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Abstract                                                                                                                                           i 

Abstract                                                                                                   

Fused Filament Fabrication (FFF), an extrusion-based additive manufacturing technique, 

is becoming increasingly popular for polymer processing in academia and industry since 

it provides several benefits. As an inherent nature of additive structures, the quality of 

the inter-filament bonding in 3D printed components poses the main challenge in the 

application to mechanically critical components. Still, the precise placement of the 

material allows for generating load-path-specific orientations within a volume. In this 

work, to improve inter-filament bonding, the effects of the processing conditions on the 

mechanical properties of macroscopically defect-free 3D printed polypropylene (PP) were 

comprehensively investigated based on an analysis of supermolecular morphology 

formation in combination with local thermal simulations. Additionally, to exploit the 

anisotropic properties of the FFF process, specifically the unique fiber orientation, a 

composite based on PP and poly(ethylene terephthalate) (PET) microfibrils was prepared, 

and the morphology and the effects of the PET-fiber reinforcement on the mechanical 

performance were studied. The importance of the fiber orientation on the tribological 

properties was highlighted by the characterization of two printed fiber-reinforced 

polyetheretherketone (PEEK)-based compounds sliding against a steel ring. By 

understanding in-depth the effect of the processing conditions and the anisotropic 

properties of fiber-reinforced composites, practical insights were gained regarding how 

the material potential can be exploited via the FFF process.
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Kurzfassung  

Fused Filament Fabrication (FFF), eine auf Extrusion basierende additive 

Fertigungstechnik (AM), gewinnt aufgrund zahlreicher Vorteile zunehmend an Bedeutung 

in Wissenschaft und Industrie. Die Qualität der Bindung zwischen den abgelegten 

Strängen in 3D-gedruckten Komponenten stellt dabei die größte Herausforderung für die 

Anwendung auf mechanisch kritische Komponenten dar. Dennoch ermöglicht die präzise 

Platzierung des Materials die Erzeugung lastpfadspezifischer Orientierungen innerhalb 

eines Volumens. Zur Verbesserung der Bindung zwischen den Strängen wurden in dieser 

Arbeit die Auswirkungen der Verarbeitungsbedingungen auf die mechanischen 

Eigenschaften von makroskopisch defektfreiem 3D-gedrucktem Polypropylen (PP) 

basierend auf einer Analyse der supermolekularen Morphologie in Kombination mit 

lokalen thermischen Simulationen umfassend untersucht. Um darüber hinaus die 

anisotropen Eigenschaften additiv gefertigter Strukturen, insbesondere die einzigartige 

Faserorientierung, auszunutzen, wurde ein Verbundwerkstoff auf Basis von PP- und 

Poly(ethylene terephthalate) (PET) Mikrofibrillen hergestellt und die Morphologie und die 

Auswirkungen der PET-Faserverstärkung auf die mechanischen Eigenschaften untersucht. 

Die Bedeutung der Faserorientierung für die tribologischen Eigenschaften wurde 

schließlich durch die Charakterisierung von zwei gedruckten faserverstärkten 

Polyetheretherketone (PEEK)-basierten Compounds beim Gleiten gegen einen Stahlring 

herausgestellt. Das so gewonnene tiefgreifende Verständnis für den Einfluss der 

Verarbeitungsbedingungen und die anisotropen Eigenschaften von faserverstärkten 

Verbundwerkstoffen ermöglicht es, das Materialpotenzial durch das FFF-Verfahren 

auszuschöpfen.
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1 Introduction 

Additive manufacturing (AM) has increasingly attracted attention from research and 

development. AM has been used successfully for the production of prototypes, spare 

parts, or even for the small series production for a number of years. In particular, a 

thermoplastic-based process known as fused filament fabrication (FFF) is particularly 

successful due to its low investment costs and easy handling with high flexibility. The 

FFF technique provides significant advantages in terms of saving expensive tools and the 

ability to produce customized parts with complex geometry compared to traditional 

technologies. With the development of the FFF technique, a variety of commercially 

available polymeric standard FFF materials such as polylactic acid (PLA) [1,2], acrylonitrile 

butadiene styrene (ABS) [3,4], to high-performance materials such as 

polyetheretherketone (PEEK) [5,6] have been applied to print components for academic 

research and industry applications. 

However, 3D printed parts often suffer from inferior mechanical properties compared to 

injection-molded parts. Similar to the traditional extrusion welding technique, during the 

FFF process, a nozzle deposits melted filaments against those previously deposited and 

already cooled strands and bond them together. Hence, a typical FFF manufactured 

component consists of the deposited strands, enclosed voids and weld lines between the 

deposited strands. This typical inter-filament bond formation is generally accepted as one 

of the most dominant factors for the morphological structure and ultimately impairs the 

properties of printed parts [7–9]. Therefore, efforts have been made in recent years to 

improve the weld formation by controlling process conditions during the FFF process 

such as using a square nozzle, raising the nozzle temperature, etc., which are generally 

revealed by analysis of the mesostructure features [8,10–16]. These typical 

mesostructure features provide indeed only basic information, such as the void 

content/size [17,18] and the length of welding lined between layers [19–21] during the 

FFF process. Few studies [22,23] reported that the weld quality depends on the inter-

diffusion of polymeric chains, which can be affected by the local flow and the complex 

temperature distribution during the deposition process. 

Additionally, it is well known from fiber-reinforced plastics that their ability to bear loads 

is greatest when the reinforcing fibers are aligned in the direction of the loads acting. 

Therefore, in the recent years there has been intensive research into how the strategy of 

aligning fibers can improve the mechanical properties of printed components [24–26]. 

Generally, the fiber orientation in a component depends on the flow processes during 
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manufacturing. For example, the fiber orientation in injection molded parts varies along 

the wall thickness and can hardly be controlled in the complex geometries. In contrast, 

recent investigations revealed that the FFF technique enables the reinforcing fibers, such 

as glass or carbon fibers, to be aligned in the printing direction or raster direction in an 

excellent manner [5,25,27], which opens up a new possibility for the design and 

manufacturing of highly efficient components adapted to the load paths. This flexible 

generative manufacturing of the component from the individual polymer strands 

ultimately determines the anisotropy in the properties. Therefore, this peculiarity can be 

exploited in a targeted manner.  

As stated above, it is of great interest to enlarge the knowledge of the relation between 

the process-structure-properties and explore the material potential of fiber-reinforced 

composites involved during the FFF process. 
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2 Objective of the Work 

The main objectives of the present work are as follows:  

i. Understanding and improving the inter-filament bonding of polypropylene. 

 Characterization of the effect of machine parameters (nozzle temperature, 

platform temperature, print speed and layer thickness) on the morphology and 

mechanical properties. 

 Numerical simulation of the mass flow rate dependent temperature distribution 

at the outlet of the nozzle and, accordingly, the dynamic temperature profile at 

the interface of filaments during the deposition process under different process 

conditions. 

 Understanding in depth of the correlation between the process conditions, local 

thermal history, inter-diffusion and mechanical properties. 

ii. Exploitation of the anisotropic properties with the fiber-reinforced composites. 

 Preparation of PP/PET-based microfibril reinforced composites by melt extrusion, 

cold stretching and the FFF process, and investigation of the morphology and the 

fiber reinforcement efficiency in the print direction. 

 Evaluation of the effect of fiber orientation on the friction and wear behavior of 

the short carbon fiber reinforced PEEK-based tribological materials sliding against 

a steel ring on a Pin-on-Disc tribometer in a wide pv load range. 
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3 State of the Art 

3.1 Additive Manufacturing (AM)  

3.1.1 Overview of Additive Manufacturing 

Additive manufacturing (AM), also commonly referred to as three-dimensional (3D) 

printing, is defined by DIN EN ISO ASTM 52900 as “the process of joining materials to 

make parts from 3D model data, usually layer upon layer, as opposed to subtractive 

manufacturing and formative manufacturing methodologies” [28]. This layer-by-layer 

manufacturing provides several significant process-related advantages compared to 

traditional technologies. On the one hand, the process saves expensive tools and enables 

the production of components with complex geometry. On the other hand, the 

manufacturing allows a high degree of customization, flexibility with a low material 

waste rate, functional integration and decentralization [29]. Besides, the easy topological 

optimization highlights the potential of lightweight design. Therefore, AM is increasingly 

utilized as a processing technique for fabricating components made of various materials, 

including plastics and metal.  

 

 
Figure 1: Summarized timeline with major eras and select events in the history of 

additive manufacturing (AM) (modified from [30–32]). 

 

Historically, the first AM stereolithographic (SLA) 3D printer was firstly produced by 

Charles Hull in 1984 and was initially restricted only to prototyping or small-scale 

manufacturing. In the years following the expiration of the FDM patent in 2009, a variety 
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of AM technologies have been developed not only for designing and prototyping polymer 

components in the research fields but also for manufacturing components in diverse 

industrial fields. Figure 1 shows a brief timeline of key innovations and major events in 

AM history [30–32]. 

3.1.2 Additive Manufacturing Process Flow 

The general process chain of additive manufacturing is shown in Figure 2. The workflow 

starts from a 3D digital model of the desired component created using CAD software or 

a 3D scanner. The 3D model is then converted into a triangular mesh of the external 

surface saved in such as an STL file, which can be used by a so-called slicing software 

such as Cura, Slic3r, etc., to virtually divide the model into layers and define all the 

process –dependent process parameters and virtual placement of the component in the 

printing process. The information is saved into a 3D printer-readable G-code, which then 

manages the printing with the desired process and material. Afterwards, post-processes 

can be generally carried out, such as removal of edges and support structures and surface 

finishing like mechanical sanding or solvent vapor smoothing [29]. 

 

 

Figure 2: General process chain of additive manufacturing (AM) (modified from [33]). 

 

3.1.3 Types of Polymer AM Processes 

Based on DIN EN ISO/ASTM 52900, polymer additive manufacturing processes can be 

sub-divided into several processing technologies according to different criteria, as is 

shown in Figure 3. State of fusion (Thermal - and Chemical reaction bonding), the type of 

bonding defines the most fundamental conditions for how that type of material can be 

joined additively. Material feedstock (Filament/pellets, melted material, powder, liquid 

and sheet material) is the bulk raw material fed into the process. Process category 
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(material extrusion, powder bed fusion, binder jetting, material jetting, vat 

photopolymerization and sheet lamination), the AM technologies were classified into six 

main categories based on the methodology of formation of the final polymeric 

components [28].   

The present thesis focuses on a material extrusion AM technology so-called Fused 

Filament Fabrication (FFF), also known as Fused Deposition Modeling (FDM), which is 

trademarked by 3D printer manufacturer: Stratasys. Stratasys still owns the trademark on 

the term “FDM” [34]. In the whole thesis, due to its popularity in academic engineering 

research, the FFF was preferable to be used to name the extrusion-based AM by 

deposition of polymeric strands layer upon layer. 

 

 

Figure 3:  Classification of polymer additive manufacturing (AM) (modified from DIN 

EN ISO/ASTM 52900). 

 

3.2 Fused Filament Fabrication (FFF) 

Among the different additive manufacturing techniques, the FFF process is nowadays the 

most widely-used technique for polymeric materials. During the extrusion-based process, 

a continuous thermoplastic filament, usually with a diameter of 1.75 or 2.85 mm, is driven 

by a corrugated pair of rollers towards a heated nozzle, whereby the thermoplastic 

filament is melted and reduced to the diameter of the nozzle outlet via a cross-sectional 

constriction. As is shown in Figure 4, the melted strands are then deposited according to 
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the pre-defined path in the xy-plane on a platform or on the previously deposited layer. 

After printing each layer, the platform is lowered or the nozzle raised in the z-direction 

by a layer thickness. In this way, a three-dimensional component can be built layer by 

layer. 

 

 

Figure 4: Schematic illustration of the FFF process and the most relevant machine 

parameters: Tn: nozzle temperature, Tp: platform temperature, h: layer 

thickness, v: layup-speed, w: raster width, α: raster orientation.  

 

3.2.1 FFF Machine Parameters 

In order to build functional components via this technology, it is vitally important to 

understand how different parameters affect the final characteristics of the printed parts, 

such as mechanical performance, dimension accuracy, surface texture, etc. Therefore, 

based on the literature reviewed, the most relevant parameters have been selected and 

considered in this dissertation [9,35–46]. The most important parameters are shown in 

Figure 4 and briefly described in the following: 

 Nozzle temperature, Tn 

The temperature that measured via a temperature sensor at the nozzle or heat block 

directly affects the temperature and viscosity of the material before it is deposited. 

 Platform temperature, Tp 

The temperature that measured via a temperature sensor on the platform has a 

substantial impact on the adhesion between the object and the platform, and the 

temperature history of the deposited materials. 

 Layer thickness, h 
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The thickness of each individual printed layer along the vertical axis is theoretically 

maximal equal to the nozzle diameter. The smaller the layer thickness, the more the 

strands is geometrically deformed when it leaves the nozzle. In principle, smaller layer 

thickness leads to a smoother surface and more processing time for the printed object. 

 Layup-speed, v 

Traversing speed of the nozzle in the xy-plane. Generally, the higher speed means 

lower print times but poorer quality and vice versa. 

 Raster width, w 

The width of the individual strand deposited should at least correspond to the nozzle 

diameter. 

 Raster orientation, 𝛼 

The angle of the raster paths with respect to the x-axis on the xy-plane is known as 

the build strategy contributed to the anisotropic property. 

 Infill 

The fill density of the printed object. Infill 100% indicates a theoretically completely 

filled object. The object is more stable with the higher infill but increases time and 

materials costs. It is a critical parameter for determination of porosity in the 

components. 

3.2.2 Characteristics and Challenges of FFF  

3.2.2.1 Mesostructure and Porosity 

Compared to conventionally manufactured parts, the components built via FFF generally 

exhibit a highly heterogeneous porous mesostructure. In the context of FFF, the 

mesostructure is the term, between the macro- (full component) and the microstructure 

(deposited strands), used to describe the internal structure details of the printed 

components, which are defined by the final geometry of the deposited strands and their 

arrangement [47,48]. During the deposition process, the mass flow is stretched into an 

elliptical form, resulted by the nozzle movement. Due to the layer-by-layer 

manufacturing, the formation of voids or high porosity within the mesostructure is more 

common than in other processes. It is considered as one of the particularities of the FFF 

process, as shown in Figure 5. The Quantitative analysis of the void content or porosity is 

generally derived from imaging data and density measurements by the following 

equation:  
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𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =
𝑝𝑖𝑥𝑒𝑙𝑠 𝑜𝑓 𝑣𝑜𝑖𝑑 𝑎𝑟𝑒𝑎

𝑡𝑜𝑡𝑎𝑙 𝑝𝑖𝑥𝑒𝑙𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
 (1) 

It is commonly accepted that the voids formed between deposited strands is first order 

effect on the mechanical properties [49]. The mechanical performance is reduced by 

stress concentrations forming at the voids. As is shown in Figure 6, a significant 

dependence of the tensile strength on the porosity of printed parts can be observed. 

Apparently independent of the materials, the tensile strength of the printed components 

decreases with increasing porosity [45,46,50–54]. The void fraction or porosity is mainly 

dominated by material infill in percentage [55]. In the experimental studies [45,56] 

evident effect of the layer thickness and the nozzle temperature on the porosity of 3D 

printed parts was observed. A low porosity correlated to a low lay thickness and a high 

nozzle temperature. Wang et al. reported lower printing speeds could result in fewer 

voids [57]. It is also worth noting from Figure 6 that even with extremely low porosity, 

the most FFF components still exhibit lower tensile strength compared to the injection-

molded parts. This can be ascribed to another vital factor: the strength of the Inter-

filament bond. 

 

Figure 5:  Schematic of mesostructure and bond formation between filaments [47].  
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Figure 6: Summary of printed samples’ normalized tensile strength (FFF/IM) as a 

function of porosity [45,46,50–54].  

 

3.2.2.2 Inter-Filament Bond Formation 

Similar to the conventional extrusion welding process, during the FFF processs the nozzle 

deposits melted filaments against those previously deposited and already cooled strands 

to bond them together, including the crucial bond formation between the two polymer 

filaments or layers (Figure 7a). This typical inter-filament bond formation is generally 

accepted as the most dominant factor for the morphological structure and, ultimately, 

the anisotropic properties of printed parts [7,8]. Generally, the bond formation of two 

filaments is ideally described, as shown in Figure 7b. The first step of this process is to 

initiate a polymer-polymer interfacial molecular contact by surface rearrangement and 

surface approach. The bond strength across the interface is not developed until one 

surface starts to wet the other. Then polymer chains can interpenetrate and entanglement 

across the interface, forming an interfacial area. Only after abundantly inter-diffusion, 

once the renewal time defined by the reputation theory (see Appendix A) is achieved, the 

randomization of polymer chains and thus homogeneities at the interface can be reached 

[58]. In the last decades, these processes were interpreted and discussed mainly in terms 

of inter-diffusion of molecules at the contact interface [59] and sintering of two adjacent 

fluid droplets (coalescence phenomenon) [47]. Several models were established to 

predict or determine the bond formation in this regard. 
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Figure 7:  Illustration of (a) the extrusion welding in the FFF process and (b) the bond 

formation between two adjacent filaments (modified from [58]). 2𝑎 and 2𝑏 

indicate the diameter of the adjacent filaments and the neck width between 

the two adjacent filaments, respectively. 

 

Intimate Contact 

Indeed, the theory of inter-diffusion of polymer chains across the interface under 

isothermal conditions has been extensively studied in the literature [59,60]. The surface 

approach and wetting process were defined by an intimate contact concept for 

thermoplastic composites originally developed by Loos and Dara [61], which is associated 

with the bond formation. This model describes the degree of two polymer intimate 

contact surfaces 𝐷𝑖𝑐 by a simplified equation to determine the extent of flow occurring 

at the interface  [60]: 

𝐷𝑖𝑐 = 𝑠𝑔 ∙ [∫
𝑝

𝜂(𝑇)

𝑡𝑐

0

𝑑𝑡]

1
5

 (2) 

where 𝑠𝑔  describes the geometric parameter, 𝑝 is the pressure, 𝜂(𝑇)  indicates the 

temperature dependent viscosity, and 𝑡𝑐  is the contact time. Apart from temperature-

dependent melt viscosity, the pressure is also usually required for intimate contact 

between thermoplastics with high melt viscosity. The intimate contact is believed to be 

crucial for the bond formation during the FFF process [62]. 
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Sintering Model 

An analytical sintering model proposed by Pokluda et al. [63] was then utilized by 

Bellehumeur et al. to assess the degree of wetting or coalescence between deposited 

filaments in the FFF process [19,47,58]: 

𝑑𝜃

𝑑𝑡
=

𝛤

𝑎0𝜂(𝑇)
∙

2−
5
3 cos 𝜃 sin 𝜃 (2 − cos 𝜃)

1
3

(1 − cos 𝜃)(1 + cos 𝜃)
1
3

 (3) 

where 𝜃 =  sin−1(𝑏/𝑎)  (cf. Figure 7), 𝛤  is the surface tension determined by fitting 

experimental data, 𝑎0 is the initial particle radius and 𝜂(𝑇) is the temperature-dependent 

material viscosity. This model can determine the neck growth between adjacent filaments 

and thus give insight into the bond quality achieved during the filament deposition 

process. A significant effect of the wetting in polymer ABS on the bond formation was 

observed above 200°C. The neck growth can be neglected, when the temperature is 

below this critical temperature [58]. As reported in a later work, the neck growth at the 

interface can be more significantly affected by the mass temperature than the envelope 

temperature [47]. Additionally, better control of the cooling rate could improve the 

mechanical properties and dimensional accuracy of the final FFF components [19]. 

Inter-Diffusion Model 

After the intimate contact is achieved, the healing process (or autohesion) begins with 

the continuous interpenetration of polymer chains across the interface [64,65]. For a non-

isothermal process such as the FFF technique, a healing model was developed by Yang 

et al. to predict the bond strength under non-isothermal conditions [66]. In the healing 

model, given temperature history and a temperature-dependent welding time are taken 

into consideration to evaluate the non-isothermal inter-diffusion. The non-isothermal 

degree of healing evolution with time 𝐷ℎ is developed based on an underlying concept 

of the reputation of polymer chains, defined as the ratio of the interfacial bond strength 

𝜎𝑖 to the maximum strength 𝜎∞ of the fully healed interface, and is given by the following 

equation: 

𝐷ℎ =
𝜎𝑖

𝜎∞
= [∫

1

𝑡𝑤(𝑇)

𝑡

0

𝑑𝑡]

1
4

 (4) 

in which 𝑡𝑤(𝑇) is the temperature-dependent welding time, defined by the temperature 

through an Arrhenius law [67]: 



State of the Art 13 

𝑡𝑤 = 𝐵𝑒𝑥𝑝 (
𝐴

𝑇
) (5) 

Where B and A are parameters determined experimentally. 

