising from the AM methods is mostly transportation 

and installation, which has potential to be automated if necessary.  
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As seen in Figure 4-11, the high material cost for AM methods is another reason for the 

almost tripled manufacturing cost, and why even a comparably small amount of 

components make IM and CM less expensive than AM. Nonetheless it is likely that due 

to the high demand for AM methods the prices for filaments and Ti powder will 

continuously drop and the prices could potentially at some point compete with IM and 

CM compounds.  

After this assessment the author calculated how many engines/components GKN would 

need to produce in order to select thermoplastic production methods over EBM and 

found in light of Figure 4-12 that production rates as low as 60 components, equaling 

15 jet-engines, would suffice to make common thermoplastic manufacturing methods 

favorable over EBM. FDM cost is always lower than EBM cost, but after producing 21 

engines, IM and CM become cheaper alternatives, due to the reduced fix costs for 

tooling. There it needs mentioning, that this is due to the low price of the FDM printer. 

There are far pricier printers available, which could equal the price of the EBM 

machine, hence the cost for FDM has high potential to shift upwards, making this option 

less desirable.  

Finally it needs to be pointed out, that the assumed 100% machine occupancy rate is 

not realistic and in some cases a machine downtime percentage is used to compensate 

for this effect [53]. However since this downtime can be assumed as equal for all 

machines and the assumption should therefore not influence the breakeven amount, but 

the price can be assumed higher.  

  

Figure 4-12: Cost dependency on yearly production quantity (over 4 year tool 

lifespan). 

Figure 4-13 shows the possible cost reductions by comparing IM and FDM with EBM 

with an increasing amount of produced engines. There it can be seen that IM 

manufactured components have the potential to save up to 77 % cost compared to the 

EBM baseline product. Right after the break-even amount one can observe a strong 

incline in reduction reaching a 23% cost reduction already after producing components 

for 20 engines. By now comparing the possible cost reduction of IM to FDM, one can 

observe the same incline after the breakeven amount however the cost reduction is only 

67% for 100 engines.  
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Figure 4-13: Possible production cost reduction of IM compared to EBM. 

5 Conclusions and Further Work 

The present work indicates the potential to reduce the weight of the component 

significantly. Both materials, PPS and PEEK offer a potential to reduce component 

weight by 67.2% and 34.5% respectively. Thereby the components’ carbon footprint 

compared to the Ti baseline could be reduced and contribute to more lightweight and 

sustainable aero-engines. Nonetheless, if a fiber-reinforced thermoplastic material is 

utilized, the component needs a more suitable and efficient design, achieved by 

introducing stiffening ribs. Furthermore, load cases need to be determined accurately 

to define a suitable material thickness, to state the actual possible weight reduction. 

Flow simulations indicate that there seem to be no difficulties in manufacturing PPS-

based components, even with high filler contents. PEEK-based composites on the other 

hand are trickier to manufacture and more simulations with thicker walls and a refined 

mold cooling and heating systems should be conducted. Also, the mold design for PPS 

should be simulated in future work to get a more accurate quality estimation. The author 

concludes further that the designer should work with only one gate location on the top, 

since weld lines can almost completely be eliminated and the polymer feeding problems 

for PEEK can be solved by a better tool design. Further should flow and layup and 

toolpath simulations for CM and FDM be conducted to predict their quality and judge 

the manufacturability of component 21. 

Even though more than the discussed PEEK and PPS compounds might be suitable for 

component 20, these two were deemed as the most suitable. PEEK could be selected 

when the component experiences small loads, and PPS if there are no loads and if small 

wall thickness are required. In the scope of this work the author deemed those materials 

suitable, nevertheless it is recommended to conduct specific material tests with the 

materials listed, since manufacturing and design play a substantial role in material 

properties. Additionally, the actual CUT temperatures need to be determined precisely 

and material properties such as creep and thermal expansion at this temperature need 

to be determined. The thermal mismatch (CTE) between Ti and PEEK/PSS is also 

unknown at this stage and resulting loads due to the mismatch require further 

investigation.  
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The collected manufacturer data and the applied laminate theory and Krenchel’s model 

seem to be in the same magnitude as manufacturer data but do not represent it 

accurately. Therefore, the author advises testing of chosen compounds from different 

manufactures and analysis of fiber orientation by CT or perform more elaborate flow 

simulations. With those results, more accurate fiber orientations can be determined, and 

a much more detailed and accurate material model could be generated in Multiscale 

Designer.  

Technical cost modelling shows that SCFRTPs have the potential to reduce 

manufacturing cost significantly. From the cost assessment it can be concluded, that 

after a total production of 60 engines, IM and CM become less expensive and more 

viable than EBM, and after 84 engines in total IM and CM become less expensive and 

more viable than FDM. In order to make EBM more economically viable for a higher 

number of engines the machine cost needs to be further reduced. For FDM, the very 

high filament cost is the main cost driver which should be reduced if FDM is the desired 

manufacturing method for more than 84 engines. Nonetheless, as remarked throughout 

the report, this cost model needs further refinements, with more accurate data and 

component specific tooling and machine cost.  

The present work shows that SCFRTPs are promising materials, with a high potential 

to reduce cost and weight. It also shows that all performance parameters are closely 

linked and need further and more thorough investigation. GKN Aerospace could with 

further research benefit from introducing SCFRTPs into their aero-engine components 

economically and contribute and thus contribute to more lightweight and sustainable 

aero-engines.   
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7 Appendix 

7.1 Questionnaire for GKN Employees.  

 

Introduction 

“The aim of my project is to introduce short carbon fiber reinforced thermoplastic 

(SCFRTP) composites into GKNs jet engine components and replace currently used 

materials with more efficient solutions. The main motivation thereby is cost, because 

short fiber thermoplastics are easier to manufacture than long-fiber reinforced 

thermoplastics, thermosets and a lot of metallic materials. The short fiber 

reinforcement increases the mechanical properties and makes the polymer creep 

resistant while the high performance matrix provides temperature resistivity and good 

impact properties. Of course thermoplastics have certain constraints, for example a 

maximum service temperature of 300°C and compared to titanium lower mechanical 

properties. However SCFRTPs are much more inexpensive and could also reduce 

component weight so I hope that you can help me to identify some target components 

that qualify for SCFRTPs and make the companies jet engines more efficient.“  

 

Aim  

Introduce short carbon fibre reinforced thermoplastic composites into GKNs jet engine 

components and replace currently used materials.  

Reduce costs by reducing weight and by increasing amount in the engine.  

 

Background 

 

➢ What is your role in the organisation and how long have you been part of Volvo-

Aero/GKN? 

➢ What engines/components & programs are you/have been involved in? 

➢ Are you aware of any thermoplastics in the current jet engines?  

 

Questions to help me identify components:  

 

➢ Are you aware of any non-primary load carrying or auxiliary engine 

components that are exposed to less than 300°C (Fan, low pressure 

compressor)? 

➢ Are you aware of any non-primary load carrying or auxiliary engine 

components that require high repeatability and would benefit from an 

injection/moulding processing? 

➢ Do you know about the use of metal/composite brackets, clamps, covers, etc.?  

➢ Do you have any information such as drawings/presentations/documentation of 

these components with loads and temperatures that can help me make a business 

case proposal?  
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7.2 Results of Component Identification Scheme 

In this sections the results of the component identifications are displayed. In both 

Tables, the background color green represents high, yellow medium and red insufficient 

scoring results. In the column score green represents the highest overall component 

with the most potential to be manufactured with SCFRTPs.  

Table 7-1: Scoring results for IM and CM processes. 