The model can be applied to any arbitrary non-isothermal history with numerical 

integration to predict the degree of healing as a function of time. The degree of inter-

diffusion was found to correlate to the temperature history of a FFF printed amorphous 

acrylonitrile butadiene styrene (ABS) [58]. The printed parts that stay above the glass 

transition temperature longer exhibit a higher degree of inter-diffusion and thus a higher 

bond strength.  

In summary, according to the models for evaluation and prediction of the bond formation 

as mentioned beforehand, the highly relevant influence factors for the quality of inter-

filament bonding are temperature history, temperature-dependent viscosity, surface 

tension, surface roughness and pressure. Compared to the sinter model, the diffusion 

model is considered more appropriate for accessing the inter-filament bonding 

development due to the high cooling rate and longer time blow the critical sintering 

temperature during the deposition process. 

3.2.2.3 Flow and Temperature Profile during Material Deposition 

In polymer processing, in particular, in the FFF process, the flow and temperature history 

are the primary concern since it can directly impact the rheological behavior [68], inter-

filament bond formation, polymer crystallization, etc., which ultimately determine the 

mechanical properties of the final component [69].  

Flow and Temperature Distribution in the HotEnd 

The flow and heat transfer of the polymer extrusion in the HotEnd or often referred to as 

liquefier, is one of the most critical points that has to be concerned in this process. In the 

FFF process, a solid polymeric strand is continuously pushed by two pinch rollers towards 

a heated HotEnd, where the polymer is heated and transformed into a viscous melt by 

the heat transfer from the inner wall of the barrel. In general, the HotEnd is heated using 

a heat cartridge inside the heat block and controlled with a temperature sensor to keep 

the HotEnd at a constant set temperature. However, the upper part of the polymer strand 

must maintain to be cool so that the strand can continuously act as a piston to feed the 

material by avoiding jamming. Hence, an aluminum sink is connected with an external 

cooling fan to dissipate heat via air convection quickly. A typical FFF HotEnd or liquefier 

is schematically shown in Figure 8. 
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In contrast to the traditional screw extrusion, the polymer can present a large 

temperature gradient as the polymer strand goes through the HotEnd, due to the poor 

thermal conductivity of polymers and a short residence time in the HotEnd, even though 

it is set at a constant temperature [70]. Pent et al. [71] revealed a mass flow dependent 

flow and temperature gradient in an experimental study, in which the mass flow is 

determined by a combination of raster width, layer thickness and print speed. Above a 

critical mass flow, the high viscosity of the materials in the HotEnd leads to an insufficient 

melting of the solid material or eventually a block at the nozzle [72]. In the FFF process, 

the polymeric flow inside the nozzle experiences shear and stretch that can contribute to 

an orientation of the polymer chain [73,74]. This complexity of the flow and the 

temperature gradient is not only dependent on the nozzle temperature but also on the 

mass flow, which is determined by a combination of different process parameters. 

 

 

Figure 8: Schematic of a representative FFF HotEnd. 

 

Temperature Profile during Material Deposition 

Subsequently, the polymer melt leaves the nozzle and gets laid on and beside the initially 

deposited strands or layers, where the material through heat transfer weld them together 

to fabricate the final part. Compared to conventional processes, the particularity of the 

temperature distribution and the thermal gradients in the FFF process, due to the rapidly 

cooled and reheated cycles during the subsequent deposition process, is of the utmost 

importance. The temperature history is a critical factor in managing the bonding strength 

and the crystallization of fabricated polymers and thus the final mechanical properties of 

the parts.  



State of the Art 15 

The temperature profiles of the parts during FFF process has been studied from 

experimental [8,22,38,75–77], theoretical [20,21,78] and computational [76,79,80] 

perspectives. Seppala et al. [75] studied the temperature distribution of ABS using 

infrared imaging. They found that the weld temperature decreased at a very high cooling 

rate of around 100°C/s and thus remained above the 𝑇𝑔  only for approximately 1 s. 

Afterwards, based on the temperature profiles, they calculated the tear energy under 

different print speeds and extrusion temperatures [8]. They found the extrusion 

temperature has a significant influence on the weld time and thus the tear energy 

between two layers. Similarly, with the temperature profiles collected in-situ using IR 

imaging, rheological data and a polymer welding theory, the tensile strength of 

polycarbonate (PC) is predicted to compare with experimental data [38]. Li et al. [76] 

inserted a temperature sensor into the platform to collect and record the temperature of 

polylactic acid (PLA) during the FFF process. They stated a tendency that the bond 

strength decreases with the increasing print speed, due to the decreased temperature. 

Furthermore, they used a finite element simulation to explore the relationship between 

deposition velocity and layer area. By placing thermocouples at the interlayer contact 

area of polypropylene, Hertle et al. [22] compared the temperature profiles at different 

extrusion temperatures and substrate temperatures. They found that both temperatures 

are critical to achieve high interfacial bond strength.  

Bhalodi and his co-workers [21] proposed a thermo-mechanical model to evaluate the 

neck growth of acrylonitrile butadiene styrene (ABS)  and, ultimately, its bond strength 

with respect to temperature profiles. Their experimental results show good agreement 

with the proposed mathematical model. Another transient mathematical model to study 

the influence of process parameters on the temperature field of PLA is reported by Zhang 

et al. [78]. The model is based on several hypotheses, such as the FFF component consists 

of pore-free cuboids in the case of infill of 100%. They found reheating effect of a 

previously deposited strand by a newly deposited one occurred mainly in the layer 

thickness direction. The temperature setting dominates the temperature profiles, while 

the print speed and the layer thickness exhibit less influence.  

Costa et al. [20] proposed an analytical solution to the transient heat transfer of ABS 

during the FFF process, coupled with an algorithm that can activate or deactivate all 

relevant local boundary conditions. In the studies from Costa et al. [79] and Zhou et al. 

[80], the ABAQUS software and ANSYS APDL software were utilized in the numerical 

modeling of the temperature field of ABS, respectively. Additionally, Yin et al. [81] present 

a comprehensive model, which numerically simulated the temperature history at the 
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interface of a multi-material TPU/ABS in the FFF process and then quantitatively 

predicted the interfacial bonding strength based on an inter-diffusion theory.   

3.2.3 Materials Commonly Used in FFF 

Compared to other AM techniques, a wide range of commercial polymers in the form of 

filament is available in the FFF market, as summarized in Figure 9. According to price and 

performance, the materials can be divided into commodity polymer, engineering polymer 

and high-performance polymer, based on the morphological structure and divided into 

the amorphous polymer and the semi-crystalline polymer. Among the FFF material 

portfolio, polylactic acid (PLA) [1,2,82–85] and acrylonitrile butadiene styrene (ABS) 

[3,4,86] are the most widely used thermoplastics to print components for various 

applications due to their facilitation of processing. PLA is the most popular FFF material 

for junior users. It can be easily printed without a heated platform or chamber and its 

warpage is much less compared with other materials. To successfully print ABS 

components, a heated chamber or at least a heated platform at around 110°C is necessary 

and some warpage can still be observed after printing. However, the post-processing of 

a printed ABS part is much easier compared to those of PLA. Recently, alternative polymer 

types have increasingly attracting attention both in academia and industry.  

Apart from PLA and ABS, polycarbonate (PC) [87–89], polyethylene terephthalate glycol-

modified (PETG) [90,91], polyamide (PA) [51,92–94] are nowadays commonly accepted as 

standard FFF materials utilized for fabricating functional parts and even for small-series 

production. Other expensive high-performance polymers such as polyetheretherketone 

(PEEK) [5,6,95], polyetherketoneketone (PEKK) [96,97] and polyetherimide (PEI) [98,99] 

with high thermal resistance and outstanding mechanical properties can also be printed 

with advanced printer, which in general has better thermal control and higher heating 

capacity, for special applications in automobile, aerospace and medical industries. Even 

though the materials in Figure 9 are commercially available as filament, most of them 

still cannot be printed trouble-free without extensive expertise and experience, 

especially the semi-crystalline polymers [100]. 

Compared with the preferred amorphous polymers in FFF, the semi-crystalline polymers 

exhibit higher toughness, a more comprehensive stiffness range and stronger chemical 

resistance. However, the semi-crystalline polymers, especially with a high degree of 

crystallinity, such as polyethylene (PE), polypropylene (PP), and certain polyamide, are 

particularly challenging during FFF process. As shown in Figure 10, due to the 

crystallization process formed denser crystal structures [101], the semi-crystalline 



State of the Art 17 

polymers show a significantly higher specific volume shrinkage as they are cooled down 

from extrusion temperature Textrusion to room temperature Troom when compared to the 

amorphous polymers. This extensive volumetric shrinkage upon the complex 

temperature history, anisotropic deposition in the FFF and the induced warpage can lead 

to low component geometric accuracy and even fabrication failure [100]. 

 

 

Figure 9:  Pyramid of available filaments in FFF market, data from ([100], Stratasys 

Ltd., Ensinger GmbH, Conrad GmbH, 2022). 

 

 

Figure 10:  Schematic diagram of typical specific volume as a function of temperature 

for an amorphous and a semi-crystalline polymer (modified from [102]). 
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3.2.4 FFF with Polypropylene 

Polypropylene (PP), one of the most widely applied commodity semi-crystalline polymers 

in consumer and technical products, has attracted increasing attention in its manufacture 

by using the FFF process [15,103–105], due to its low cost, low density, excellent 

chemical resistance, etc. However, there are several limitations to processing PP in the 

FFF.  

Shrinkage and Warpage 

The first issue of printing is the adhesion between the first layer and the build platform. 

Due to the low surface energy and low polarity, PP presents a poor adhesion ability to 

typically used build platforms, such as glass mirrors or polyimide tapes [100]. 

Additionally, the shrinkage-induced contractile forces within the parts also lead to the 

detachment of printed parts from the platform during FFF. Therefore, depositing PP onto 

the random PP copolymers or UHMWPE build platform was recommended to guarantee 

sufficient first layer adhesion during printing, but removability after fabrication is finished 

[11,105]. 

Another main disadvantage of using PP in the FFF is the extensive shrinkage and 

warpage. Therefore, efforts have been made in the last years to solve the issues by 

optimization of process parameters and by improving PP filament materials. A small 

temperature gradient was found [106], resulting from short stacking lengths, lower nozzle 

temperatures, higher print speed, larger layer thickness, and the small coefficient of 

thermal expansion [107] can decrease the warpage. The component’s geometry and infill 

can also impact the degree of warpage [108]. Wang et al. incorporated cellulose 

nanofibrils and compatibilizer to reduce the degree of crystallization and thus reduce the 

shrinkage and warpage of fabricated PP [109]. In light of this, a 𝛽-nucleating agent, 

several amorphous polypropylenes (aPP) and one low-density polyethylene (LDPE) were 

added into PP, targeting to impede the crystallization rate to reduce shrinkage and 

warpage [110]. It is also found that by incorporation of fillers [111], increasing filler 

content [112], homogeneous filler distribution [113] and filler with a smaller diameter 

[105] can significantly contribute to warpage reduction. Additionally, highly filled PP with 

hemp fibers [112], glass fibers [103], or carbon fibers [114] that have a high aspect ratio, 

can reduce the warpage effectively.  
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Mechanical Performance 

Apart from the studies regarding the warpage issues, only a handful of studies on neat 

PP in the FFF have so far been conducted to investigate mechanical performance. 

Carneiro et al. [103] firstly addressed the potential of PP as a candidate for the FFF 

technique by evaluating the whole process chain from PP pellets to printed samples. The 

author investigated the influence of process parameters on mechanical properties. It was 

found that the print direction and the infill degree significantly influence the mechanical 

performance, while the layer thickness has little effect.  

Hertle et al. [59] investigated 3D printed PP via a unique melt extrusion additive 

manufacturing, in which PP pellets were used instead of filament. They stated that for 

the semi-crystalline PP, an essential factor to achieve high bonding quality is contact 

temperature between newly deposited and initially deposited filaments higher than the 

crystallization temperature for more extended time, which leads to a higher degree of 

autoadhesion and inter-diffusion and thus a better bonding. In addition, the low cooling 

rate is essential for a homogenous morphology. All the above can be controlled by 

extrusion -, platform temperature and cooling rate. 

Wang et al. [9,15] elaborated on the influence of different process parameters like 

extrusion temperature, layer thickness and print speed on the mechanical properties. 

They revealed that a higher extrusion temperature, slow print speed and small layer 

thickness led to smaller void sizes attributed to the better inter-diffusion, and ultimately 

led to the better mechanical properties. For example, the FFF printed PP in 0°/90° 

direction at higher extrusion temperature showed approximately 12% lower mechanical 

properties compared than those of injection-molded PP. Additionally, they found 𝛽 phase 

among the dominant 𝛼 phase in a lower extrusion temperature fabricated PP samples. 

In the later work of Petersmann et al. [115], they also found a homogeneous morphology 

under polarized optical microscopy printed with the high nozzle temperature and the low 

printing speed. In contrast, the low nozzle temperature and the high printing speed form 

an inhomogeneous morphology. Interestingly, they claimed that a shish-kebab structure 

was found within the strands deposited with the low nozzle temperature and the high 

print speed. 

Based on the previous studies, it can be concluded that minor modification of the process 

parameters in the FFF can critically change the temperature history, and thus impacting 

the inter-diffusion and determining the nucleation and growth of different crystalline 
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modifications. This highlights the complexity of process-structure-properties relations of 

PP fabricated in the FFF. 

3.2.5 Short Fiber-Reinforced Composites (SFRCs) in the FFF 

In order to improve the properties of the FFF printed parts, efforts have been made to 

develop composites incorporated with different reinforcements like particles, fibers, etc. 

[116]. High-performance fiber-reinforced composites (FRCs) are well-known for a wide 

variety of industries as demand materials provided with high strength-to-weight ratio, 

rigidity, corrosion resistance, etc., which has recently drawn increasing attention in the 

field of AM materials as well. Among these, 80% of the studies were carried out on short 

fiber-reinforced composites (SFRCs), due to their ease in the preparation and thus low 

production costs compared with the processing of other forms of reinforcements such as 

continuous fiber and fiber sheets [117]. The typical SFRCs are primarily reinforced by 

short carbon fibers (SCFs) and short glass fibers (SGFs) to improve the mechanical, 

electrical and thermal performance of polymer composites in the FFF [118]. Most studies 

[27,119–121] in this area were focused on PLA, ABS-based composites and only a few 

with high-performance polymers like PEEK, etc.  

Figure 11 shows a graphical summary of the normalized tensile properties of 

manufactured specimens tested in parallel (x-axis) and in perpendicular (y-axis) to the 

print direction for various SFRCs. The normalized values indicate the tensile 

characterization of printed fiber-reinforced polymers compared with their corresponding 

neat polymer materials (values of reinforced composites divided by those of unreinforced 

neat polymers). Firstly, for all SFRCs, the clear orientation-dependent mechanical 

properties can be observed. It is apparent that compared to the specimens tested 

perpendicular to the print direction, the improvement of the tensile properties parallel to 

the print direction is more pronounced. This is mainly attributed to the alignment of these 

high aspect ratio fibers induced under the shear and extensional flow field that developed 

within the convergent nozzle and then oriented along the print direction during the 

deposition process [122], as is shown in Figure 12. However, fibers can already be 

oriented well in the solid filament after filament production and then in all liquefier 

channels before entering into the nozzle [123]. According to the simulated results [124], 

the nozzle geometry, such as the convergent form, plays a vital role in fiber alignment 

and the subsequent swell effect can lead to a reduction of the fiber alignment after the 

material leaves the nozzle.  



State of the Art 21 

 

Figure 11: Summary of normalized tensile properties (Fiber-reinforced composite 

divided by the corresponding neat material) of printed samples loaded 

parallel and perpendicular to the print direction. (adapted and modified 

from [27,119–121]). 

 

It is worth noticing that the enhancement of the stiffness of most SFRCs in parallel 

direction ranging between 105–325% is more pronounced than the improvement of the 

strength ranging between 5–48%, as shown in Figure 11. The possible reason for the 

limited strength improvement for the FFF manufactured SFRCs is the limited stress 

transfer from the fiber to the matrix, which is determined by the fiber-matrix interfacial 

adhesion and the fiber length [123]. It is well known that unmodified fibers, especially 

carbon fiber have a smooth fiber surface, thus exhibiting a poor interaction with polymer 

matrix. However, only a few studies on the fiber surface modification have been focused 

on the FFF techniques [117]. Generally, the discontinuous fibers are largely shortened by 

the high shear force during compounding or extrusion. Therefore, if the fiber length is 

lower than the critical fiber length 𝑙𝑐 , under the external load, the fibers could be pulled 

out from the matrix instead of fiber breakage without effectively transferring applied 

stress and thus fail to fulfill their bearing functionality. The critical fiber length 𝑙𝑐  is 

defined by the following equation: 
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𝑙𝑐 =
𝑑𝑓 ∙ 𝜎𝑓

2𝜏𝑖
 (5) 

where 𝑑𝑓  is the fiber diameter, 𝜎𝑓  is the ultimate fiber strength and 𝜏𝑖  is the shear 

strength of the polymer matrix. 

 

 

Figure 12: Illustration of fiber alignment as a result of shear and extensional flow in 

the nozzle. 

 

Additionally, the limited improvement of the tensile strength can be attributed to the 

high void content, not only because of the particularity of the FFF technique with 

simultaneous heating and cooling, as mentioned beforehand, but also due to the addition 

of the fiber reinforcement. Another type of smaller-size voids inside the extruded strands, 

due to the poor interfacial bonding of fiber-matrix, are found around the fiber-matrix 

interface. Compared to traditional processes like injection molding, the FFF-fabricated 

component with higher porosity can also be ascribed to the low pressure and thus the 

lack of consolidation during the deposition process. The voids act as the stress-

concentration points, largely compensating for the enhancement of fiber reinforcement 

[116,118,125,126]. 

Considering the tensile properties perpendicular to the print direction in Figure 11, the 

improvement in modulus for fiber-reinforcement is in the range of 0–70 % compared 

with the neat polymers. More importantly, even up to 38% reduction of the strength with 

the addition of fiber reinforcements can be observed in the strength. This suggests that 

the SFRCs itself does not seems to be responsible for the perpendicular properties. 

Instead, the poor inter-filament bond formation dominates the mechanical performance 

of the fabricated parts in the perpendicular direction [27]. Furthermore, the addition of 

fiber reinforcement increases the thermal conductivity resulting in a higher cooling rate 
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and diminishing the time for inter-diffusion. It is also observed that numerous fibers were 

located near the surface of deposited strands and thus directly in the interfacial bonding 

area, which largely impeded the inter-diffusion of polymer chains, since the polymer 

chains cannot penetrate the fibers [127]. In addition, incorporation fibers can significantly 

increase the viscosity of the melt in the nozzle and thus lead to under-extrusion of 

materials or even nozzle clogging. These printing issues can naturally result in a limited 

mechanical performance of the fiber-reinforced composites [117].  

In summary, the requirements such as fiber alignment, proper fiber length, good fiber-

matrix bonding, good inter-filament bonding and minimal void content need to be 

fulfilled for the fabrication of SFRCs in the FFF. It is apparent that the anisotropic 

properties are increased massively by addition of the fiber reinforcement. The mechanical 

properties of the parts perpendicular to print direction is one of the biggest challenges 

in the FFF technique.    

 

3.3 Thermoplastic Composites  

3.3.1 Polypropylene  

Polypropylene (PP) is a thermoplastic polyolefin initially produced by polymerizing 

propylene monomer with Ziegler catalyst in the early 1950s by G. Natta’s team [128]. PP 

exhibits three stereochemical configurations due to the different arrangement of the 

methyl groups (-[CH2CH(CH3)]-) along with the main chain skeleton, as is shown in Figure 

13. Isotactic PP is semi-crystalline, where all the methyl groups are arranged on the same 

side of the main chain. Syndiotactic PP is capable of crystallization and usually utilized 

for film and fiber manufacturing. The methyl group is placed at the alternate sides of the 

chain. Atactic PP is completely amorphous, in which the methyl groups are randomly 

arranged on both sides of the main chain [129]. 
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Figure 13: Schematic illustration of stereochemical configurations of isotactic, 

syndiotactic and atactic polypropene [130]. 

 

During crystallization from a polymer melt, a spherulitic superstructure is usually formed. 