No Baseline Material Loads  
Shape 

Complexity  
Quantity  

Information 

available 
Score 

1 

Polyetherimide + 

30%CF/ previously 

Titanium 

Low Low 32- 44  Yes 19 

2 Titanium High Medium 32- 44  Yes  12 

3 Composite High  Low 32- 44  Yes  12 

4 Aluminum   High Medium 1 No 4 

5 
Aluminum Titanium 

Composite  
High Low 18-22 No 9 

6 Aluminum  Medium Low 1 No 8 

7 Aluminum High Low 20 No 9 

8 Titanium High Medium 1 No 7 

9 Titanium High Medium 1 No 7 

10 Titanium  Medium Medium 10 Yes 16 

11 Aluminum/Titanium Low High 1 No 10 

12 Aluminum/Titanium High Low 1 No 6 

13 Composite High Low 2 No 8 

14 Steel Medium Medium 1 Yes 11 

15 Titanium Medium Medium 1 Yes 11 
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16 Aluminum Medium High 1 No 5 

17 Titanium Medium  Low 1 No 11 

18 Aluminum/Titanium Medium  High 2 No 8 

19 Titanium Low Low 8 Yes 19 

20 Titanium Low Low 4 Yes 16 

21 Titanium Low Medium 8 Yes 16 

22 Composite Low  Medium 1 Yes 11 

23 N/A Medium  Medium 1 Yes 8 

24 N/A Low Medium 5 Yes 11 

25 N/A N/A N/A 1 No 3 

26 Titanium Medium Low 44 Yes 16 

 

Table 7-2: Scoring scheme results for AM process. 

No Material 

Loads on 

the 

componen

t 

Shape 

Complexit

y 

Quantit

y 

Informatio

n available 

Scor

e 

1 

Polyetherimide + 

30%CF previously 

Titanium 

Low Low 32- 44  Yes 

12 

2 Titanium High Medium 32- 44  Yes  
9 

3 Composite High  Low 32- 44  Yes  
6 

4 Aluminum   High Medium 1 No 
7 

5 
Aluminum Titanium 

Composite  
High Low 18-22 No 

3 

6 Aluminum  Medium Low 1 No 
7 

7 Aluminum High Low 20 No 
3 

8 Titanium High Medium 1 No 
10 

9 Titanium High Medium 1 No 
10 

10 Titanium  Medium Medium 10 Yes 
10 

11 Aluminum/Titanium Low High 1 No 
10 

12 
Aluminum/Titanium

? 
High Low 1 No 

5 
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13 Composite High Low 2 No 
6 

14 Steel Medium Medium 1 Yes 
13 

15 Titanium Medium Medium 1 Yes 
13 

16 Aluminum Medium High 1 No 
10 

17 Titanium Medium  Low 1 No 
10 

18 Aluminum/Titanium Medium  High 2 No 
8 

19 Titanium Low Low 8 Yes 
12 

20 Titanium Low Low 4 Yes 
12 

21 Titanium Low High 8 Yes 
15 

22 Composite Low  Medium 1 Yes 
14 

23 N/A Medium  Medium 1 Yes 
10 

24 N/A Low Medium 5 Yes 
9 

25 
N/A N/A N/A 1 No 

6 

26 
Titanium Medium Low 44 Yes 

9 

 

7.3 Electron Beam Melting (EBM) 

The EBM manufacturing process principally functions like the SLS process and is a 

powder bed fusion technique based, additive manufacturing process. Instead of a laser 

source however, a high power electron beam is used to generate the energy needed to 

melt the metal powder in the build tank (see Figure 7-1). This electron beam is thereby 

scanned across a thin layer of metallic powder (in this work Ti6AlV4), where it melts 

the powder and creates a solid. After each scanning step new powder is applied over 

the solidified areas which creates a component. Since the entire process takes place at 

high temperature and under vacuum a component free from residual stresses is 

produced. Unfortunately like all powder based processes is this process prone to 

porosities hence a HIP process needs to be applied after the printing to eliminate 

remaining porosity. The advantages compared to other AM methods is the high melting 

capacity, the ability to create complex shapes and the high productivity, because the 

laser beam allows melting at multiple points simultaneously. A downside for EBM 

processes is however the high initial equipment cost.  
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Figure 7-1: EBM process setup [54]. 

 

7.4 Flow Simulation Results 

The images provided below show the fiber orientation at the skin layer with different 

gate locations. These images shall demonstrate the formation of weld-lines in SCFRTPs 

and how the gate location influences the fiber orientation and the properties associated 

with them. 

 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiljIP_q5viAhUsyaYKHWDWAUAQjRx6BAgBEAU&url=https://www.makepartsfast.com/what-is-electron-beam-melting/&psig=AOvVaw0GMw6unbll0tIR_pY_3MEi&ust=1557934384748784
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Figure 7-2: Quality Prediction 

 

 

Figure 7-3: Air traps for 40% GF filled PPS component. 
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Figure 7-4: Weld lines for 40% GF filled PPS component. 

 

 

Figure 7-5: Sink marks estimate for 40% GF filled PPS component. 
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Figure 7-6: Fiber orientation at skin layer with two side gates (yellow). 

 

 

Figure 7-7: Quality prediction for 40% GF filled PPS component with two side gates. 
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Figure 7-8: Weld lines for 40% GF filled PPS component with two side gates. 

 

 

Figure 7-9: Quality prediction for 40% CF filled Victrex PEEK component.  
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Figure 7-10: Air traps for 40% CF filled Victrex PEEK component. 

 

 

Figure 7-11: Predicted sink marks for 40% CF filled Victrex PEEK component. 

 

7.5 Property Prediction Procedure 

As seen below in Figure 7-12 and briefly described in 3.2.2 operates Multiscale 

Designer in different steps. The first step designs the unit cell model and the second 

develops the linear material characterization.  
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Figure 7-12: Multiscale Designer Interface. 

7.5.1 Step one: Unit Cell Model Definition 

Since the material is short fiber reinforced the discontinuous fiber option was chosen 

to get the unit cell properties. This option and the geometric attribute definitions can be 

seen in Figure 7-13: Discontinuous fiber unit cell. 

 

 

Figure 7-13: Discontinuous fiber unit cell. 
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The input data for the fiber and matrix was obtain from Altair training, and material 

data sheets (see Figure 7-14). This data was processed an saved and it was proceeded 

to step 2.  

 

Figure 7-14: Unit cell model definition input and interface. 

 

7.4.2 Step two 

In step two fiber and matrix parameters are specified, whereby the matrix properties are 

isotropic and the fiber properties translotropic. Meaning that the raw polymer has the 

same properties in all directions, however the carbon fiber has different properties in 

longitudinal direction than in radial direction. The input data for the raw polymer (see 

Figure 7-15) was from manufacturers and the fiber input data (see Figure 7-16) from 

Altair training.  
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Figure 7-15: Input parameters for matrix. 

 

 

Figure 7-16: Input parameters for fiber. 

 

The output was then evaluated and inserted in ESAComp. The output for PPS and 40% 

CF can be seen in Figure 7-17.  
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Figure 7-17: Output from step 2 for PPS with 40% CF. 

7.5.2 ESAComp  

With the tension data from above a ply in ESAComp was created. ESAComp uses 

laminate theory to compile the laminate constants of the material. The input layup for 

IM can be seen in Figure 7-19, the layup for CM in Figure 7-18.  