In the case of PP, four different crystalline modifications are well known depending on 

their various crystallization conditions. 𝛼-modification with a monoclinic structure is the 

most stable and dominant one. 𝛽-modification with a trigonal crystal structure can be 

formed in a temperature gradient, induced by shear forces or by using nucleating agents 

[131,132]. 𝛾-modification with a triclinic structure can be observed in low molecular 

weight PP under high pressure [133]. Also, mesophase occurs in quenching and has 

thermal stability up to 60°C before transforming into the 𝛼-modification [134]. Figure 14 

shows an example of spherulitic structures of the 𝛼-modification and the 𝛽-modification 

of PP in polarised light. These modifications of the crystallization have an impact on the 

final properties of PP. For instance, 𝛽-modification of PP presents higher impact strength 

but lower heat resistance compared with 𝛼-modification [135,136].  

 

 

Figure 14: 𝛼- and 𝛽-modification of PP investigated in polarizing microscope [137]. 
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Isothermal Quiescent Crystallization 

To elaborate on the mechanism of crystallization, an investigation of isothermal 

crystallization kinetics is undertaken and commonly evaluated based on data obtained 

from exothermic crystallization. Suksut et al. [138] introduced a mathematical equation 

based on the measured data with flash DSC to describe the dependence of the 

crystallization half-time of 𝛼-modification on the isothermal crystallization temperature: 

𝑡1/2 = 𝑒(𝑎+𝑏𝑇𝑐
1.5) (6) 

where 𝑇𝑐  is the isothermal crystallization temperature, a = -17.094452 and b = 

0.015177269 are specific constants. The half-time of crystallization (𝑡1/2), is defined as 

the time spent from the start of the crystallization process to the completion of half of 

the final total crystallization, which is usually used to determine the overall rate of the 

crystallization process directly. 

Non-Isothermal Quiescent Crystallization 

In most industrial polymer processing, such as injection molding, the morphology 

development of semi-crystalline polymers is essentially determined by the non-

isothermal crystallization conditions, which are dependent on the cooling rate. Under a 

lower cooling rate, the macromolecular chains have sufficient time to change their 

conformation, which leads to a less energetic arrangement, and therefore, crystallization 

at higher temperature and a higher degree of crystallization [139].  In contrast, a high 

cooling rate facilitates nuclei formation at lower temperatures by thermodynamic inertia 

of the molecules resulting in a higher number of smaller spherulites.  When the polymer 

melt quickly quenched till below its glass transition temperature, crystallization can be 

entirely prevented resulting in a virtually amorphous phase. According to the 

experimental data with flash DSC, a simplified model was proposed to predict the 

crystallization temperature 𝑇𝑐 of the 𝛼-modification of PP as a function of cooling rate ∅ 

[138]. It was described by the following equation: 

𝑇𝑐 = 𝑎 + 𝑏 ln ∅ (7) 

in which a = 108.53802 and b = -6.1889646 are specific constants determined from the 

fitting curve of the experimental data. The crystallization temperature 𝑇𝑐 decreases with 

increasing cooling rate ∅ and vice versa. 
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3.3.2 Microfibrillar Reinforced Composites (MFC) 

Compared to metallic materials, neat plastics exhibit comparatively low stiffness and 

strength and thus lead to insufficient structural properties for many applications. 

Polymers are therefore classically reinforced with inorganic fibers, such as glass or carbon 

fibers to improve these properties. It is known from the fiber-reinforced plastics that their 

ability to bear loads is greatest when the reinforcing fibers are aligned in the direction of 

the loads acting. This concept has proven itself for many years in series production. 

However, these usually also result in a higher density and limit the potential for 

mechanical recycling, since the reinforcing effect depends on the fiber length. Moreover, 

these are inevitably shortened during mechanical recycling in screw machines, thus 

leading to an erosion of properties. Therefore, in addition to the classic fiber-reinforced 

plastics, various options for reinforcing thermoplastics with thermoplastic fibers have 

been researched. One possible approach is microfibrillar composites (MFCs), presented 

by Evstatiev and Fakirov three decades ago [140]. They combined the load-bearing 

advantages of the fiber shape with the low density, high chemical resistance, lower costs, 

and high design freedom potential.  

For the manufacturing of MFCs, four essential requirements must be fulfilled [141]: 

 both polymers must have sufficient drawability to be able to  elongate into reinforcing 

highly oriented microfibrils; 

 both polymers must be able to be processed at higher melting components without 

the onset of degradation in either polymer; 

 the difference in melting temperatures of two components should be at least 40°C to 

allow fibrils retention during matrix consolidation; 

 both polymers must be thermodynamically immiscible. 

The preparation of MFCs is basically recognized as a three-step process, as is shown in 

Figure 15: 

 

Figure 15: Basic procedure of microfibrillar composite (MFC) preparation. 
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 Mixing and extrusion: Compounding two polymers and extrusion into an isotropic 

continuous filament. This step aims to obtain a blend with a uniform and fine 

dispersion of the second component in the matrix. The processing temperatures in 

the individual steps are more important here than with conventional composite 

materials: During compounding, temperatures must be above the melting 

temperatures of both plastics but sufficiently far below their decomposition 

temperatures 𝑇𝑑. For the two material components A and B, it follows: 

𝑇𝑚,𝐴 < 𝑇𝑚,𝐵 < 𝑇𝑚𝑖𝑥𝑖𝑛𝑔 < 𝑇𝑑 

 Drawing and fibrillation: Stretching the filament to create highly oriented microfibrils 

via necking. The drawing ratio is defined as the ratio of the areas before and after the 

drawing. During the fibrillation, the filament is stretched slightly above the glass-

transition temperature 𝑇𝑔 of the reinforcement but below the melting temperature of 

the polymer components: 

𝑇𝑔 < 𝑇fibrillation < 𝑇𝑚,𝐴 < 𝑇𝑚,𝐵 

Matrix consolidation: The step has a significant effect on the material quality, so different 

processes have been developed here to optimize properties [142,143]. Generally, the 

processes, e.g., injection molding or compression molding, follow after stretching. Control 

of the processing at a temperature between the melting temperatures of the two 

polymers is critical to ensure the formation of an isotropic matrix of the lower melting 

polymer, whereas the higher melting polymer still retains the stretched highly oriented 

fibrils. The final composite structure can exhibit quasi-isotropic or anisotropic depending 

on the production method.  

𝑇𝑚,𝐴 = 𝑇𝑚,𝑚𝑎𝑡𝑟𝑖𝑥  < 𝑇consolidation < 𝑇𝑚,𝑓𝑖𝑏𝑒𝑟 = 𝑇𝑚,𝐵 

Many different MFC systems have already been described in the literature: An 

improvement in the mechanical properties through the matrix/fiber combinations 

polyolefin/polyethylene terephthalate (PET) [141,144–150], PA/polyester [143], PLA/PA6 

[151], polyolefin/PA [152–154] and polyolefin/PC [155,156] has been demonstrated. 

Table 1 summarizes the improvement of the mechanical performance of different MFCs 

compared to their neat matrices or blends from the literature.  
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Table 1: An overview of improvement of the mechanical properties of the different 

MFCs over their matrices or neat blends. 

MFC wt, % Process 

Improvement % over neat matrix or blend 

Ref. 
Matrix or 

blend 

Tensile 

modulus, 

% 

Tensile 

strength, 

% 

Impact 

strength, 

% 

PP/PET 80/20 IM PP +41 +75 +104 [141] 

PP/PET 85/15 IM PP — +6 — [144] 

PP/PET 85/15 IM PP/PET +43 +38 — [145] 

PP/PET 70/30 CM PP +100 +81 — [146] 

PP/PET 60/40 CM PP +176 +197 — [146] 

PP/PET 60/40 IM PP/PET — — -6 [147] 

PP/PET 78/22 CM PP +74 -14 — [148] 

PP/PET 70/30 CM PP +139 +43 — [148] 

PP/PET 60/40 CM PP +223 +143 — [148] 

PP/PET 55/45 CM PP +220 +186 — [148] 

PP/PET 70/30 IM PP — — -26 [149] 

LDPE/PET 50/50 CM LDPE — — +43 [150] 

PA6/PET 70/30 IM PA6 +156 +50 — [143] 

PA6/PET 50/50 IM PA6 +188 +58 — [143] 

PA6/PET 50/50 CM PA6 +370 +264 — [143] 

PLA/PA6 85/6 CM PLA +52 +54 — [151] 

PLA/PA6 97/3 CM PLA +66 +78 — [151] 

HDPE/PA66 80/20 IM HDPE/PA66 +13 +33 — [152] 

HDPE/PA66 80/20 IM HDPE +32 +23 — [153] 

PP/PA6/CA 90/10 IM PP — +19 +36 [154] 

PP/PC 80/20 IM PP +133 +34 — [155] 

HDPE/PC 80/20 GAIM HDPE +202 +4 — [156] 

IM: injection molding; CM: compression molding; GAIM: gas-assisted injection molding. 
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A combination of polyolefins (as matrix) and engineering plastics (as fiber) is ideal due to 

their extensive melting range and cost-effectiveness. Research into incorporating fiber 

materials such as PET, PA and PC into polyolefins has shown that PP/PET mixtures are 

particularly promising. PET has low cost, low density, high impact strength, good 

recycling properties and high thermal stability. In addition, high-quality recycling 

qualities, so-called R-PET, made from disposable plastic bottles, are readily available on 

the market. The viscosities of both components also match perfectly. The viscosity ratio 

𝜆𝑣 is defined with the following equation: 

𝜆𝑣 =
𝜂𝑓

𝜂𝑚
 (8) 

where 𝜂𝑓 is the viscosity of the disperse phase and 𝜂𝑚 is the viscosity of the matrix. A 

low viscosity ratio is more favorable for the preparation of MFCs because a high viscous 

matrix ensures that droplets are broken up during compounding due to the better transfer 

of shear forces into the disperse phase and thus better dispersion, which in turn leads to 

thinner fibrils [157]. 

In general, in addition to the viscosity ratio, the mixing ratio of the components and 

compatibilizers, the screw speed, the temperature during compounding and the draw 

ratio during stretching have proven to be essential parameters for influencing the 

Fiber/matrix interphase and the geometric formation and orientation of the fibrils. These 

parameters ultimately determine the mechanical properties when loaded in the direction 

of the fibers [141,158]. In previous studies, it became clear that,  with a few exceptions, 

the reinforcing effect of polymeric fibers in molded parts produced by injection molding 

cannot be fully exploited since this process generates randomized orientation of the 

fibers in the volume [147,149]. In contrast, investigations on unidirectional-MFC 

laminates produced by hot pressing show significantly better properties of the material 

parallel to the fibril orientation [143,146,148]. 

3.3.3 Tribocomposites 

Friction and wear behavior has been a concern of humanity since early times [159]. Since 

1966, “tribology”, derived from the Greek tirbos-rubbing, is defined as “the science and 

technology of interacting surfaces in relative motion - and associated subjects and 

practices” [160]. In many technical applications such as bearings and joints, tribological 

efforts aim to reduce friction and wear as much as possible to minimize economic and 

ecological damage resulting from energy and material losses. The tribological 

characteristics can never be attributed directly to the material but always consider all 
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external conditions like air, gas, water, etc., and various operating variables such as 

surface pressure, velocity, temperature, type and form of movement etc. The 𝑝𝑣-value, 

the product of surface pressure 𝑝 and sliding velocity 𝑣 is the simple parameter most 

widely used in systems with sliding movement [161]. Accordingly, unlike basic material 

properties such as strength and hardness, friction and wear behavior are system-

dependent, as shown in Figure 16. 

 

 

Figure 16: An illustration of a tribological system (modified from [161]). 

 

A wide range of different polymer materials is utilized in tribological applications. Due to 

their high potential of lightweight design, low maintenance, good self-lubricating and 

damping properties [162–164]. In recent years, high-performance polymers, especially 

polyetheretherketone (PEEK), have experienced consistent and robust growth thanks to 

their excellent mechanical properties and pronounced thermal and chemical resistance 

[165]. However, even high-performance thermoplastics can reach their load limits under 

high power densities and the associated high temperatures and pressures, such as in 

modern bearing applications. To meet the increased requirements on the tribological 

applications in service, high-performance polymer materials are usually modified by 

incorporating reinforcing fibers and internal solid lubricants [166]. While the reinforcing 

fiber (e.g. carbon fiber) enhances the wear resistance [167–169], the friction can be 

reduced by incorporating internal lubricants such as polytetrafluoroethylene (PTFE), 

graphite and molybdenum sulfide [170–172]. To further improve both the friction and 

wear behavior, micro and nanoparticles such as titanium dioxide or zinc sulfide can be 

incorporated into the polymer to reduce the fatigue in the fiber-matrix interphase [173] 

and decrease the coefficient of friction as a result of the rolling effect between polymer 

and steel counterpart by the rigid particles [174,175]. 



State of the Art 31 

It is well known that short carbon fibers (SCFs) carry the most load applied to the tribopair 

body [162,167,176] and therefore are responsible for the escalation of the load-bearing 

capacity of polymer-based tribomaterials. However, it is not only the fibers themselves, 

but also, as is generally the case in fiber-reinforced plastics, their position and orientation 

in the polymer matrix in relation to the acting force, as is shown in Figure 17. Therefore, 

as a part of the tribosystem, it is vital important to understand the effect of fiber 

orientation on tribological behavior. Zhang et al. [170] found that the coefficient of 

friction and wear rate of SCF reinforced composite in the antiparallel orientation are in 

general lower than in the parallel and normal orientation at pressure (1𝑀𝑃𝑎 ≤ 𝑝 ≤

5𝑀𝑃𝑎) and velocity (𝑣 = 1𝑚/𝑠). In contrast, the normal orientation is beneficial for short 

glass fibers since it reduces the possibility of fiber breakage and pulverization, as reported 

by Voss et al. [162]. However, the fiber orientation in a component depends on the flow 

processes during manufacturing. Therefore, these components usually do not have a 

uniform fiber orientation. For example, the fiber orientation in injection-molded parts 

varies along with the wall thickness and can hardly be controlled in complex geometries. 

In contrast, the recent investigations revealed that the FFF technique enables the 

reinforcing fibers to be aligned in the printing or raster direction in an excellent manner, 

thus producing orthotropic strength and rigidity [25,177]. 

 

 

Figure 17: Schematic representation of fibre orientation relative to slide direction 

(modified from [170]). 
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4 Material and Methods 

4.1 Materials  

4.1.1 Polypropylene (PP)  

Pellets of commercial polypropylene (HD120MO, Borealis GmbH, Burghausen, Germany) 

were used in this study. This commercial grade is a homopolymer with a good 

combination of mechanical properties for injection molding. The specification of the PP 

is listed in Table 2. 

 

Table 2: Specification of PP used in this work [178,179]. 

Properties 

Density g/cm3 0.908 

Average molecular mass kg/mol 365 

Melt flow rate (230°C/2.16 kg) g/10 min 8 

Tensile modulus (1 mm/min) MPa 1500 

Tensile stress at yield  MPa 33.5 

Tensile strain at yield % 9 

Heat deflection temperature (0.45 N/mm2) °C 88 

Charpy impact strength, notched (23°C) kJ/m2 4 

Hardness, Rockwell (R-scale) / 98 

 

4.1.2 PP/PET Microfibrillar Reinforced Composites (MFC) 

In this study, Polypropylene (PP) and poly(ethylene terephthalate) (PET) were selected as 

polymer pair in MFC system. The PP (HD120MO) was used as coherent (matrix) phase, as 

shown in Table 2. A commercial PET (Lighter C93, Equipolymers GmbH, Schkopau, 

Germany) was used as polymeric reinforcing component. This grade is a copolymer 

recommended for the production of liquid containers and for thermoforming. The 

specification of the PET is listed in Table 3. 
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Table 3: Specification of PET used in this work [180]. 

Properties 

Density g/cm3 0.88 

Glass transition temperature °C 78 

Melting point °C 247 

Intrinsic viscosity dl/g 0.80 ± 0.02 

Crystallinity % ≥ 50 

 

4.1.3 Tribocomposites 

A hybrid reinforced polymer-based tribocomposite (VESTAKEEP DP 10081, granules, 

Evonik Operations GmbH, Germany) was used with an abbreviation as TC-1 in this study. 

According to the manufacturer, the material consists of a polyetheretherketone (PEEK) 

matrix, short carbon fibers (SCFs) and several additives to improve the tribological 

performance. For comparison, A PEEK tribocomposite with an abbreviation as TC-2 

consisted of PEEK matrix (VESTAKEEP 2000 G, granule, Evonik Operations GmbH, Marl) 

and 10 wt.% each of short carbon fibers (SCFs) (SIGRAFIL C30, SGL Carbon SE, Wiesbaden), 

graphite (RGC39A, Superior Graphite Europe Ltd., Sundsvall, Sweden), submicro-sized zinc 

sulfide (Venator Germany GmbH, Duisburg) and titanium dioxide particles (KRONOS 2310, 

KRONOS TITAN GmbH, Leverkusen), was prepared on a co-rotated twin-screw extruder. 

This PEEK composite has been proved to be a high-performance tribocomposite in a 

previous study [181]. 

 

4.2 Sample Preparation 

For sample preparation of the neat polypropylene, poly(ethylene terephthalate) (PET)  

and the PEEK-based tribocomposites, the whole process chain including the filament 

extrusion and the FFF printing, was shown in Figure 18. To prepare PP/PET microfibrillar 

reinforced composites (MFC) and their blend, an overview of the whole process chain 

from raw material to the final printed MFC was schematically illustrated in Figure 19. 
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Figure 18: Schematic illustration of the whole processing chain of neat PP, PET and 

PEEK-based tribocomposite TC-2. 

 

 

Figure 19: Schematic illustration of the whole processing chain of PP/PET blend and 

PP/PET MFC. 

 

4.2.1 Compounding 

PET and PEEK granules were pre-dried in an oven at 80°C for at least 16 h to avoid 

hydrolytic degradation. Compounding of the PP/PET blend and Tribocompound TC-2 

were carried out on a co-rotated twin-screw extruder (ZSE 18 MAXX, Leistritz, Nürnberg, 

Germany) with a screw diameter of 18.5 mm and an L/D (length/diameter) ratio of 40.  

For compounding of PP/PET blend, the screw speed and barrel temperatures in the 11 

individual heating zones from the hopper to the die are listed in Table 4. The PET content 

of the compound was 20% by weight. The extruded strand, after being cooled in water, 

was granulated using a pelletizer. 
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Table 4: Compounding parameters of PP/PET. 

Designation Weight ratio Rotational speed, 

rpm 

Temperature, °C                   

(from the hopper to the die) 

PP/PET blend 80/20 120 120/170/220/245/265/…/265 

 

For compounding of TC-2, masterbatches of the individual fillers were firstly produced 

and then mixed and diluted in the appropriate ratio in a second compounding step. This 

procedure leads to a better dispersion of the fillers [182]. The compoumnding parameters 

of TC-2 are listed in Table 5 

 

Table 5: Compounding parameters of tribocompound TC-2. 

Designation Rotational speed, 

rpm 

Temperature, °C                             

(from the hopper to the die) 

PP/PET blend 200 120/200/290/340/370/395/…/395 

 

4.2.2 Preparation of 3D Printable Filaments 

For preparation of 3D printable filaments, the pellets were fed into a single screw 

extruder (EX6, Filabot, Barre, USA) with a screw diameter of 16 mm and an L/D 

(length/diameter) ratio of 24. Like compounding, all the pellets except PP were dried 

before the process. The details of the filament extrusion parameters are given in Table 6. 

 

Table 6: Filament extrusion parameters of different materials. 

Designation Filament diameter, 

mm 

Rotational speed, 

rpm 

Temperature, °C                

(from the hopper to the die) 

PP 1.70 ± 0.05 6 40/130/200/195 

PP/PET blend 1.80 ± 0 10 5 50/215/260/250 

TC-1 1.80 ± 0 10 8 70/400/425/425 

TC-2 1.70 ± 0 10 8 70/400/425/425 
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Preparation of Microfibrillar Reinforced PP/PET Filament for 3D Printing  

To create the microfibrillated structure, part of the extruded PP/PET filament was drawn 

with a self-made filament stretching device in a warm water bath at 85°C. A dramatic 

reduction in filament diameter resulted from a necking of the filament in the water bath. 

The draw ratio is kept around 7, which is defined as the ratio between the cross-sectional 

areas of the unstretched and stretched filament. The stretched filament with a diameter 

of 0.7 ± 0.05 mm was granulated again, and a printable filament with a diameter of 1.8 ± 

0.1 mm was fabricated using again the single screw filament extruder at a barrel 

temperature of 50/150/195/210°C from the hopper to the die. 