 

 

Figure 7-18: Layup for CM composites. 
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Figure 7-19: Layup for Injection Molded Composites. 
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7.6 Operations Lists and Cost Calculation Sources 

 

 

Cost driver 

Paramete

r Description Sources 

Machine Cost 𝐶𝑀𝑎𝑐ℎ𝑖𝑛𝑒 
Cost for initial investment in the 

machine (includes installation) 
[32, 45] 

Tooling Cost 𝐶𝑇𝑜𝑜𝑙 
Cost for tools such as molds, nozzles 

etc. 
[32, 45] 

Dedication Degree 𝐷 
Percentage of supervision needed from 

operator 
[32] 

Mold filling time 𝑡𝑀𝐹 Time to fill a mold 

IM: https://www.improve-your-injection-

molding.com/estimating-cycle-time.html 

CM: Personal Estimation 

 

Press cure time 𝑡𝐶𝑢𝑟𝑒 Curing time [55] 

Printing time 𝑡𝑃𝑟𝑖𝑛𝑡 Time to print a component Markforged Eiger 

Electricity total 

cost 
𝐶𝐸𝐿 Cost for electricity kW/h 

https://www.statista.com/statistics/596262/electricity-industry-

price-sweden/ 

Electricity fix cost   

CM: [32] 

IM: Assumption equal to CM 

3D: Data sheet Markforged X7 

(https://support.markforged.com/hc/en-us/articles/207304750-

https://www.improve-your-injection-molding.com/estimating-cycle-time.html
https://www.improve-your-injection-molding.com/estimating-cycle-time.html
https://www.statista.com/statistics/596262/electricity-industry-price-sweden/
https://www.statista.com/statistics/596262/electricity-industry-price-sweden/
https://support.markforged.com/hc/en-us/articles/207304750-Power-Consumption
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Power-Consumption ; http://pv-e.com/wp-

content/uploads/2018/06/X7-Specs.pdf ) 

Electricity variable 

cost 
  

IM: 

https://fenix.tecnico.ulisboa.pt/downloadFile/281870113703251/

70972_Resumo%20alargado%20-%20versao%20Final.pdf 

CM: [56] 

3D: https://nutz95.wordpress.com/2014/08/27/how-much-

electricity-cost-a-3d-print/ 

Manual Labor Cost 𝐶𝑀𝐿𝑎𝑏𝑜𝑟 Cost for an employee per hour 
https://www.lo.se/home/lo/res.nsf/vRes/lo_fakta_136602747878

4_lonerapport2017_pdf/$File/Lonerapport2017.pdf 

Installation and 

adaption 
𝑡𝐼𝑛𝑠𝑡𝑎𝑙𝑙 

Time for installing tooling and 

accessories for a process. 
Youtube (video 35 min length) assumption IM and CM similar 

Development for 

Processing Time 
𝑡𝐷𝑃 

Time to convert drawing into 

tool/machine process able data 
Markforged Eiger Program 

Material Cost 𝐶𝑅𝑀𝑎𝑡 Raw Material Cost Collected Material Data Sheets and Offers 

Waste %𝑊𝑎𝑠𝑡𝑒 Waste Percentage [45] 

Total Material Cost 𝐶𝑇𝑜𝑡𝑎𝑙𝑀𝑎𝑡 Total Material Cost (with waste)  

 

https://support.markforged.com/hc/en-us/articles/207304750-Power-Consumption
http://pv-e.com/wp-content/uploads/2018/06/X7-Specs.pdf
http://pv-e.com/wp-content/uploads/2018/06/X7-Specs.pdf
https://fenix.tecnico.ulisboa.pt/downloadFile/281870113703251/70972_Resumo%20alargado%20-%20versao%20Final.pdf
https://fenix.tecnico.ulisboa.pt/downloadFile/281870113703251/70972_Resumo%20alargado%20-%20versao%20Final.pdf
https://nutz95.wordpress.com/2014/08/27/how-much-electricity-cost-a-3d-print/
https://nutz95.wordpress.com/2014/08/27/how-much-electricity-cost-a-3d-print/
https://www.lo.se/home/lo/res.nsf/vRes/lo_fakta_1366027478784_lonerapport2017_pdf/$File/Lonerapport2017.pdf
https://www.lo.se/home/lo/res.nsf/vRes/lo_fakta_1366027478784_lonerapport2017_pdf/$File/Lonerapport2017.pdf
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7.7 Operations Lists 

7.7.1 EBM Process Flow 

 

 

 

Material Tooling/Equipments Stations Process Flow Cycles [min] Alternative Tooling Alternative Process Flow

Storage Area PrepareStorage Area

Post-Processing

Main Process

Preform

Prepare

Carbon Fiber (evtl. 
recycled)

Computer

Ti Powder

3D CAD Model

EBM Priner
Setting process 

parameters

Convert CAD file into 
.stl  fi le

Printing

Chamber Cooling

Parts extraction

Create Layer slices and 
tool paths

Storage

Transfer/Load

Transfer/Load

Produce lattice 
structures

Powder recovery 
station

2

627

10

2

15

5

120

2

2

Powder Recovery

Preheting

Recharge Powder 2

3

30

10

15

Transfer Load

HIP oven
Hot Isostatic Presing 

(HIP)
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7.7.2 Compression Molding Process Flow: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material Tooling/Equipments Stations Process Flow Cycles [min] Additional Processes Tooling/Equipments Additional Process Flow Cycles [h]

PrepareStorage Area

Post-Processing

Molding

Preform

Prepare

Tool Storage

Mold Release

Tencate Cetex (BMC)

Install/TestMold in 
Machine

Heat in Mold 

Pre-weigh BMC

Apply mold release

Apply Debulk Pressure 
Cycle(s)

Cooling Cycle 

Demolding

Visual Inspection

Machining

Compaction Press

Storage

Deflash/Clean

CT

Consolidation Cycle

Transfer/Load

Visual Inspection

Milling machine

Computer Tomography

Tool CleaningTool Storage

Dristibute Compound

Load/Transfer

20 sec

2

24

Storage Area

CAD Software

CNC Machine

Milling machine

Ultrasounf Tranducer

Tool Storage

Machining

Tooling Steel 

Conceptual Model
Development

Tool Conception

Tool Design

Tool Machining

Inspection

Tool Design Visual 
Inspection

Trial Manufacturing

Storage

x

x

Compression Molding 
Machine

Storage

30

Scale 2

2

5

12

2

0,5

0,5

0,2

5

10

0,2

5
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7.7.3 FDM Process Flow 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material Tooling/Equipments Stations Process Flow Cycles [min] Alternative Tooling Alternative Process Flow

Storage Area PrepareStorage Area

Post-Processing

Main Process

Preform

Prepare

Carbon Fiber (evtl. 
recycled)

Computer

Selective Laser Sintering 
Printer

Filament Wire

3D CAD Model

Substrate

Polymer Powder

FDM Priner
Nozzle and Wire 

installation

Create Supporting 
Structures

Printing

Demolding

Visual Inspection

Annealing

Visual Inspection

Create Layer slices and 
tool paths

Storage

Transfer/Load

Removing Support 
Structures

Milling Machine

STL fi le

Oven

Ultrasounf Tranducer

60

4320

1

2

30

15

1

340

5

10

5

5

Transfer/Load
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7.7.4 Injection Molding Process Flow Chart: 

 

 

Material Tooling/Equipments Stations Process Flow Cycles [min] Additional Processes Tooling/Equipments Additional Process Flow

Storage Area

Post-Processing

Main Process

Preform

Prepare

Compound
(Fiber+Matrix)

Oven

Mold Release

Drying

Insert Mold

Injection Molding

Demolding (automatic)

Visual Inspection

Machining (gates)

Visual Inspection

Injection Molding 
Machine

Apply Mold Release

Storage

Transfer/Load

Transfer/Load

Transfer

Mill ing machine

Tool CleaningTool Storage

240

Tool Storage

PrepareStorage Area

CAD Software

CNC Machine

Tool Storage

Machining

Tooling Steel 

Conceptual Model
Development

Tool Conception

Tool Design

Tool Machining

Inspection

Tool Design Visual 
Inspection

Trial Manufacturing

Storage

Compression Molding 
Machine

0,5

0,2

0,2

30

0,2

5

5

10

5

5