4.2.3 Fused Filament Fabrication (FFF) 

To fulfill the requirements of 3D printing of all the materials used in this work, an FFF 3D 

printer (Ultimaker 2, Ultimaker B.V., Utrecht, Netherlands) was modified accordingly. To 

adapt the maximum nozzle temperature from 260°C to 450°C, the printer was upgraded 

with an all-Metal HotEnd (E3Dv6, E3D-Online, Oxfordshire, United Kingdom) with a 40 

Watt heater cartridge and 1.75 mm intake. An extra platform with thermal insulation was 

built to extend the maximum platform temperature to 180°C. The Firmware of maximum 

temperature limit and temperature rise rate was adapted and calibrated using Arduino 

IDE. The filament feeder was modified for appropriately feeding the smaller filament with 

a diameter of around 1.75 mm and for the brittle filaments such as highly filled 

composites. The comparison of the original and modified printer is shown in Table 7. All 

the filaments except neat PP were dried for at least 12 hours at 80°C before the FFF 

process. 

 

Table 7: Comparison of specification of the original and the modified FFF printer. 

 Original Modified 

Maximum nozzle temperature, °C 260 450 

Maximum platform temperature, °C 100 180 

Filament diameter, mm 2.4–3.0 1.5–1.9 

Filament feeder Long bowden feeder 

 

 

 

Short bowden feeder 
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Preparation of Polypropylene  

In order to investigate the morphology and the mechanical properties of void-free 3D 

printed polypropylene, especially the most critical inter-filament bonding, the bar-shaped 

bodies with a dimension of 50 x 4 x 2 mm3 are printed with an infill perpendicularly (90°) 

to the longitudinal direction, as is shown in Figure 20. To overcome the warpage during 

printing, the first layer of specimens was printed with a brim on a PP tape (tesa 64014). 

The raster width of 0.4 mm, equal to the diameter of the nozzle, was used during the 

manufacturing. Four machine parameters, nozzle temperature 𝑇𝑛, platform temperature 

𝑇𝑝, print speed 𝑣 and layer thickness ℎ were selected to determine the non-linear main 

effects of process conditions on the morphology and ultimately the mechanical properties 

(cf. Table 8). The lowest and highest values for each processing parameter were 

determined based on the results of the preliminary tests (see Appendix B and Appendix 

C ) for ensuring the manufacturing of the defect-free (void-free) samples to investigate 

further the effect of process parameters on the inter-filament bonding. A factorial design 

of experiments (DOE) developed by JMP’s DOE platform as well as the nominal mass flow 

rate �̇� are given in Table 9. The degree of the infill was kept at 100%. The mass flow rate 

�̇� is defined as the following equation: 

�̇� = 𝑘𝑡 ∙ 𝑤 ∙ ℎ ∙ 𝑣 ∙ 𝜌  (9) 

in which 𝑤, ℎ, 𝑣 indicate raster width, layer thickness, and print speed, respectively. 𝜌 

indicates the density of the PP at room temperature. 𝑘𝑡 = 1.07 is the throughput factor to 

ensure 100% fill density of PP in this study.  

 

 

Figure 20: Schematic illustration of printed PP samples. 
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Table 8: Investigated process parameters (factors) and their levels for the PP. 

Process parameter (factor) Abbreviation Level 

Nozzle temperature, °C 𝑇𝑛 200, 223, 245 

Platform temperature, °C 𝑇𝑝 60, 80, 100 

Print speed, mm/s 𝑣 10, 35, 60 

Layer thickness, mm ℎ 0.1, 0.2 

 

Table 9: DOE of 3D printing process conditions. 

No. Nozzle     

temperature 

Platform     

temperature 

Print      

speed 

Layer     

thickness 

Mass        

flow rate  

 𝑇𝑛,°C 𝑇𝑝,°C 𝑣, mm/s ℎ, mm �̇�, g/h 

1 200 60 35 0.1 4.9 

2 200 60 60 0.1 8.4 

3 200 60 60 0.2 16.8 

4 200 80 10 0.1 1.4 

5 200 85 60 0.1 8.4 

6 200 100 10 0.2 2.8 

7 200 100 35 0.1 4.9 

8 223 60 10 0.2 2.8 

9 223 60 60 0.1 8.4 

10 223 80 35 0.1 4.9 

11 223 80 35 0.2 9.8 

12 223 100 10 0.1 1.4 

13 223 100 60 0.2 16.8 

14 245 60 10 0.1 1.4 

15 245 60 60 0.2 16.8 

16 245 80 35 0.1 4.9 

17 245 100 10 0.1 1.4 

18 245 100 10 0.2 2.8 

19 245 100 60 0.1 8.4 
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Preparation of PP/PET  

All the specimens of PP/PET MFC and Blend, and the reference material neat PET were 

printed along the longitudinal direction (0°) according to the international standard DIN 

ISO EN 527/1BB, as shown below in Figure 21. To overcome the warpage during printing, 

the first layer of specimens were printed with a brim on a PP tape (tesa 64014). The 

platform temperature was set at 140°C. The nozzle diameter was 0.8 mm. The FFF 

parameters are given in Table 10. 

 

 

Figure 21: Schematic illustration of printed PP/PET MFC and Blend. 

 

Table 10: 3D printing parameters of PP/PET MFC, blend and neat PET. 

Designation Nozzle          

temperature, Tn  

Platform       

temperature, Tp  

Print speed,       

𝑣 

Layer thickness, 

ℎ 

 °C °C mm/s mm 

PP/PET MFC 210 140 5 0.2 

PP/PET Blend 210 140 5 0.2 

PET 260 140 5 0.2 

 

Preparation of PEEK-Based Tribocomposites 

For both PEEK-based tribocomposites, the sheets with a dimension of (𝑉 =  50 ∗  50 ∗

 4 𝑚𝑚3)  were fabricated, from which mechanical specimens according to the 

international standard DIN ISO EN 527/1BB and tribological specimens sized (𝑉 =  4 ∗

 4 ∗  4 𝑚𝑚3) were milled, as is shown in Figure 22. Considering the requirements of the 

tribocompounds processed by the FFF process, such as fiber alignment and minimal 

porosity, the processing parameters were optimized in the preliminary tests (cf. Figure 

70, see Appendix D). The mechanical and tribological characterization was then 
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performed with the specimens that exhibited the best fiber alignment and minimum 

porosity processed with optimal process parameters, as given in Table 11. For 

comparison, injection-molded specimens were prepared from the compound granules 

[166]. The position of the tested samples from injection-molded sheet are shown in 

Appendix E. 

 

 

Figure 22: Schematic illustration of preparation of the PEEK-based tribocomposites. 

 

Table 11: 3D printing parameters of PEEK-based tribocomposites. 

Nozzle          

diameter, d 

Nozzle          

temperature, Tn  

Layer         

thickness, ℎ 

Print speed,       

𝑣 

Platform       

temperature, Tp 

mm °C mm mm/s °C 

0.4 430 0.1 8 160 

 

4.3 Characterization  

4.3.1 Mechanical Properties 

Quasi-static tensile tests of the samples were conducted on a universal tensile testing 

machine (Zwick RetroLine, ZwickRoell, Ulm, Germany) based on the international 

standard DIN ISO EN 527. The crosshead speed was set at 1 mm/min in the range ε = 

0…0.25% using a Clip-on-extensometer (Mini MFA 2, MF Mess- & Feinwerktechnik, 

Velbert, Germany), for determining the tensile modulus and set at 50 mm/min at > 0.25% 

to determine the tensile strength. The testing temperature is 23 ± 2°Cand the humidity 

is 50 ± 10%. All the data presented correspond to the mean value of at least five 

measurements. 
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4.3.2 Thermal Properties 

The thermal properties of the polymers and composites were analyzed by a differential 

scanning calorimetry (DSC) (TA Instruments, New Castle, USA). The temperature and the 

heat flow baseline of the device were calibrated before the tests using a standardized 

indium as the reference material. The 5–10 mg samples were cut from the middle part 

of printed samples and placed between an aluminum pan and an aluminum lid. The 

thermal investigations were carried out under nitrogen atmosphere with a flow rate of 

50 ml/min and performed from 40°C to 265°C with a heating/cooling rate of 10 K/min. 

The degree of crystallinity Xm was determined by using the following equation: 

Xm = 
∆𝐻𝑚

∆𝐻𝑚
ₒ

𝑤𝑓
 ∙ 100% (10) 

where ∆𝐻𝑚  is the measured melting enthalpy, and ∆𝐻𝑚
ₒ  is the theoretical specific 

enthalpy of complete crystallization (PP: 207 J/g,  PET: 140 J/g). 𝑤𝑓 represents the weight 

fraction in the compound. All the data presented correspond to the mean value of at least 

three measurements. 

4.3.3 Morphology 

Supermolecular Morphology of PP 

To investigate the supermolecular morphology of neat PP, the prepared samples were 

cut by a rotation microtome (Hyrax M 25, Carl Zeiss, MicroImaging GmbH, Jena, Germany) 

equipped with a steel blade to yield a smooth surface and then chemically etched for 24 

hours including 18 hours at room temperature and 6 hours at 60°C in a chemical solution, 

which contained potassium permanganate, 98% sulphuric acid and 85% phosphoric acid 

[138] as shown in Figure 23. The chemical-etched surfaces were inspected using an 

optical microscope (OM) (Nikon ECLIPSE LV100POL, Nikon GmbH, Düsseldorf, Germany) 

operated in reflected mode. For measuring the average diameter of the spherulites, at 

least three samples were measured according to the ASTM E11210 standard for grain size 

determination. 
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Figure 23: Preparation of the specimens of PP for morphological characterization. 

 

PP/PET MFC  

A Keyence confocal 3D laser scanning microscope (LSM, VK-X1050, Keyence Corporation, 

Japan) was used to inspect the fracture surfaces of the extrudates, stretched filaments 

and 3D printed specimens of PP/PET composites. For better observation of the PET fibrils, 

PP/PET stretched strands and printed MFC specimens were etched by xylene at 130°C for 

1-3 hours to remove the PP fraction. The LSM applied a combination of laser scanning 

and optics to produce sharp images and collect height information. The red 

semiconductor laser operates with a wavelength of 661 nm and enables a height 

resolution of 5 nm. 

Tribocomposites 

The prepared specimens of tribocomposites were embedded in an epoxy resin (EpoFix, 

Struers GmbH, Germany) for 24 hours, ground in an automated multi-stage process with 

grit sizes P320, P600 and P1200 and then polished with 3 µm diamond suspension so 

that the fiber length, orientation and porosity could be inspected using an LSM. Then the 

microsection images were quantified using a color threshold stage of image analysis. The 

void content is calculated based on the void area fraction in the processed binary images. 

The fiber orientation was quantified using a Matlab binary image analysis based on 

publicly available code [183]. The elements of the orientation tensor of fibers were 

calculated by measuring vectors for the proportion of fiber orientation in the x, y and z- 

directions [184]. Their sum is 1. Furthermore, in order to address the friction and wear 

mechanisms, worn surfaces after tests at standard pv-load pv = 1 MPa·m/s (p = 1 MPa; v 

= 1 m/s) and at a high pv-load pv = 32 MPa·m/s (p = 8 MPa; v = 4 m/s) were analyzed 

using the LSM. 
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4.3.4 Tribological Properties 

For tribological investigations, specimens (𝑉 =  4 ∗  4 ∗  4 𝑚𝑚3) milled from the printed 

(Figure 22) and injection molded sheets (see Appendix E) were glued to pure PEEK 

injection molded backings (Figure 24), to get test pins with 𝑉 =  4 ∗  4 ∗  10 𝑚𝑚3 finally. 

The tribological experiments were carried out under dry sliding conditions on a self-

constructed Pin-on-Disc (PoD) tribometer using standard 100Cr6 hardening bearing 

washers (LS2542, Schaeffler Technologies AG & Co. KG, Herzogenaurach, Germany) with 

a mean surface roughness Ra = 0.2 µm as counterparts. The body pins were “pre-worn” in 

a two-step process with grinding papers of grit sizes P240 and P1000, consecutively, to 

ensure conformal contact and match the configuration of the counter-part. To study the 

effects of printing and at least fiber orientation, tribological tests were conducted on two 

surfaces (xy-plane and yz-plane) of printed tribocomposites. Sliding directions were 

parallel and anti-parallel on xy-plane represented by the expression FFF_P and FFF_AP, 

respectively, and normal on yz-plane represented by the expression FFF_N. In addition, 

the expression IM represents sliding direction on the injection molded specimens (see 

Figure 24).  

During the test, normal force 𝐹𝑁, friction force 𝐹𝑅 and the sample height loss indicated 

by the sample holders displacement ∆ℎ were measured by means of a force sensor (M-

1191XY, Tensometric Messtechnik GmbH, Wuppertal, Germany) and a displacement 

transducer (IFS2402-4, Micro-Epsilon Messtechnik GmbH & Co. KG, Ortenburg, Germany) 

respectively and recorded by a computer with a sampling rate of 0.5 Hz. The coefficient 

of friction (COF) µ and specific wear rate 𝑤𝑠 in the stationary phase were calculated using 

the following equations: 

µ =
𝐹𝑅

𝐹𝑁
 (11) 

 

𝑤𝑠 =
∆𝑚

𝜌 ∙ 𝐹𝑁 ∙ 𝑠
=

∆𝑉

𝐹𝑁 ∙ 𝑠
=

1

𝑝𝑣
∙

∆ℎ

𝑡
 (12) 

where ∆𝑚  is the sample weight loss, 𝜌  is the density, 𝑠  is the sliding distance, ∆𝑉 

denotes the sample volume loss, 𝑡 indicates the sliding time, 𝑝 and 𝑣 denote the nominal 

contact pressure and sliding velocity, respectively. The tests were carried out with a new, 

intelligent test strategy in which, in addition to six default pv-levels, at least nine 

different levels were statistically selected. The contact pressure and velocity were chosen 

from 0.5/1.0/…/8.0 MPa and 0.5/1.0/…4.0 m/s, respectively (8 MPa and 4 m/s is the pv-
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limit of the machine). The tribometer is controlled by using a self-programmed LabVIEW 

(National Instruments) program to detect the stationary friction phase automatically. 

From the start of a new load level, the mean values of the recorded COFs were calculated 

within every 10 mins. Since 40 mins, the calculated four mean values of COF within the 

last 40 mins were compared with each other, e.g. first comparison of four mean values of 

COF within 0–40 mins, second comparison of four mean values of COF within 10–50 

mins, and so on. If the maximal differential value is lower than 0.02 and happens four 

times in a row, the tribometer switches to the next load level. The period of at least 30 

mins before switching was recognized as the stationary friction phase. Each test was 

conducted at least three times. We determined the coefficients of friction (COFs) and wear 

rates using the average values from the stationary phases.  

 

 

Figure 24: Schematic illustration of the Pin-on-Disc configuration and designations of 

fiber orientations (top view of the contact surface of the body). 
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4.4 Modeling and Simulation of Dynamic Temperature Distribution 

4.4.1 Temperature Distribution in the HotEnd 

During the FFF process, one of the essential elements is the HotEnd, which directly 

delivers heat input to the polymer and thus can determine the properties of the final built 

parts. As aforementioned, limited heat can be transferred by conduction from the walls 

of the HotEnd, due to a short residence time in the HotEnd. Therefore, the actual mass 

temperature of the extruded material is highly dependent on the material flow through 

the HotEnd per time. However, due to the small size of the HotEnd, the experimental 

analysis of the polymer flow through the HotEnd is challenging. In this research, the mass 

temperature distribution in the HotEnd, and more importantly, the temperature at the 

nozzle outlet was estimated using a commercially available Software ANSYS® Fluent 

2019R1. A geometric model was created concerning the real part E3D V6 HotEnd and the 

meshed model is shown in Figure 25. To reduce the calculation, the small features such 

as corners, thread and holes, etc., were removed before meshing. The fluid domain in the 

HotEnd was meshed with hexahedral thermal elements, which were generated by 

dividing the 28 edges at equal distances and projecting to the volume. As seen from 

Figure 26, further reduction of the element size did not have a significant impact on the 

results of the convergence studies. 

 

 
Figure 25: Details of meshed model of the HotEnd with boundary conditions.  
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Figure 26: Representative effect of element size on the calculated temperature at the 

center of nozzle outlet with nozzle temperature of 210°C and mass flow 

rate of 15 g/h. 

 

Mass flow rate is the boundary condition allowing the filament to enter the HotEnd at a 

fixed speed, which was set between 1–20 g/h based on the density of the PP. Nozzle 

temperature 𝑇𝑛 as a thermal constraint is a heat source (from heat cartridge) that provides 

the heat to the system, which was set between 200–245°C. The inlet temperature of the 

filament was set at room temperature 23°C. The inner wall boundary condition is based 

on an energy balance between the inner surface of the channel and the filament, as given 

in equation (20) (see Appendix F).  

A heat transfer to the ambient air takes place on the surface of the HotEnd. Because the 

HotEnd is moving during the FFF process and the heat sink is cooled by the forced air 

induced by an external fan (Figure 27a), the Nusselt-number for calculation of forced 

convective heat flux �̇�𝑐𝑣 on the surface of the different parts based on different mass flow 

rates (print speeds) were calculated by using the equations (22) to (31) (see Appendix F). 

For the calculation, different positions of the HotEnd were divided into three surface 

convection types: cross-flowing plate, cross-flowing tube and parallel plates, as is shown 

in Figure 27b. 

For the thermal analysis, the temperature-dependent material properties: thermal 

conductivity, specific enthalpy, specific heat capacity and density of polypropylene are 

shown in Figure 73 (see Appendix H). The material properties of the HotEnd, including 

aluminum (Sink and Heat block), stainless steel (Heat break) and copper (Nozzle) were 

used from the ANSYS Fluent material library. For the typically shear-thinning AM process, 
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a power-law viscosity model was utilized with the consistency index of 7500 Pa∙s and the 

power law coefficient of 0.38 [185]. 

The influences of heat radiation, polymer crystallization and thermal expansion were 

neglected in this model. 

 

 

Figure 27: Illustration of the (a) boundary conditions and (b) the three surface 

convection types for the HotEnd. 

 

Table 12: The calculated forced convection (Wm-2K-1) coefficient of the HotEnd. 

Position 
Mass flow rate, g/h 

1 5 10 15 20 

Sink cylinder 44.7 44.7 44.7 44.7 44.7 

Sink plate 76.4 76.4 76.4 76.4 76.4 

Sink top 4.0 5.3 7.3 8.8 10.1 

Heat break 5.6 10.5 14.2 17.0 19.4 

Heat block 1.8 3.9 5.6 6.8 7.9 

Nozzle cylinder 4.0 7.8 10.6 12.8 14.6 

Nozzle nut 3.2 7.2 10.2 12.5 14.5 

Nozzle tip 9.3 16.2 21.3 25.3 28.6 
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4.4.2 Dynamic Temperature Profile during Deposition 

In order to estimate the temperature development during the deposition process and, 

more importantly, to reduce the experimental efforts, thermal simulations of the time-

dependent temperature evolution of the printed part were performed using a 

commercially available Software ANSYS® Mechanical APDL 2019R1. A geometric model 

was created concerning the actual printing part. However, to reduce the highly time-

consumed simulation process, the model with the size of 50 x 4 x 0.8 mm3 and the 

platform were meshed with SOLID70 element, as shown in Figure 28a. The element edge 

length of the model was set at 0.1 mm and 0.2 mm for the sample printed with 0.1 mm 

and 0.2 mm layer thickness, respectively. The contact surfaces of the model and the 

platform are defined as element types 170 and 173 so that a heat transfer  �̇�𝑚∼𝑝 between 

them can take place in the simulation. During the numerical simulation of transient heat 

transfer, an element birth/death feature was used to mimic the continuous filament 

deposition process, as shown in Figure 28b. Therefore, only the activated elements can 

be taken into account during the calculation. 

For calculating the temperature evolution of the printed samples, the heat transfer during 

the printing process can be described by using the following differential equation: 

𝜕

𝜕𝑥
(𝜆𝑥𝑥

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝜆𝑦𝑦

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝜆𝑧𝑧

𝜕𝑇

𝜕𝑧
) + 𝑞 ⃛ = 𝜌(𝑇) ∙ 𝐶(𝑇) ∙

𝑑𝑇

𝑑𝑡
 (13) 

where x, y and z are the coordinates, λ, ρ, C and T are thermal conductivity, density, 

specific heat capacity and temperature, respectively, as well as the time t and the heat 

generation rate 𝑞. Based on the temperature analysis, the impact of the temperature 

evolutions during the printing process can be assessed.  

For calculating the dynamic temperature evolution of the printed layers, temperature-

dependent thermal properties of PP were incorporated into the model (cf. Figure 73 see 

Appendix H). The temperature of the initial activated elements (melt) 𝑇𝑚𝑎 are set equally 

to the simulated average mass temperature at the outlet of the HotEnd based on the 

nozzle temperature and mass flow rate. The platform temperature 𝑇𝑝 was kept constant. 

The heat convection coefficient  �̇�𝑐𝑣 between polymer and air was set as constant at 12.1 

W/m2∙K calculated by Nusselt-number referred to as free convection based on the 

equation (32) to (34) (see Appendix F). The platform is glass, which was set at the density 

of 2201 kg/m3, the specific heat capacity of 1052 kJ/kgK and the thermal conductivity of 

1.38 W/mK. The air temperature surrounding the specimen was set 5°C lower than the 
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platform temperature based on the measurements at a distance of 0.5 mm from the 

platform. To simplify the models, the calculations are based on the following hypotheses: 

 The temperature of the initial activated elements is constant and without a 

temperature gradient. 

 FFF printed parts are pore-free, strands are fully contacted with each other and 

therefore no contact heat resistance. 

 The influences of heat radiation, polymer crystallization and thermal expansion 

can be neglected. 

 

Figure 28: (a) Representative meshed model with 0.2 mm element edge length and 

the boundary conditions, (b) Illustration of the element birth/death process. 
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5 Results and Discussion 

5.1 3D printing of Polypropylene  

5.1.1 Morphologic Properties 

Supermolecular Morphology 

Figure 29 shows the morphology of the etched cross-section of the printed components 

(in xz-plane, cf. Figure 20) under a representative “Low” temperature setting (Tn/Tp/v = 

200/60/60) and a representative “High” temperature setting (Tn/Tp/v = 245/100/10). The 

Tn/Tp/v indicates the process combination of nozzle temperature/platform 

temperature/print speed. First of all, it is noticeable that the process conditions exerted 

significant influence on the morphologies of the printed samples, even if all samples are 

approx. void-free. The welding line in the samples printed with the “Low” setting (Figure 

29a and b) is more pronounced than those printed with the “High” setting (Figure 29c and 

d).  

Specifically, a remarkable staggered and overlapping structure was observed. This 

phenomenon is presumably due to the local flow and deformation of the polymer strands 

during the deposition process. During the process, the melted polymer strands are placed 

on the pre-defined paths, due to constrained flow partially occupied by previously 

deposited strands and therefore squeezed to form into the particular structure, as 

schematized in Figure 30. A close view of the morphology clearly demonstrates that a 

highly oriented crystalline structure at the weld region is formed perpendicular to the 

weld line (Figure 29aˈ and bˈ), which are extremely similar to a transcrystalline structure 

of PP in the vicinity of fiber induced by shear force [186,187]. Accompanied with the 

transcrystalline structure usually appear β-modification as well. In contrast, the samples 

printed with “High” setting exhibit a very homogeneous morphology without a clear weld 

line (Figure 29cˈ and dˈ), thus implying a superior weld strength.  

It is worthy of noting that, based on the qualitative analysis, the samples printed with the 

“High” setting present a bigger spherulite size than the corresponding value of the 

specimens printed with the “Low” setting (Figure 31). In addition, the samples printed 

with smaller layer height show a smaller mean spherulite size. All the above are 

presumably due to the complex temperature history during the process. Therefore, the 

analysis of temperature profiles was carried out (see later discussion). 
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Figure 29: Morphology of printed PP specimens in xz-plane (cf. Figure 20) after 

chemical etching, which were printed with the parameters of (a, aˈ) 

200/60/60/0.1, (b, bˈ) 200/60/60/0.2, (c, cˈ) 245/100/10/0.1, and (d, dˈ) 

245/100/10/0.2 (nozzle perature/platform temperature/printing 

speed/layer thickness).  
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Figure 30: Schematic illustration of the local flow and deformation during deposition 

process. High shear flow at the interface induced the stable nuclei and 

transcrystalline structure. 

 

 

Figure 31: Variation of average spherulite size of printed specimens under different 

process conditions (nozzle temperature/platform temperature/printing 

speed/layer thickness). 
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Thermal Analysis 

Figure 32 depicts the plots of the first heating curves of the DSC measurements of the 

samples printed under the representative process conditions. It can be clearly seen that 

the DSC curve of the samples printed with the “Low” setting demonstrates double peaks 

between 140°C and 160°C, while no additional peak in the temperature area was found 

from those printed with the “High” setting. The first peak was reported to be the β-

modification, generally formed at higher undercooling or high shear rates [15,105,131]. 

The second peak can corresponded to βˈ-modification formed essentially from the 

heating of the DSC test itself, where β-modification formed first and recrystallized into a 

more stable structure βˈ-modification before transforming into the α-modification [9]. 

Besides, the percentage of crystallinity (Xm) of the specimens printed with the “High” 

setting is obviously higher than those printed with the “Low” setting. The low degree of 

crystallinity and the existence of β-modification in the samples printed with the “Low” 

setting can correlate to the low Young’s modulus and tensile strength [15,132,188]. 

 

 

Figure 32: Differential scanning calorimetry (DSC) of 1. Heating curves of PP printed 

under representative process conditions (nozzle temperature/platform 

temperature/print speed/layer thickness). 
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5.1.2 Mechanical Properties 

The tensile properties of the uniaxial, static tensile tests of the specimens (tested in the 

x-direction, perpendicular to the infill direction) were thoroughly examined at room 

temperature. Figure 33 presents the tensile properties of the PP printed under different 

conditions (see Appendix I). As is seen, process conditions have a substantial effect on 

the tensile properties, even though the components are void-free (cf. Figure 29). For 

example, the samples printed under process conditions No.17 of 245/100/10/0.1 (nozzle 

temperature/platform temperature/printing speed/layer height) present the highest 

Young’s modulus and tensile strength, which are around 38% and 30% higher than those 

printed process conditions No.3 of 200/60/60/0.2, respectively. Compared to the 

injection-molded samples indicated by the dashed lines, similar values of Young’s 

modulus about 1.5 GPa under process conditions No.12, 17-19, and tensile strength 

around 34 MPa under process conditions No.12, 16-19 were obtained, respectively. This 

observation can be correlated to the morphology as discussed aforementioned (cf. Figure 

29). Under the high temperature settings, a homogeneous supermolecular morphology, 

less visible weld line with overall larger spherulites and a higher degree of crystallinity 

indicate the superior mechanical properties.  

Considering the Elongation at break (cf. Figure 33c), the samples printed under high 

temperature conditions such as No.12 (223/100/10/0.1) and No.19 (245/100/60/0.1) 

exhibit higher values than those of the samples under low temperature conditions like 

No.2 (200/60/60/0.1). However, in terms of ductility, the gap between the 3D printed 

samples and the injection molded samples is still very large. This can be attributed to the 

inherent nature of additive structures layer by layer. The special morphology in the 

vicinity of weld area restricted the lateral strain, resulting in a lower elongation at break. 
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Figure 33: Comparison of (a) Young’s modulus, (b) tensile strength and (c) elongation 

at break under different process conditions. Tn indicates the corresponding 

nozzle temperature. The corresponding values of injection-molded sample 

denoted by dash line. 

 

Analysis of Variance 

To assess the relationship between the 3D printing process parameters (nozzle 

temperature, platform temperature, print speed, and layer height) and the responses 

(Young’s modulus, tensile strength and elongation at break) and the interactions among 

the parameters, analysis of variance (ANOVA) has been conducted using JMP software 

version 13. First, a quadratic regression model was developed by fitting the data using a 

least square method. Then, as is seen in Figure 34, the responses from experimental 

measurements were plotted against the predicted values obtained from the quadratic 

regression model. Considering Young’s modulus and tensile strength, the predicted 

values agree well with the actual (measured) values indicated by the data points closely 

scattered around the red diagonal line. The blue horizontal line represents the mean of 

the measured responses, and the shaded red area around the diagonal line corresponds 

to the 95% confidence interval band for the mean effect. Additionally, they have small 

statistically significant P-values less than 0.05, suggesting 95% confidence level, high R-

Square values (R2) and relatively small root mean square error (RSME). All the above 

indicate that the quadratic models (see Appendix J) fit the data and have a good predictive 

capability. In contrast, the model for elongation at break (cf. Figure 34c) presents a high 
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P-value larger than 0.05, low R2 and large RSME, indicating no identified significant factor 

in the model and thus the unpredicted capability of the model. 

 

 

Figure 34: Comparison of the measured and predicted values from the model: (a) 

Young’s modulus, (b) tensile strength and (c) elongation at break. 

 

Table 13 shows the ranks of the most critical process parameters and their interaction 

effects on Young’s modulus and tensile strength by sorting the absolute F-values. A larger 

F-ratio value means that differences between the means are significant and are due to 

non-random effects, inferring smaller errors in the model. All P-values less than 0.05 are 

marked with ∗  to indicate significant main effects or interactions. The results 

demonstrated that the most critical factors are the nozzle temperature (Tn), the platform 

temperature (Tp), the print speed (v) and the layer thickness (h), followed by the 

interaction effect between nozzle temperature and print speed (Tn∗v). It is worthy to note 

that the platform temperature is the most critical factor for Young’s modulus, while the 
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nozzle temperature is especially important for tensile strength and Young’s modulus. The 

interaction between nozzle temperature and print speed means that the effect of the 

print speed on the response variable is dependent on the nozzle temperature used for 

the specimen (see Appendix K). 

 

Table 13: The identified important parameter effects table for Young’s modulus and 

tensile strength. P-values mark with ∗ indicate the factors being significant. 

The parameters are sorted in decreasing order of significance. 

Young’s modulus  Tensile strength 

Term F-ratio Plot P-value  Term F-ratio Plot P-value 

Tp 40.2 

 

0.0014*  Tn 72.8 

 

0.0004* 

Tn 36.4 0.0018*  h -43.3 0.0012* 

Tp*Tp 27.4 0.0034*  v -35.5 0.0019* 

v -19.1 0.0072*  Tp 21.5 0.0056* 

h -12.5 0.0167*  Tn*v 10.1 0.0248

* Tn*v 5.3 0.0688  Tp*Tp 3.8 0.1095 

 

The Effects of Process Parameters on Tensile Properties 

To visualize the effect of the parameters and the corresponding response, a prediction 

profiler was shown in Figure 35. As is seen, the high nozzle temperature and the platform 

temperature tended to promote an increase in both Young’s modulus and tensile 

strength. The mechanical properties monotonically increased with an increase in nozzle 

temperature, while they significantly increased only above 80°C with an increase in 

platform temperature. This can be attributed to the better inter-diffusion between the 

deposited strands by the higher temperature setting (cf. Figure 29), leading to a stronger 

inter-filament bonding. In addition, the degree of crystallinity of semi-crystalline 

polymers such as PP is highly dependent on the cooling rate, as reported in the previous 

study [189]. The nozzle temperature and the platform temperature have a direct influence 

on the cooling rate. The higher nozzle temperature increased the rate of heat input from 

the nozzle and the higher platform temperature decreased the rate of heat loss by 

prolonging exposure at high temperature for the deposited strands. All the above can 

promote the degree of crystallinity and thus enhance the mechanical properties. 

In contrast, the print speed and layer thickness have a substantial negative effect on both 

tensile properties. Considering the interaction suggested by the regression analysis, it is 
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interesting to evaluate the interaction between the nozzle temperature and print speed, 

as shown in Figure 74 and Figure 75 (see Appendix K). The effect of speed was much 

more pronounced for the specimens printed at the low nozzle temperature of 200°C. It is 

also worthy of noting that the specimens with smaller layer height show overall slightly 

higher mean values of Young’s modulus and tensile strength than those with larger layer 

height, which can be due to, on the one hand, the lateral strain restraint of the different 

supermolecular morphology of the weld zones. In the same material volume, there are 

less and (at higher temperatures) almost invisible weld zones with a larger printing layer 

thickness, thus a comparatively lower Young’s modulus. On the other hand, layer 

thickness has a thermal effect on the printed components. Firstly, a decrease in layer 

thickness leads to lower throughput of polymer, presumably resulting in higher mass 

temperature.  Additionally, as the layer thickness decreases, the heat input by the freshly 

printed layer can potentially penetrate completely the previously deposited layers, 

increasing the reheating effect and thus resulting in a better interlayer diffusion. 

 

Figure 35: Summary of the effect of the evaluated parameters (nozzle temperature Tn, 

platform temperature Tp, print speed v and layer thickness h) with a 

prediction profiler. The estimated values (y-axis, red) of those factors are 

according to the fixed parameters (x-axis, red). 
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5.2 Simulation of FFF Process 

5.2.1 Temperature Distribution of Melt in the HotEnd 

Figure 36 shows the representative simulated temperature distributions of the PP flow 

inside the HotEnd under a steady state at nozzle temperature of 200°C. During the FFF 

process, a solid polymer strand is continuously pushed into the HotEnd, where most of 

the heat is transferred from the inner wall to the polymer and melt it. It is noticed that 

the mass temperature distribution is highly dependent on the mass flow rate, which is in 

turn proportional to print speed, strand width and layer thickness. As the mass flow rate 

(print speed or/and layer thickness) increases, the amount of material extruded through 

the nozzle per unit time must increase to ensure the same amount of the material at the 

lower mass flow to fabricate the exact same structure. Therefore, the time to melt the 

polymer in the HotEnd is significantly reduced.   

Due to the relatively short residence time in the HotEnd, a large temperature gradient 

can be clearly observed at the outlet of the nozzle at the mass flow rate higher than 5 

g/h, as is shown in Figure 36b. As the mass flow rate increases to 20 g/h, the temperature 

at the center of the outlet can be much lower than the set nozzle temperature and even 

slightly lower than PP's melting temperature (see Figure 36c). The not fully molten 

material can cause enormous shear stress within the HotEnd wall and increased feeding 

force, which can lead to the under extrusion of material (see Appendix B) or even clogging 

of the nozzle. The research results are consistent with the theory, that is, the higher the 

mass flow rate, the larger the internal temperature gradient. Some fluctuating 

temperature conditions are due to the high viscosity induced shear forces that affect the 

flow state, resulting in an unstable flow (Figure 36a). More importantly, the high viscosity 

of the extruded strands with the low temperature can impair the bonding quality of the 

deposited strands and thus the final parts. 

A comparison of the temperature distribution of PP under different set nozzle 

temperatures and the mass flow rates was given in Table 14. It is worth noting that the 

temperature at the centre of the nozzle exit can be significantly lower than the 

temperature at the inner wall or set nozzle temperature up to 52°C. Furthermore, even 

the average temperature at the outlet of the nozzle exit can be lower up to 30°C than the 

set nozzle temperature at the high mass flow rate, which agrees well with our measured 

data (see Appendix L) and previous publication [190]. 
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Figure 36: (a) Temperature distribution of PP in the HotEnd and (b), (c) temperature 

profiles at the nozzle outlet with the nozzle temperature = 200°C under 

different mass flow rates during the steady state. r = 0 indicates the center 

of the outlet. 
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Table 14: Comparison of simulated mass temperature distribution of PP under 

different set nozzle temperatures and mass flow rates. 

Nozzle        

temperature

, °C 

Mass    

flow rate, 

g/h 

Mass temperature, °C Ave. mass  

temperature

, °C 
r = 0 

mm 

r = 0.4 

mm 

r = 0.8 

mm 

r = 1.2 

mm 

r = 1.6 

mm 

r = 2 

mm 

200 

1 199.6 199.6 199.6 199.6 199.6 199.6 199.6 

5 199.2 199.2 199.2 199.3 199.4 199.5 199.3 

10 187.0 188.1 190.1 192.7 196.0 199.2 192.2 

15 172.1 173.5 176.0 182.4 190.1 198.9 182.2 

20 159.6 160.4 165.6 175.3 185.8 198.7 174.2 

210 

1 209.6 209.6 209.6 209.6 209.6 209.6 209.6 

5 209.3 209.3 209.3 209.4 209.4 209.5 209.3 

10 198.6 199.5 201.0 203.2 206.1 209.2 202.9 

15 176.1 178.3 184.4 192.1 200.3 208.9 190.0 

20 162.3 164.1 171.2 182.4 195.1 208.6 180.6 

220 

1 219.6 219.6 219.6 219.6 219.6 219.6 219.6 

5 219.3 219.3 219.3 219.4 219.4 219.4 219.3 

10 210.5 211.1 212.3 214.5 216.7 219.1 214.0 

15 190.2 191.3 196.6 203.8 211.0 218.8 202.0 

20 168.0 170.4 179.4 191.5 204.6 218.5 188.7 

230 

1 229.6 229.6 229.6 229.6 229.6 229.6 229.6 

5 229.3 229.3 229.3 229.3 229.4 229.4 229.3 

10 221.3 221.7 223.1 225.1 227.0 229.1 224.6 

15 201.0 202.3 207.1 213.6 220.1 228.8 212.1 

20 176.8 179.0 188.9 201.7 214.7 228.5 198.3 

245 

1 244.5 244.5 244.5 244.5 244.5 244.5 244.5 

5 244.3 244.3 244.3 244.3 244.3 244.4 244.3 

10 237.0 238.0 238.9 240.3 241.8 244.1 240.0 

15 218.8 220.1 224.4 230.3 236.6 243.7 229.0 

20 192.5 195.0 204.6 217.1 229.8 243.3 213.7 
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As stated above, the (average) mass temperature of the material that comes from the 

nozzle exit strongly depends on the set nozzle temperature and the mass flow rate. Their 

correlation is shown in Figure 37. Based on the simulated results, a fitting equation (14) 

was proposed for predicting the average mass temperature 𝑇𝑎𝑣𝑒.𝑚𝑎 at the outlet of the 

nozzle under various set nozzle temperatures 𝑇𝑛 and the mass flow rates �̇�. 

 

Figure 37: Correlation between average mass temperature at the outlet of nozzle, 

mass flow rate and set nozzle temperature. 

𝑇𝑎𝑣𝑒.𝑚𝑎 = 𝑎 + 𝑏𝑇𝑛
1.5 + 𝑐�̇�2 (14) 

Where 𝑎 = 74.29404, 𝑏 = 0.044729283 and 𝑐 = −0.076970319  are specific constants. 

The predicted values of the average mass temperature 𝑇𝑎𝑣𝑒.𝑚𝑎 from the fitting equation 

show an appropriate linear dependence on the simulated data, as shown in Figure 38. 

Therefore, this equation can be proposed to predict the mass temperature of the PP for 

the following sections in this study.  

 

Figure 38: Comparison of simulated results and predicted results from the proposed 

equation (14). 
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5.2.2 Temperature Profile of Deposited Strands 

In order to reveal a possible relationship between the local temperature evolutions, the 

morphology and ultimate the mechanical performance, the numerical simulations of the 

temperature were performed. Based on the correlation between the mass flow and mass 

temperature discussed in the last section, the mass temperatures 𝑇𝑎𝑣𝑒.𝑚𝑎 (cf. Equation 

(14)) were utilized as the initial activated temperature in the simulations under the 

different process conditions. 

Figure 39 shows an example of the temperature distribution in the sample at the time 

when half of the infill of the second layer is printed. It can be clearly seen that the nozzle 

trails a temperature field above the ambient temperature. This is because the fresh 

activated material element is the hottest and cools down gradually. In fact, under the 

selected process condition No. 3 (200/60/60/0.2), a field above T = 60°C extends over a 

length of about 15 mm with a width of 4 mm. Temperatures above the melting 

temperature of polypropylene can be seen up to 2 mm away from the nozzle. In the 

simulation, as in the experiment, the circumferential contour (wall) is printed first and 

then the inner area is filled with a meandering nozzle movement. 

 

 

Figure 39: Dynamic temperature simulation of the FFF process with 200/60/60/0.2 

(nozzle temperature/platform temperature/printing speed/layer height). 

The element edge length of the 3D printed model is 0.2 mm. 
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Time 𝒕𝒘 above (Isothermal) Crystallization Temperature  

Figure 40 displays the temperature profiles of two representative process conditions No.3 

and No.17: the “Low” setting (200/60/60/0.2) and “High” setting (245/100/10/0.1), which 

exhibit the lowest and best mechanical properties, respectively. The temperature profiles 

from the reference point (x = 0 mm, y = 0 mm, z = 0.2 mm) at the interface of two adjacent 

strands in the center of the sample indicated by the black point were collected and 

plotted. It is worth pointing out that the initial temperature of the activated element is 

set as the simulated mass temperature according to the corresponding set nozzle 

temperature and mass flow rate using the equation (14). Therefore, it can be observed 

that under the process condition 200/60/60/0.2, the initial temperature of the activated 

elements is 23°C lower than the set nozzle temperature.  

As the nozzle moves further away in the x-direction during printing, the temperature at 

the reference point decreases digressively to platform temperature until the nozzle again 

reaches the position one layer thickness above the reference point. Then the point sees 

another temperature peak and another drop in platform temperature again. This cycle 

repeats layer after layer, with the temperature level dropping at each cycle, i.e., with 

increasing distance from the reference point. Interestingly, double temperature peaks can 

be observed two times in the enlarged view in Figure 40b, where i.e., L1st and L2nd 

indicate the temperature profile of the first layer through the fixed point and the layer 

above with the “Low” setting, respectively. Similarly are the H1st, H2nd and H3rd with 

the “High” setting. This observation can be attributed to the location for plotting the 

temperature profiles being specially selected between two short neighboring strands and 

two adjacent layers. Comparing the influence of  the two different process conditions, as 

expected, the samples processed with the “High” setting 245/100/10/0.1 exhibit overall 

obviously higher temperature history and evidently longer time around the platform 

temperature than the corresponding values of the samples with the “Low” setting. 

It is generally accepted that crystallization process impedes the movability of the polymer 

chains, and thus the time of the temperature at the weld area above the crystallization 

temperature (𝑇𝑐) is a critical factor for inter-diffusion of semi-crystalline thermoplastics 

in the weld area [22]. Once the material exits the nozzle and contacts the previously 

deposited strands or layer, the inter-diffusion begins and continues throughout the 

cooling process, gradually decreasing until it reaches zero once the temperature drops 

below 𝑇𝑐. The half-time of crystallization (𝑡1/2), is defined as the time spent from the start 

of the crystallization process to the completion of half of the final total crystallization 

under isothermal crystallization condition, which is usually used to determine the overall 
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rate of the crystallization process directly. The dependency of the half-time of 

crystallization on the crystallization temperature of PP is given in a simplified equation 

(6) [138]. The inverse function,  

𝑇𝑐 = (
ln 𝑡1/2 − 𝑎

𝑏
)

1
1.5

 (15) 

where 𝑇𝑐  is the crystallization temperature, 𝑎 =  −17.094452  and 𝑏 =  0.015177269 

are specific constants. 

For instance, the crystallization temperature 𝑇𝑐  as a function of half-time of 

crystallization and the temperature profiles at the reference point were plotted in Figure 

40c. The intercepts of this function with the cooling curves indicate how much time is 

available for diffusion before the completion of half of the final total crystallization under 

the given process conditions. As is seen, at the “Low” condition, the temperature curves 

L1st and L2nd show rapid cooling, reaching the Tc within 0.28 s (tL1st) and 0.71 s (tL2nd), 

respectively. In contrast, for the “High” condition, the H1st and H2nd temperature curves 

dropped to the Tc within 0.88 s (tH1st) and 1.68 s (tH2nd), respectively. Interestingly, under 

these conditions, passing over the reference point with the nozzle in the third layer again 

leads to re-melting. Until cooling to 𝑇𝑐 , 1.76 s (tH3rd) are then available again.  

It can be summarized that the total time of the temperature above the crystallization 

temperature at the “High” setting is about three times higher than the corresponding 

value at the “Low” setting. Even if only the last temperature peak is decisive for 

morphology formation, the “High” setting provides about twice as much time above the 

crystallization temperature. This inevitably leads to greater interdiffusion, uniform 

formation of spherulites and ultimately a homogeneous morphology (Figure 29c, d), as is 

known from the solidification of quiescent melts of semi-crystalline polymers. Overall, 

this ultimately explains the better mechanical properties (cf. Figure 33) under the “High” 

conditions such as No.17. 
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Figure 40: (a) Representative illustration of printing sequence in the center of the 

specimens printed with 200/60/60/0.2 (nozzle temperature/platform 

temperature/printing speed/layer height). The fixed black point (right) at (x 

= 0 mm, y = 0 mm, z = 0.2 mm) was chosen for display the temperature 

profiles during the printing processes. (b) Temperature of the fixed point as 

a function of time for two different printing conditions: 200/60/60/0.2 (left), 

245/100/10/0.1 (right). (c) Temperature at the fixed point and the Tc as a 

function of half-time of crystallization: 200/60/60/0.2 (left), 

245/100/10/0.1 (middle).  Comparison of the time tw above Tc (right). 
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Diffusion 𝑫𝒕𝒐𝒕𝒂𝒍 above (Non-Isothermal) Crystallization Temperature  

Indeed, the FFF process is strongly non-isothermal. The morphological development of 

semi-crystalline polymers such as PP under non-isothermal crystallization is strongly 

dependent on the cooling rate. The crystallization temperature of the PP decreases with 

an increasing cooling rate [191]. The dependency of the crystallization temperature of 

the PP on the temperature was given in a simplified fitting equation (7) (Figure 41) based 

on the measured data by conventional and flash DSC [138]. Figure 41 shows an example 

of the determination of crystallization temperature 𝑇𝑐 based on the temperature profile 

and the corresponding cooling rate under printing conditions 245/100/10/0.1. The 

intercept of the function with the cooling temperature curve gives an indication of the 

available time for the diffusion. Also, after re-melting by the upper strands, the diffusion 

time was determined according to the corresponding temperature profile. Finally, we can 

sum up the total available diffusion time. Under certain process conditions, the third layer 

can even influence the diffusion to the reference point.  

 

Figure 41: Determination of crystallization temperature 𝑇𝑐 and thus the total diffusion 

time under printing conditions: 245/100/10/0.1 using the fitting equation 

(7) [138] with respect to the cooling rate (nozzle temperature/platform 

temperature/printing speed/layer height) (cf. Figure 40b).  

 

To better quantify the degree of inter-filament diffusion of the PP under the different 

process conditions, the following equation (16) was utilized to determine the self-

diffusion coefficient 𝐷(𝑡) (see Appendix N), which was based on the studies of Bueche et 

al. [192,193] and Lodge [194] and then proposed by Coogan et al. [23] to assess the 

degree of the temperature-dependent diffusion between the deposited strands of  

amorphous polymer acrylonitrile butadiene styr (ABS) in the FFF process: 
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𝐷(𝑡) =
(𝐴𝜌𝑘 𝑇(𝑡) 36⁄ )(𝑅𝑑

2 𝑀𝑊⁄ )

𝜂(𝑇(𝑡))
 (16) 

where 𝐴 is Avogadro’s number 6.02 x 1023 mol-1, 𝜌 is temperature-dependent density of 

the PP (Appendix H) [195], 𝑘 is Boltzmann’s constant 1.38 x 10-23 J/K, 𝑇(𝑡) is temperature. 

𝑅𝑑
2 indicates the average square end-to-end distance of the single polymer chain having 

molecular weight 𝑀𝑊. 𝑅𝑑
2 𝑀𝑊⁄  = 1 x 10-16 mol m2/g was chosen as a typical value from 

the literature [23], which can be found readily from light scattering or dilute solution 

viscosity measurements and is essentially a constant for any bulk polymer [192,193]. 

𝜂(𝑇(𝑡)) is temperature-dependent viscosity of the PP measured at extreme low shear 

rate 0.1 𝑠−1 (Appendix H) [196], since the shear rate during the diffusion is very low. 

Accordingly, this function indicates that the diffusion coefficient 𝐷(𝑡) is proportional to 

temperature divided by viscosity. 

The temperature-dependent diffusion coefficient was calculated based on the simulated 

interface temperature profiles as a function of time (Figure 42a) and then plotted as a 

diffusion coefficient profile versus time, as is shown in Figure 42b. Basically, for the semi-

crystalline polymers, the diffusion can continue as long as the temperature is above the 

crystalline temperature 𝑇𝑐 . Therefore, only the temperature profile above the 

corresponding 𝑇𝑐 (cf. Figure 41) was considered for the diffusion calculation and analysis, 

which is marked between the red dashed lines (Figure 42). Afterwards, the total predicted 

diffusion D𝑡𝑜𝑡𝑎𝑙 was integrated from the diffusion coefficient profiles as function of time 

and plotted in Figure 42c (see Appendix O). It can be seen that the profiles of total 

diffusion start to plateau and reaches an equilibrium value as the interface temperature 

approaches 𝑇𝑐 . Considering the process condition, the “High” setting 245/100/10/0.1 

shows total diffusion of 58.94 x 10-13 m2 at the interface, almost eight times higher than 

that of 7.19 x 10-13 m2 under the “Low” setting 200/60/60/0.2. Comparing the diffusion 

coefficient curves in Figure 42b indicates that diffusion occurs rapidly when the interface 

temperature is well above the crystallization temperature 𝑇𝑐  and it slows down also 

rapidly as the 𝑇𝑐  is approached, even though diffusion is theoretically possible at any 

temperature above 𝑇𝑐.   

Additionally, it is noted that under the “High” setting, the nozzle passing over the 

reference point in the third layer again leads to re-melting, as mentioned in the last 

section. The diffusion time is even longer than the first and second peaks. However, due 

to the low interfacial temperatures, it contributes less to the total amount of the diffusion, 
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which in turn indicates that the inter-diffusion is promoted more effectively by short 

times at high temperatures rather than long times at lower temperatures. 

 

Figure 42: (a) Temperature of the fixed point at (x = 0 mm, y = 0 mm, z = 0.2 mm) as a 

function of time under printing conditions: 200/60/60/0.2 (left) and 

245/100/10/0.1 (right) (nozzle temperature/platform temperature/printing 

speed/layer height) (cf. Figure 40b). (b) Instantaneous diffusion coefficient 

as a function of time and (c) Total accumulated diffusion as a function of 

time. 

 

Figure 43 shows the comparison of the simulated temperature profiles selected at the fix 

point (x = 0 mm, y = 0 mm, z = 0.2 mm) at the interface between the deposited strands 

and layers under the different process conditions. The simulation of temperature profiles 

shows a good agreement with measurement (Appendix L). The enlarged view on the 

right-hand side of the figures presents the temperature history since the strands freshly 

deposited (1.Peak) and the strands one layer above at the same position again deposited 

(2.Peak), which indeed have the main effect on the degree of total diffusion at the 

interface. Based on these temperature profiles, the diffusion time 𝑡𝐷 and the predicted 

total amount of diffusion 𝐷𝑡𝑜𝑡𝑎𝑙 can be calculated, as mentioned beforehand.  
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Figure 43: Simulated temperature profiles at the fixed point (x = 0 mm, y = 0 mm, z = 

0.2 mm indicated by the red point) under different process conditions: (a) 

𝑣 = 10 mm/s, (b) 𝑣 = 35 mm/s and (c) 𝑣 = 60 mm/s. (nozzle 

temperature/platform temperature/ layer height). 
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Table 15 presents the comparison of the diffusion time 𝑡𝐷 (𝑇𝑐 ∼ 𝑡1/2) above (isothermal) 

crystallization temperature, the diffusion time 𝑡𝐷 (𝑇𝑐 ∼ Ø) determined by the cooling rate, 

and the predicted total amount of diffusion 𝐷𝑡𝑜𝑡𝑎𝑙 above (non-isothermal) crystallization 

temperature (𝑇𝑐 ∼ Ø) based on Equation (16) under different process conditions. The 

correlations between experimental tensile strength and the diffusion time are shown in 

Figure 78 (see Appendix M). 

 

Table 15: Comparison of the diffusion time 𝑡𝐷 and total diffusion 𝐷𝑡𝑜𝑡𝑎𝑙 under various 

process conditions. 

No. 
Nozzle     

temperature 

Platform     

temperature 

Print  

speed 

Layer    

thickness 

𝑡𝐷 

(𝑇𝑐 ∼ 𝑡1/2) 

𝑡𝐷 

(𝑇𝑐 ∼ Ø) 

Total               

diffusion  

(𝐷𝑡𝑜𝑡𝑎𝑙) 

 °C °C mm/s mm s s 10-13 ∙ m2 

1 200 60 35 0.1 0.85 1.29 8.79 

2 200 60 60 0.1 0.79 1.23 7.39 

3 200 60 60 0.2 0.99 1.59 7.19 

4 200 80 10 0.1 1.40 2.24 15.38 

5 200 85 60 0.1 1.19 2.05 10.45 

6 200 100 10 0.2 2.96 4.96 26.78 

7 200 100 35 0.1 1.89 3.23 16.46 

8 223 60 10 0.2 1.60 2.32 25.04 

9 223 60 60 0.1 0.91 1.37 12.46 

10 223 80 35 0.1 1.28 1.77 17.67 

11 223 80 35 0.2 1.79 2.80 20.78 

12 223 100 10 0.1 2.40 4.04 40.88 

13 223 100 60 0.2 2.63 4.41 23.93 

14 245 60 10 0.1 1.28 1.84 32.76 

15 245 60 60 0.2 1.37 2.00 20.33 

16 245 80 35 0.1 1.44 2.21 28.91 

17 245 100 10 0.1 4.32 7.28 58.94 

18 245 100 10 0.2 3.52 5.60 66.92 

19 245 100 60 0.1 2.15 3.53 35.93 
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The Effects of Process Parameters on Diffusion 

To assess the effect of the process parameters on the diffusion, the analysis of variance 

(ANOVA) was conducted to investigate the significance of the factors. Based on ANOVA 

results, the quadratic model has an extreme P-small value < 0.0001, a high R-Square 

value and a small root mean square error (RSME). Furthermore, the calculated and the 

predicted values are in perfect agreement (Figure 44). All these indicate the significant 

factors were correctly identified in the model. 

 

 

Figure 44: Comparison of the calculated and predicted values of total diffusion. 

 

The effect of process parameters on the total diffusion of the 3D printed PP specimens is 

summarized in Table 16. All the parameters and the interactions in the table are 

significant factors for the diffusion indicated by the P-values < 0.05 and sorted in the 

decreased order of significance. To visualize the effect of the parameters on the total 

diffusion, a prediction profiler was shown in Figure 45.  

Similar to the mechanical properties, the nozzle temperature is the most essential factor 

and has a positive effect on the diffusion. Because the nozzle temperature is the direct 

heat input for the whole system and directly influences the mass temperature. The melt 

viscosity decreases with increasing temperature, which can enhance the mobility of the 

polymer chains during the printing process and thus facilitate the chain diffusion across 

the interface between the deposited strands and layers. It is observed that the print speed 

exhibit the most negative influence on diffusion. At higher print speeds, the mass 
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temperature decreases significantly due to the limited heat conductivity within the 

limited residual time through the HotEnd. On the other hand, at higher print speeds, and 

obviously reduced time for the previously printed strands or layers to cool down, resulting 

in better diffusion [23,197]. Our results showed that the former effect is more dominant 

in our case, since the temperature of all deposited strands was already cooled down to 

the platform temperature, as the freshly strands one layer above were laid down (cf. 

Figure 43). Considering the intra-layer (inter-filament at the same layer) diffusion, the 

temperature at the interface was still high as they contacted each other in all cases due 

to the short strands. As expected, the platform temperature as the 3rd significant factor 

presents a positive effect on the diffusion, which is contributed to a low cooling rate, and 

thereby longer time for the diffusion. It is worth noting that the layer thickness is the 

least important factor but presents a positive effect on the diffusion in contrast to the 

effect on the mechanical properties.   

 

Table 16: The identified important parameter effects table for total diffusion. P-

values < 0.05 indicate the factors being significant. The parameters are 

sorted in decreasing order of significance. 

Total diffusion 

Term F-ratio Plot P-value 

Tn 870.9 

 

< 0.0001 

v -451.1 < 0.0001 

Tp 316.5 < 0.0001 

Tn*v -57.0 0.0006 

Tn*Tp 33.2 0.0022 

Tp*v -23.0 0.0049 

v*v 12.1 0.0178 

Tp*Tp 10.9 0.0213 

h 10.9 0.0215 

v*h 7.1 0.0442 

 

It is believed that the layer thickness has a complex impact on the diffusion. On the one 

hand, a larger layer thickness can extrude more material per time and cool slower, 

resulting in higher diffusion. On the other hand, as layer thickness increases, for instance, 

from 0.1 mm to 0.2 mm, the mass flow is doubled, resulting in lower mass temperature. 

Additionally, the heat input by the freshly printed layer is potentially unable to penetrate 
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the previously deposited layers completely and has less reheating effect on the layers. 

All of these can lead to a lower diffusion. In this case, the former effect was predominant. 

Furthermore, several significant interactions, such as the interaction between nozzle 

temperature and print speed, interaction between nozzle - and platform temperature, etc., 

can be observed (see Appendix K).  

 

Figure 45: The effect of the evaluated parameters (nozzle temperature (Tn), platform 

temperature (Tp), print speed (v) and layer thickness (h)) on the predicted 

total diffusion. The estimated values (y-axis, red) of those factors are 

according to the fixed parameters (x-axis, red). 
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5.3 3D printing of Fiber-Reinforced Composites  

To exploit the anisotropic properties of materials manufactured via the FFF technique, 

fiber-reinforced composites are focused in this section. 

5.3.1 PP/PET Microfibrillar Reinforced Composites (MFC) 

5.3.1.1 Morphologic Properties 

Figure 46a shows a typical incompatible sea-island morphology of the PP/PET blend after 

extrusion. The clear PET spherical domains are relatively homogeneous and isotropic 

distributed in the PP matrix. The spherical droplet presents a wide distribution of a 

diameter from 3 up to 17 µm with a mean value of around 9.6 µm. The drawn strand 

(Figure 46b), on the other hand, does not show a coherent PP matrix, but only thin 

filaments with a diameter range of 0.5 to 10 µm, i.e., both PP and PET are in fiber form. 

In order to better determine the dimensions of the reinforcing PET fibers, the PP 

components were selectively removed by etching. Figure 46c and d impressively show 

that the PET fibers again consist of smaller fibrils with a diameter range of 0.5–1.2 µm. 

It is worth noting that the PET fibrils are quite long, with the measured length up to 1500 

µm. This high aspect ratio (length/diameter ratio) can be attributed to two factors: the 

large size of the original PET droplets and the coalescence effect of the contacting 

elongated PET droplets [149,198]. 

Assuming the PET droplets in the unstretched extrudate are essentially spherical, the 

aspect ratio of PET microfibrils in the drawn strand can be calculated by the following 

equation: 

𝐿

𝐷𝑓
=

2

3
(

𝐷𝑜

𝐷𝑓
)

3

 (17) 

Where 𝐿 and 𝐷𝑓 are the length and diameter of a microfibril in the drawn strand, 𝐷𝑜 ist 

the diameter of a droplet in the undrawn strand. 

According to the calculation by the equation, it is suggested that the long microfibrils 

could be directly stretched from droplets without coalescence. However, the deformation 

of droplets is restricted by adjacent ones, and the large droplets in the melting blend may 

result in low aspect ratio and large diameter of microfibrils. Therefore the possibility of 

coalescence cannot be ruled out either. 
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Figure 46: 3D laser scanning microscope images: The cyro-fracture surfaces of (a) 

polypropylene/poly(ethylene terephthalate) (PP80/PET20) extruded blend 

and (b) stretched blend; (c) and (d) PET fibrils in the stretched blend after 

extraction of the PP matrix. 

 

The 3D LSM images of the fracture surfaces of PET / PP 3D printed MFC are shown in 

Figure 47. First of all, it is noticeable that the fractured surface reveals fibrous bristles 

aligned almost unidirectionally in the printing direction. These bristles are 

homogeneously distributed in the composite in a diameter range of 5 to 10 µm, as is 

shown in Figure 47b. A scan of the topography of the fibers shows undulations with an 

apparent diameter of about 0.8 µm. When the polypropylene is selectively removed from 

the composite by chemical etching, smaller but still partially stuck together fibrils appear. 

After manually manipulating this pile of fibers, individual microfibrils with a diameter of 

0.5 to 1.2 µm become visible (Figure 47d). 
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Figure 47: 3D laser scanning microscope images: The cyro-fracture surfaces of (a) 

polypropylene/poly(ethylene terephthalate) (PP80/PET20) extruded blend 

and (b) stretched blend; (c) and (d) PET fibrils in the stretched blend after 

extraction of the PP matrix. 

 

The fracture mechanisms were characterized by inspecting the tensile fractured surfaces 

of the 3D printed specimen, as is shown in Figure 48. As is seen, the bonding between 

different sequential layers is excellent as no weld lines are visible, which is believed to 

be essential for the mechanical properties of the printed components. The print raster or 
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the individual print layers (layer height 0.2 mm) cannot be identified by inspecting the 

fracture surface (see Figure 48a and cf. Figure 47a) with the LSM. Decent bonding 

between the layers can therefore be assumed. A close view of the fractured surface clearly 

demonstrates that under the tensile strength, some fibrils and fibril bundles were pulled 

out from the matrix, left cavities (denoted by the red arrow in Figure 48c), which indicates 

poor adhesion between the PET fibers and the PP matrix. Nevertheless, some fiber 

bundles carry the load more effectively at tensile loading, which is indicated by the fiber 

breakage (denoted by the white arrows in Figure 48c). 

 

 

 

Figure 48: 3D laser scanning micrographs of the tensile fracture surfaces of 3D printed 

microfibrillar composite (MFC). Red and white arrows indicate the left 

cavities after pulled out of the fibers and fiber breakage, respectively. 
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5.3.1.2 Thermal Properties 

The DSC measurements were performed on the extruded PP/PET blend (PP/PET-

extruded), their intermediate stretched PP/PET filament (PP/PET-stretched), final 3D 

printed PP/PET blend (PP/PET-3D-Blend), PP/PET microfibrillar composite (PP/PET-3D-

MFC), neat PP (PP-3D) and PET (PET-3D) as well. The first heating and the first cooling 

curves are shown in Figure 49, and the relevant results are listed in Table 17. It can be 

seen that the extruded blend exhibits two melting temperatures 𝑇𝑚
𝑃𝑃 and 𝑇𝑚

𝑃𝐸𝑇 , at around 

166°C and 251°C and two crystallization temperatures 𝑇𝑐
𝑃𝑃  and 𝑇𝑐

𝑃𝐸𝑇  at around 122°C 

and 206°C, respectively. After stretching, the melting temperature 𝑇𝑚
𝑃𝑃 and percentage of 

crystallinity (𝑋𝑚
𝑃𝑃) of the PP increase by 5.6°C and 8.5%, respectively. The crystallinity 

(𝑋𝑚
𝑃𝐸𝑇) of the PET is increased by 2.8% as well. This phenomenon is presumably due to a 

strain-induced crystallization of the PP and PET fibers. During drawing, the PP and PET 

molecule chains are aligned along the stretching direction and then crystallize in a more 

perfect arrangement. The 3D-printed PP/PET blend and the PP/PET-MFC also show a 

higher 𝑇𝑐
𝑃𝑃  and 𝑋𝑚

𝑃𝑃  than the PP, suggesting that the PET also presumably supports 

crystallization through nucleation of the coherent PP matrix [199,200].  

It is also well worth pointing out that the crystallinity of 3D printed PP/PET MFC is slightly 

higher than the printed PP/PET blend, which indicates that PET microfibers exhibit a more 

pronounced nucleating effect on the crystallization of the PP matrix due to the higher 

surface-to volume ratio [201]. Similar results on the injection-molded samples [149] and 

the compression-molded samples [202] are also reported in the literature. 

 

Table 17: Thermal properties during 1. Heating and 1. Cooling. 

Designation 

1. Heating  1. Cooling 

𝑇𝑚
𝑃𝑃 𝛥𝐻𝑚

𝑃𝑃 𝑋𝑚
𝑃𝑃 𝑇𝑚

𝑃𝐸𝑇 𝛥𝐻𝑚
𝑃𝐸𝑇  𝑋𝑚

𝑃𝐸𝑇  𝑇𝑐
𝑃𝑃 𝛥𝐻𝑐

𝑃𝑃 𝑇𝑐
𝑃𝐸𝑇 

°C J/g % °C J/g % °C J/g °C 

PP-3D 166.

9 

101.

4 

49.

0 

- - -  114.

9 

102.

8 

- 

PET-3D - - - 251.

5 

43.1 30.7  - - 188.

2 PP/PET-3D-MFC 166.

8 

86.7 52.

4 

252.0 9.6 34.

3 

 121.

4 

82.3 207.

8 PP/PET-3D-

Blend 

166.

5 

83.5 50.

4 

251.

9 

8.3 29.

6 

 122.

3 

82.8 209.

1 PP/PET-stretched  171.

5 

83.1 50.2 250.0 9.7 34.

6 

 120.

9 

82.3 213.

3 PP/PET-extruded 165.

9 

69.1 41.

7 

251.

4 

8.9 31.

8 

 122.

1 

82.1 205.7 
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Figure 49: Differential scanning calorimetry (DSC): (a) 1. Heating curves and (b) 1. 

Cooling curves. 
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5.3.1.3 Mechanical Properties 

Figure 50 shows the mechanical properties of uniaxial, static tensile tests of printed 

specimens of the PP/PET blend and the PP/PET MFC in comparison with the characteristic 

values of the printed pure PP and PET (tested in the x-direction).  

 

Figure 50: Tensile properties of 3D printed samples: (a) representative stress–strain 

curve, (b) tensile strength and Young's modulus. 

 

It is immediately noticeable that the PET phase causes the reduction of the tensile 

strength of the blends compared to the neat PP. In contrast, a noticeable improvement in 

the tensile strength and the Young’s modulus of the MFC can be observed, which 

increased by around 40% and 50% compared to the non-fibrillated form, respectively 

(Figure 50b). Compared with the pure PP, the measured strength and the modulus of the 

MFC are around 15% and 66% higher, respectively. It is worth noting that with 

reinforcement of 20 wt.% PET fibrils, the MFC exhibits quite a high tensile modulus, which 

is comparable to the value of bulk PET. However, the tensile strength of MFC is much 
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lower in contrast to that of PET. This can be attributed to the relatively poor fiber/matrix 

interface, as shown in Figure 48(c) beforehand. Due to the weak fiber/matrix adhesion, 

the forces can’t be transferred via shear to the fibers. Consequently, the load-carrying 

potential of the fibers can’t be fully exploited. All the above is contributed to a less 

pronounced enhancement of tensile strength. In parallel, the MFC presents a significantly 

lower elongation at break than the pure materials (Figure 50a).  
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5.3.2 Tribocomposites 

5.3.2.1 Morphologic Properties 

A representative morphology of the tribocompound filaments for 3D printing is shown in 

Figure 51. The filaments show a rough edge and thus reveal a rough surface finish. Carbon 

fibers are seen in the PEEK matrix as bright features, accompanied by relatively sizeable 

internal void content around 8.9 vol.% indicated as dark areas, which are generally found 

during extrusion of these fiber-reinforced filaments [5,203].  

 

 

Figure 51: Optical micrographs of the cross-section of the filament of tribocompond 

TC-1 used for printing at (a) low and (b) high magnifications. 

 

The comparision of the morphology of polished surfaces of 3D printed and injection-

molded specimens of both tribocompounds were shown in Figure 52 and Figure 53. While 

carbon fibers distribute homogeneously in the 3D printed samples and align 

preferentially in the printing direction, the fibers in the injection-molded samples are 

both parallel and orthogonal to the injection-molding direction, which can be mainly 

attributed to the discrepancy in the elongation and shear flow during the processes. 

The quantitative analysis of the fiber length distribution, fiber orientation, and porosity 

area fractions is based on the color threshold stages of the image analyzing process, as 

is representatively shown in Figure 70 (see Appendix D). 
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Figure 52: Morphology of polished cross-sections of a 3D printed TC-1 (a) in the xy-

plane, (b) in the yz-plane and (c) an injection-molded sample. 

 

Figure 53: Morphology of polished cross-sections of a 3D printed TC-2 (a) in the xy-

plane, (b) in the yz-plane and (c) an injection-molded sample. 
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Figure 54 shows the quantitative fiber length distribution of the printed samples. The 

fibers from 20 µm were selected for the length measurement. Based on the histograms 

of fiber length distribution of the printed samples from image area analysis, the median 

fiber length L50,2 can be calculated, which indicates the fraction of fibers with length 

smaller and larger than this L50,2 value are 50%.  

 

 

Figure 54: Histograms of fiber length distribution of the printed samples (a) TC-1 and 

(b) TC-2. 

 

The results of the quantitative analysis of the morphology of the printed and injection 

molded samples are summarized in Table 18. As is seen, both tribocomposites exhibit a 

similar fiber area fraction of around 8%. The tribocompound TC-1 shows a slightly higher 

median fiber length of 60.2 µm than TC-2 with a median fiber length of 58.2 µm. It is 

noted that the carbon fibers of both TC-1 and TC-2 exhibit a high degree of fiber 

orientation, with 89% and 87% in the x-direction, respectively. It is well worth pointing 

out that the printed compounds show low void content, around 0.9 vol.% and 2.3 vol.%,  

even though the large void contents were observed in the filaments (cf. Figure 51). This 

can be attributed to the adjusted setting of process parameters for proper material input 

based on the morphology of the filaments, sufficient heat input, appropriate temperature 

distribution, etc., during the FFF process (see Appendix D). As is evident, such highly filled 

high-performance tribocompounds can be successfully manufactured using the FFF 

technique under optimized process conditions. 
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Table 18: Quantification of the morphology of the polished samples. 

Measurement  Average 

  TC-1  TC-2 

  FFF IM  FFF IM 

Fiber fraction, %  7.9  8.1   8.1  8.3  

Fiber length L50,2, µm  60.2 /  58.2 / 

Porosity fraction, %   0.9   0.4    2.3   0.2  

Fiber orientation, [x, y, z]   [0.89, 0.09, 0.02] [0.37, 0.54, 0.09]  [0.87, 0.10, 0.03] [0.34, 0.54, 0.12] 

 

5.3.2.2 Mechanical Properties 

It is generally accepted that the mechanical properties of 3D printed fiber reinforced 

polymer materials are strongly dependent on the print direction, due to the fiber 

alignment along the extrusion direction and the poor inter-filament bonding formation. 

Therefore, the composite displays the best mechanical properties, if the load is parallel 

to the print direction [117,127]. Figure 55 shows the dependence of the mechanical 

properties of the two studied tribocomposites on the print direction. As expected, the 

print direction has a substantial effect on the tensile properties. The both materials 

display significantly higher Young´s modulus, tensile strength and elongation at break 

tested in print direction (0°) than those perpendicular (90°) to the print direction. It is 

also worthy of noting that the TC-1 exhibits more pronounced anisotropic mechanical 

properties than TC-2. While the Young’s modulus and the tensile strength of TC-1 tested 

in 0° present around 170% and 125% higher than the corresponding value in 90°, the 

tensile modulus and the strength of TC-2 tested in 0° show about 104% and 116% higher 

than those of in 90°, respectively. This distinction can be attributed to the slightly higher 

degree of carbon fiber alignment and the slightly higher fiber average length of TC-1 

resulting in more obvious fiber reinforcement in the load direction. In addition, the higher 

porosity of TC-2 can impair the overall mechanical performance. In comparison to the 

values of the injection molded samples, the 3D printed samples tested in the print 

direction present superior Young’s modulus and tensile strength, revealing the high 

potential of the FFF process for the load-path specific component design. In addition, 

both 3D printed tribocompounds show overall lower elongation at break than the 

injection-molded samples. 

The poor mechanical performance of the both fiber-reinforced composites in 90° 

suggests that the SFRCs themselves do not seems to be responsible for the perpendicular 
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properties. Rather, it is the poor inter-filament bonding that determines the mechanical 

performance of the fabricated parts in the perpendicular direction. With the addition of 

fiber reinforcement, the thermal conductivity is increased, resulting in higher cooling 

rates and a reduction in the time for diffusion. Additionally, owing to the homogeneous 

distribution of fibers, many fibers are likely to be located near the surface of deposited 

strands, thus directly on the interfacial bonding area, which, as a result, significantly 

inhibited the interdiffusion of polymer chains, as the polymer chains could not penetrate 

the fibers. 

 

 

Figure 55: Tensile properties of 3D printed tribocomposites under different testing 

directions and injection molded specimens. (a) Young’s modulus, (b) tensile 

strength and (c) elongation at break. 
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5.3.2.3 Tribological Properties 

Messured Curves 

Figure 56 shows the raw data of a representative test of the tribocomposite TC-1 against 

the sliding time under different pv-conditions. As is seen, at the beginning of the test and 

after each switch of load levels followed a running-in phase, which results from the 

adaptation of the surfaces to the new conditions as well as mechanical and thermal 

balancing processes, only the measured values from the subsequent stationary phases 

are used for the evaluation. Depending on the tribological system, the coefficients of 

friction (COFs) can fluctuate, rise or fall at the running-in phase and then remain at a 

stable level, from which the mean values of COFs in the stationary phases were 

determined.  When the pv-load changed, a jump in the measured curves of the height 

loss can be observed, due to the deformation of the specimens resulting from the 

complex interaction of the change of normal force, temperature-related strain, and 

viscoelastic deformation and wear. In contrast, in the stationary phase, wear is a dominant 

height loss characterized by a constant height decrease. The linear wear rate ∆ℎ ∆𝑡⁄  and 

thus specific wear rate according to the equations (12) in the stationary phases of the 

different pv-levels were calculated. 

 

 

Figure 56: Typical evolution of measured friction coefficient and displacement of the 

specimen of a TC-1-N sample as a function of sliding time under randomly 

selected pv-conditions. 
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Stationary Characteristics  

Figure 57 shows the dependence of the steady-state coefficient of friction of the 

tribocomposites on fiber orientations in a wide range of load conditions. For both 

tribocomposites, it is noticed that in all cases, the COFs display a strong dependence on 

the pv-load, which significantly decreases with increasing pv-load up to 32 MPa∙m/s. 

Interestingly, for pv-products below 10 MPa·m/s, the COFs in the P and AP bodies for both 

tribocompounds are pronounced lower than those in the N bodies and the injection 

molded bodies (IM). In contrast, with increasing pv values, the difference between the 

fiber directions gradually reduces and disappears in the coefficient of friction. At high pv-

values, the coefficients of friction are measured under 0.1, which is very low for a system 

without external lubrication.  

 

 

Figure 57: Stationary phase coefficient of friction of 3D printed specimens in the 

different orientations and injection molded specimens under pv-factors 

from 0.25 to 32 MPa·m/s. Tribocomposites: (a) TC-1 and (b) TC-2. 
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Similar to the COFs, the specific wear rates depict a strong dependence on the pv-load, 

as shown in Figure 58. For pv-products below 10 MPa·m/s, the specific wear rates show 

generally higher values than those at higher pv loads. The fiber orientations dominate 

the wear behavior, when at pv-load below 10 MPa·m/s. The specific wear rates in the P 

and AP orientation are significantly lower than those in the N orientation and the 

injection molded (IM) samples. With increasing pv values, the difference between the 

fiber directions gradually decreases and even disappears in the wear. The specific wear 

rate for both materials is in this range with values of 𝑤𝑠  <  1 ∙ 10−6 mm3/Nm and for TC-

1 is also independent of the fiber orientation and at a very low level. 

 

 

Figure 58: Stationary phase specific wear rate of 3D printed specimens in the different 

orientations and injection molded specimens under pv-factors from 0.25 to 

32 MPa·m/s. Tribocomposites: (a) TC-1 and (b) TC-2. 
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Analysis of Tribomechanisms 

In order to elucidate the distinct effects of the fiber orientations on the tribological 

responses of the PEEK composites at different pv-loads, the worn surfaces of the 

composite samples were inspected using a laser scanning microscope. The micrographs 

of the worn surface of the composites at 1 MPa and 1 m/s are shown in Figure 59. First, 

it is noticeable that the surfaces are largely smooth according to the color-coded height 

within 2 µm, i.e., in contrast to [170], only a few fiber excavations can be seen. When the 

fibers are stressed in parallel or anti-parallel direction, some fiber cracking can be seen. 

This cannot be detected when the load is normal to the fibers. For this situation, 

fiber/matrix debonding is described as the dominant mechanism in the literature [170]. 

However, we could not see this here. Although the data situation provides the best values 

for the fibers stressed in the AP direction, a larger amount of fiber cracking and a few 

fiber excavations can be seen in this case. It is also interesting to note that when the 

fibers are subjected to P and AP loads, they protrude approx. 0.4 µm above the mean 

surface level, which indicates that they bear the load applied to the composite during the 

sliding process. Due to the high wear resistance of CFs, the fibers exhibit less wear. 

Thanks to the poor wear resistance of the polymer matrix, the matrix material was pulled 

out during friction and the load was transferred by the reinforcement. This is not the case 

with normally stressed fibers. Compared to the composite stressed in P-direction with 

shallow plowing furrows on the contact region, the composite stressed in N-direction 

exhibits a smoother worn surface, enlarging the actual contact area between the steel 

and the tribocomposites and thus resulting in higher energy consumption. Therefore, the 

composites in N-direction demonstrate the highest COF and specific wear rate due to the 

extensive adhesion between the sliding pair [204].   

When the pv-load was increased to 8 MPa and 4 m/s, the composites presented similar 

worn surfaces correlated with the marginal distinction of tribological performance, as is 

shown in Figure 60. The occasional scratches can be explained by fiber fragments, which 

are assumed to plow through the polymer matrix of the body in front of an asperity of 

the counter body. However, the dominant wear mechanism appears to be fiber thinning. 

Although the carbon fibers are partially broken, they are still well embedded in the 

polymer matrix and can therefore predominantly fulfill their load-bearing function, 

especially with anti-parallel and parallel loads. Because the fibers in the test surface in 

the injection molded samples are mostly normal and anti-parallel to the test direction, 

this explains the limited performance of the components made in this way.  
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Figure 59: 3D laser scanning microscope images with color-coded height information 

of the worn surfaces at 𝑝: 𝑣 =  1: 1 MPa:m/s in the different orientations of 

3D printed specimens and injection molded specimens of TC-1 (left column) 

and TC-2 (right column). The sliding direction is from top to bottom. 
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Figure 60: 3D laser scanning microscope images with color-coded height information 

of the worn surfaces at 𝑝: 𝑣 =  8: 4 MPa:m/s in the different orientationd of 

3D printed specimens and injection molded specimens of TC-1 (left column) 

and TC-2 (right column). The sliding direction is from top to bottom. 
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Figure 61 schematically shows the effect of fiber orientation on the mechanism of stress 

transfer between individual SCF and the matrix. The load-bearing function of the fibers, 

or rather the force concentration on the fiber, has the primary influence on the 

tribological properties under 𝑝𝑣 < 10 MPa∙m/s. For AP- and P-orientation, the shear 

stress can be more effectively transferred to the fibers, whereas in N-direction the stress 

is kind of point concentrated on fibers, which are also indicated by the protruding fibers 

in AP- and P-orientation and relative smooth worn surface of N-orientation, respectively 

[170]. In AP-orientation, the shear stress induced by the frictional force can be effectively 

reduced owing to the widest contact length between the single carbon fiber and steel 

counterpart. In contrast, there is stress concentration in the front of the carbon fibers due 

to the small contact area when the sliding occurs normal to the carbon fibers. As a result, 

high friction and wear are observed in this case. Under high pv load, the influence of the 

fiber orientation is decreased or even vanished. This phenome can be ascribed to the 

function of the inorganic fillers in the composites. According to our previous work [173–

175], under high pv load, a positive rolling effect of the particles between the material 

pairs and the protective effect of the particles in front of the fibers was proposed. This 

rolling effect helped to reduce the shear stress between the fibers and matrix and thus 

reduced the distinction of the stress concentration on the fiber under different fiber 

orientations. 

 

 

Figure 61: Schematic illustrations of stress transfer depending on the fiber orientation 

(modified from [170]). 
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6 Process-Structure-Property Relationships 

6.1 Thermal-Induced Effects on Polypropylene 

Supermolocular Morphology and Mechanical Properties 

Examining the process-morphology-properties relations of the 3D-printed polypropylene 

shows that both the mechanical properties and the morphology strongly depend on the 

printing parameters. The samples were tested perpendicular to the infill print direction 

(y-direction) to evaluate the influence of the print parameters on the bond strength 

between the deposited strands. That PP printed with the high temperature conditions 

generally exhibits a homogeneous spherulitic superstructure and mechanical properties 

determined in the tensile test at the level of the injection molded samples.  The samples 

printed with the Low temperature conditions also show predominantly spherulitic 

superstructures. However, the spherulites are generally smaller and arranged in a brick 

wall-like pattern. In parallel, a few large spherulites are visible. This is a 𝛽-modification, 

which is preferentially formed in shear fields and/or at high temperature gradients [186]. 

Complementary thermoanalytical investigations by differential scanning calorimetry 

(DSC) confirm the presence of beta modification. More importantly, the clearly visible 

demarcation between the elements (bricks) represents the weld area between the 

strands. Transcrystalline structures right there suggest that the crystallization front has 

progressed from there into the strands. The mechanical properties of the samples printed 

under the low temperature conditions are significantly lower than those printed under 

the high temperature conditions.  

Dynamic Temperature Distribution and Inter-diffusion 

The simulation of the temperature distribution of the PP in the HotEnd shows that the 

mass temperature is not only dependent on the nozzle temperature. The actual mass 

temperature is generally not equal to the set nozzle temperature but is highly dependent 

on the mass flow rate. Since the mass flow rate is higher than 5 g/h, a temperature 

gradient from the skin to the core can be observed at the outlet of the nozzle, where the 

average temperature can be up to 32°C lower than the set nozzle temperature at the high 

mass flow rate 20 g/h. Due to the short residence time in the HotEnd, insufficient heat 

can be transferred from the inner wall of the HotEnd to melt polymer fully. This result 

shows a great agreement with the previous report [190].  
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Based on the simulated average mass temperature, a transient thermal finite element 

model (FEM) was built with homogeneous material and simplified strand geometry. The 

model numerically simulated the time-dependent three-dimensional temperature profile 

during the deposition process, providing the local temperature profiles of the welded 

joint between the deposited strands and layers, which is particularly relevant for the 

analysis of the interfacial morphology and bonding quality. The result of the simulation 

at different process conditions again shows the significant differences. The samples 

printed with the high temperature setting exhibit overall higher temperatures in the weld 

contact and significantly longer times above crystallization temperature.  

Based on the time-dependent temperature profiles at the interface, the inter-diffusion 

theory was then applied to quantify the degree of interfacial diffusion under different 

conditions. The results show that the Young’s modulus and the tensile strength are highly 

correlated to the calculated total diffusion, as shown in Figure 62.  

 

 

Figure 62: Correlation between total diffusion and mechanical properties: (a) Young’s 

modulus, (b) tensile strength (Data from Table 15 and Table 20). 

 

The both tensile properties increase with increasing degree of total diffusion until reach-

ing the plateau level of the injection molded samples at the total diffusion of approxi-

mate 35∙10-13 m2. Indeed, the total diffusion is determined by the time diffusion coeffi-

cient integral above the crystallization temperature, which is proportional to the material 

temperature and inversely proportional to the temperature-dependent viscosity. It was 

also revealed that the higher temperature promotes the interfacial diffusion more effec-

tively than a more extended time above crystallization temperature. Therefore, it can be 

concluded that the inter-diffusion between the strands essentially determines the inter-
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filament bonding quality. Good mechanical properties can be achieved if the sufficient 

heat is introduced into the volume via the strand and the platform. This heat is dissipated 

at a moderate rate, so that crystallization can occur in a quiescent melt with a largely 

balanced temperature field.   

Effect of Process Parameters 

A large number of experiments with a variety of parameter combinations were carried 

out, and the properties of the manufactured specimens were comparatively evaluated 

through the quantification of inter-diffusion and tensile tests using analysis of variance 

(ANOVA). The effect of the studied parameters is summarized in Figure 63. Of all studied 

parameters, the nozzle temperature is the most dominant critical parameter in the 

responses. An increase in the nozzle temperature increases the actual mass temperature 

directly and thus promotes the polymer chain diffusion across the interface between the 

printed strands. Consequently, it leads to a homogenous morphology and better 

mechanical performance. 

Furthermore, an increase in platform temperature presents a significant positive effect 

on the tensile performance. It can be mentioned that according to the obtained 

temperature profiles, the temperature of deposited strands was, in general, cooled down 

and kept at the platform temperature. An increase in the platform temperature allowed 

the strands to be exposed for a longer period at the high temperature for the better 

diffusion. Besides, it can help to facilitate the crystallinity of the sample by slowing down 

the cooling rate.  

In contrast to the statement from some literature, the sooner the subsequent strand or 

layer was deposited (at higher print speeds), the significantly reduced time for the 

previously printed layer to cool down, thereby leading to better inter-filament bonding. 

The results in this study show that an increase in print speed exhibits a substantial 

negative effect on the responses. On the one hand, the increase in the print speed reduced 

the residence time in the HotEnd for melting the material, resulting in a significant 

decrease in the actual mass temperature. On the other hand, in all cases, the temperatures 

of the deposited strands were still moderate for the diffusion as freshly neighboring 

strands were deposited beside them (intra-layer) due to the short strands in the 

specimens.  Afterwards, as a fresh layer was deposited on it, the temperature of previously 

deposited strands (inter-layer) was already cooled down to the platform temperature (cf. 

Figure 43). Therefore, increasing the print speed made no prominent positive contribution 

to the responses.  
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It was found that increasing layer thickness exhibits a significant negative effect on the 

tensile properties but shows a positive effect on the diffusion. The contradictory results 

can be attributed to the thermal effect and the physical deformation during the tensile 

testing. On the one hand, a larger layer thickness exhibits a lower cooling rate, favoring 

the diffusion and the formation of the crystalline structure. On the other hand, a larger 

layer thickness increases the mass flow, resulting in a lower mass temperature. 

Additionally, the increased layer thickness can reduce the layers affected by the reheating 

effect. Considering the deformation during tensile tests, the part with more layers, which 

is inversely proportional to the layer thickness, has more lateral strain restraint of the 

interfacial welding zone, leading to a comparatively higher modulus but lower elongation 

at break. 

 

 

Figure 63: Schematic illustration of an overview of the effect of process parameters 

on mechanical performance. 
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6.2 Fiber-Reinforced Composites/Fiber Orientation 

PP/PET Microfibrillar Reinforced Composites (MFC) 

A PP and PET based MFC composite has been successfully manufactured by melt 

extrusion and cold stretching. According to the LSM images, the highly oriented PET 

fibrils of the extruded filament were excellently preserved in the 3D printed parts 

fabricated from them along the printing direction by using moderate processing 

temperature. 

A DSC analysis has shown that in both the PP/PET blend and the MFC, the crystallization 

temperatures of the PP phase have been shifted toward the higher temperatures. The 

result indicates that the PET acts as a nucleating agent. In addition, a higher degree of 

crystallinity was observed in the MFC compared to both printed pure PP and a printed 

blend of PP and PET, suggesting that the PET fibers allow the PP matrix to crystallize 

more efficiently. The crystallinity of the PET is also increased due to the strain-induced 

crystallization during cold drawing.  

As a result of the reinforcement effect of the PET fibrils, the PP/PET MFC displays superior 

mechanical properties compared to the neat PP and the PP/PET blend. It is worth noting 

that with reinforcement of 20 wt.% PET fibrils, the MFC exhibits quite a remarkable 

enhancement of modulus, which is comparable to the value of neat PET. In contrast, a 

modest increment in tensile strength was obtained, which can be attributed to the poor 

fiber-matrix adhesion revealed by the fracture surface analysis. 

SCF Reinforced PEEK-Based Tribocomposites 

Two PEEK-based tribocomposites manufactured using the FFF technique presented both 

high anisotropic mechanical properties and tribological performance at low pv-load. The 

LSM images show the high alignment of carbon fibers along the printing direction and a 

low porosity content in the 3D printed parts. The mechanical results demonstrate that 

the 3D printed tribocomposites in the print direction exhibit outstanding Young’s 

modulus and tensile strength, and are higher than the corresponding values of the 

injection molded specimens. In contrast, the tribocomposites display poor mechanical 

performance as the load applied perpendicularly (90°) to the print direction. 

The tribological results demonstrate that the properties of the investigated 3D printed 

tribocompounds are strongly dependent on the fiber orientation, if the pv-product is less 

than 10 MPa·m/s. To compare the tribological performance of both tribocomposites in 
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different fiber orientations, the mean values of the coefficient of friction and the specific 

wear rate were calculated for each case at 𝑝 ∙ 𝑣 ≤ 10 MPa·m/s and 10 < 𝑝 · 𝑣 ≤

32 MPa·m/s, as is shown in Figure 64 and Figure 65. The error bars indicate the standard 

deviation of one sigma. Since small values of coefficient of friction and specific wear rate 

are more favorite in tribology in the study, it is worth noting at 𝑝 ∙ 𝑣 ≤ 10 MPa·m/s, we 

find a ranking in the tribological performance for both materials from 3D printed 

specimens in normal (N) orientation followed by injection-molded samples (IM) via 

printed samples in parallel (P) to anti-parallel (AP), with 3D printed samples in AP 

showing the best performance at the bottom left in this diagram. The tribocompounds 

present the highest friction coefficient and specific wear rate if the fibers in the test 

surface are stressed normal to their alignment. The injection-molded pins also display 

higher friction and wear performance compared to those of 3D printed tribocompounds 

where the fibers are loaded in the parallel and anti-parallel mode since numerous fibers 

fibers in IM specimens are also aligned normal to the tribological stress. This tends to 

agree with earlier studies with PEEK/SCF/PTFE-blend, which, however, were carried out 

with significantly less statistical validation and only in a small pv range [158]. At high 

load 10 < 𝑝 · 𝑣 ≤ 32 MPa·m/s, the tribocomposite TC-1 demonstrates independence of 

fiber orientation and relatively low COFs and specific wear rates, while TC-2 still presents 

a slight tendency similar to the ranking at the smaller load range.  

Based on the measured COFs of the 3D printed composites in different orientation, µ𝑃 in 

the parallel direction, µ𝐴𝑃 in the anti-parallel direction and µ𝑁 in the normal direction in 

Figure 64 and Figure 65 and quantified fiber orientation vectors 𝑥, 𝑦 and 𝑧 of the 3D 

printed composites (cf. Table 18), the theoretical COFs µ𝑃´ , µ𝐴𝑃´  and µ𝑁´  with perfect 

unidirectional fiber orientation can be calculated according to equation (18).  

[

𝑥 𝑦 𝑧
𝑦 𝑥 𝑧
𝑦 𝑧 𝑥

] ∙ [

µ𝑃´

  µ𝐴𝑃´

µ𝑁´

] = [

µ𝑃 

  µ𝐴𝑃 

µ𝑁 

] (18) 

Afterwards, the COFs µ𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 of injection molded samples can be predicted using a 

linear rule of mixture as the following equation:   

𝑧𝐼𝑀 ∙ µ𝑃´ + 𝑦𝐼𝑀 ∙ µ𝐴𝑃´ + 𝑥𝐼𝑀 ∙ µ𝑁´ = µ𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑  (19) 

where 𝑥𝐼𝑀, 𝑦𝐼𝑀 and 𝑧𝐼𝑀 indicate the fiber orientation vectors in x, y and z direction of the 

injection molded specimens, as presented in Table 18. Similarly, the specific wear rates 

of the injection molded samples can be predicted as well. 
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It is worthy of noting that the predicted values of injection molded samples present a 

good agreement with the measured values, as shown in Figure 64 and Figure 65. 

Therefore, a desired correlation between fiber orientation and friction and wear behavior 

was found, which can be used for the analysis and prediction of the tribological 

performance of the fiber-reinforced composite. This also suggests that it is essential to 

consider fiber orientation in manufacturing tribological materials. 

 

 

Figure 64: Mean values of specific wear rate versus friction coefficient of the tribo-

compound TC-1 in different orientations and the based on the fiber vectors 

predicted values. Left: 𝑝 ∙ 𝑣 ≤ 10 MPa∙m/s. Right: 10 < 𝑝 ∙ 𝑣 ≤ 32 MPa∙m/s. 

 

 

Figure 65: Mean values of specific wear rate versus friction coefficient of the tribo-

compound TC-2 in different orientations and the based on the fiber vectors 

predicted values. Left: 𝑝 ∙ 𝑣 ≤ 10 MPa∙m/s. Right: 10 < 𝑝 ∙ 𝑣 ≤ 32 MPa∙m/s. 
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Examination of the wear manifestations shows wear mechanisms such as fiber cracking, 

fiber excavation, plowing and fiber thinning, but no fiber/matrix debonding. The 

dominant wear mechanism is the fiber thinning. With a fiber orientation normal and 

parallel to the tribological load, the loads are introduced more locally into the fibers and 

can, therefore, with the same external load, cause higher stress concentrations. In 

addition, carbon fibers are not isotropic. This can also help explain the different 

tribological behaviors as a function of the fiber alignment relative to the direction of 

friction. The key to outstanding tribological behavior under higher loads seems to be the 

perfect embedding of the carbon fibers in the polymer matrix so that they can also fulfill 

their load-bearing function. A fiber position antiparallel to the tribological stress seems 

to be advantageous. However, the examined materials appear to be independent of the 

fiber position largely, especially with high tribological loads. 

 

6.3 Recommendations for Printer Manufacturers and Consumers 

The insights from the present work suggest a variety of recommendations for printer 

manufacturers, FFF end-users and researchers. Firstly, the machine parameter should be 

chosen appropriately to prevent the fundamental printing failure, such as layer delami-

nation, under-extrusion induced defects (voids), etc., as shown in Figure 68 (see Appendix 

B). More importantly, it was found that even the void-free components, with injection 

molded specimens' comparable mechanical properties, can be only reached with a perfect 

inter-filament bonding quality, as shown in Figure 66. The actual mass temperature was 

one of the most critical processing parameters on the bonding quality but significantly 

differed from the set nozzle temperature. Therefore, it is strongly recommended for 3D 

printer manufacturers to improve the heat transfer efficiency at the HotEnd. Additionally, 

printer manufacturers or researchers should also build up filament encodes to measure 

the actual mass throughput and incorporate melt pressure transducer into printers for 

better controlling and improving the material extrusion processing quality.  

The correlation among the process conditions, the inter-diffusion and the properties 

found in this work can be applied by researchers and end-users. For a better inter-fila-

ment bonding, the part should be printed with the highest possible mass temperature by 

increasing the nozzle temperature and/or reducing mass throughput without leading to 

degradation and failure printing (“throw out” see Appendix B). Furthermore, a high plat-

form or ambient temperature should be selected to minimize the cooling rate and thus 
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promote the inter-diffusion. Small layer heights are also suggested for the enhancement 

of Young’s modulus and tensile strength but resulting in longer processing time. 

 

Figure 66: Summary of normalized tensile strength (FFF/IM) of printed samples as a 

function of porosity [45,46,50–54].  

 

Considering the fiber-reinforced composites, high viscosity is a critical issue usually 

responsible for nozzle clogging or under-extrusion (causing voids). In addition, the fibers 

at the edge of deposited filament can impair the inter-diffusion resulting in poor 

mechanical properties in perpendicular to print direction. Therefore, selecting the highest 

possible nozzle temperature and platform (ambient) temperature, the low print speed, 

and the small layer thickness is suggested to minimize the material viscosity and promote 

the inter-diffusion during the process. 

Microfibrillar reinforced composites (MFC) present lower density, lower cost and higher 

freedom in design compared to usual fiber reinforced plastics (FRP), causing MFC to 

bridge the gap between inexpensive unreinforced plastics, which often have poor 

performance and fiber-reinforced hybrid materials, which are expensive and time-

consuming to manufacture. Combined with the FFF process, the design and 

manufacturing of highly efficient components adapted to the load paths become possible, 

allowing for lightweight and cost-efficient solutions and better recyclability. However, 

during printing, the temperatures must be precisely adjusted to guarantee the 

simultaneous melting of the polymer matrix and preservation of the reinforcing fibrils. 

This peculiarity could limit the possible fiber content and restrict the inter-filament 

diffusion, which must be considered in future research. 
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This work demonstrates the feasibility of 3D printing (FFF) of high-performance tribo-

composites filled with a high amount of fillers on different scales. The excellent 

tribological properties of the 3D printed fiber-reinforced composites, particularly in AP-

orientation, are encouraging and could have foreshadowed a promising future in 

manufacturing sliding bearings using the FFF technique concerning print direction/fiber 

orientation. 
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7 Summary and Outlook 

 

Fused filament fabrication (FFF), one of the most promising additive manufacturing 

technology, presents a lot of potential for processing polymers. To exploit the material 

potentials in 3D printing of thermoplastics using the FFF process, the present work was 

focused on two aspects: the inter-filament bonding and the fiber orientation of the fiber-

reinforced plastics. 

Inter-filament Bonding 

A comprehensive study of the parameter effect on the mechanical performance of a semi-

crystalline polypropylene (PP) was conducted in terms of analysis of supermolecular 

morphology formation in conjunction with local thermal simulations at the filament 

interfacial area.  

The experimental results demonstrate that the morphology and the mechanical 

properties of the parts printed with the FFF depend significantly on the process 

conditions during printing, even for the defect-free samples. The morphology in the 

vicinity of the interface between the strands and the layers determines the “perpendicular 

strength” of the specimens. The results of parameter studies suggest that high nozzle – 

and platform temperature and low print speed lead to a homogeneous supermolecular 

morphology with overall larger spherulites and a higher degree of crystallinity and thus 

better mechanical properties. In addition, an increase in layer thickness presents a 

negative effect on the mechanical performance. In contrast, the components that were 

printed at low temperatures and high speeds show fair and inhomogeneous 

supermolecular morphology, clearly visible weld lines and a special flow-induced 

staggered structure of the individual strands. From a closer view in the optical 

microscope, transcrystalline structures are observed starting from the interfacial area 

between the strands, which indicates the crystallization has started at the interface 

between the strands and moved forward towards the center of the strands. 

A numerical simulation of the mass temperature distribution in the HotEnd revealed that 

the actual mass temperature at the nozzle outlet is, in general lower than the set nozzle 

temperature and highly dependent on the mass throughput. Based on the simulated 

actual mass temperature, a transient thermal FEM was built to simulate the time-

dependent temperature profile at the interface between the deposited strands and layers 

during the deposition process. The thermal simulation enables the local temperature 
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profiles to be calculated in time in the welding contact under any process conditions and 

thus access to the local thermal conditions during joining, cooling and the formation of 

the morphology. Accordingly, the process-induced degree of local inter-diffusion can be 

quantified under different conditions. The results revealed a correlation between the 

degree of inter-diffusion and the mechanical properties. Under suitable printing 

conditions, that is, with a sufficient diffusion, the mechanical properties comparable to 

the injection-molded specimens can be achieved. The thermal simulation allows the 

linking of machine, process conditions, local temperature profile and ultimately 

mechanical performance under different conditions. It can therefore make a significant 

contribution to optimizing the printing conditions in manufacturing of components using 

the fused filament fabrication. 

Fiber-Reinforced Plastics/Fiber Orientation  

Microfibrillar reinforced composites (MFCs) consisting of polypropylene (PP) and 

poly(ethylene terephthalate) (PET) were successfully produced by melt extrusion and cold 

stretching. Combined with the FFF process, a first in this proposal, the design and 

manufacturing of highly efficient components adapted to the load paths become possible. 

The morphological results demonstrate that the highly oriented PET fibrils after 

stretching are still well preserved in the printed components, since the temperatures can 

be precisely adjusted to guarantee the simultaneous melting of the polymer matrix and 

preservation of the reinforcing fibrils. Additionally, the printing process defines the 

alignment of the fibrils in the final component, and the fibers can be perfectly adapted 

to the load paths. Comparative analyses of the mechanical properties reveal that the PET 

fibrils act as an effective reinforcement in the 3D printed components, resulting in the 

superior mechanical performance of the PP/PET MFCs compared to a PP/PET blend and 

a neat PP. Combining the material and the innovative processing opens up a new way of 

using the morphology-based enormous potential of polymer fibers for lightweight, cost-

effective and recyclable complete polymer solutions in compact components. 

Tribological and mechanical properties of two short carbon fiber (SCF) reinforced 

polyetheretherketone (PEEK)-based tribological materials prepared using the FFF process 

were studied with respect to the fiber orientation. The tribological performance of the 

tribocomposite was evaluated by sliding against a steel ring on a pin-on-disc tribometer 

in a wide pv load range. The results demonstrate that the 3D printed tribocomposites 

exhibit a high degree of fiber alignment in the print direction, which leads to highly 

anisotropic mechanical properties and tribological performance at p ∙ v ≤ 10 MPa·m/s. 

The best tribological properties can be achieved, if the fibers are aligned anti-parallel to 
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the sliding direction. Comparative analyses of the worn surfaces reveal that the 

outstanding friction and wear performance can be attributed to the effective load transfer 

on carbon fibers. In the qualification of the fiber-reinforced tribomaterials, a correlation 

between the fiber orientation and the friction and wear behavior was found. Therefore, it 

is essential to consider the fiber orientation in manufacturing tribological components. 

This also highlights the capability of the flexible control of the tribological properties of 

the fiber-reinforced polymer composites manufactured via the printing process. 

 

In continuation of the current work, the following issues should be considered: 

 For the processing optimization, not only the machine parameters but also the 

effect of component geometry should be taken into account, which also affect the 

local temperature history and thus the final mechanical performance of the 

component. 

 In this study, the morphology and the local temperature profiles of the samples 

close to the platform were investigated. It is believed that the cooling rate and 

thus the local temperature profile depends on the height/distance between the 

freshly deposited strands and the platform, which can result in an inhomogeneous 

property in the vertical direction. Therefore, this issue should be considered for 

further investigation, especially in the vertical direction.  

 It is suggested to understand how the shear-induced contact and the layer 

geometry (strand width/ height ratio) affect the deformation of the deposited 

strands, which can ultimately affect the inter-filament bonding. 

 During the FFF processing of the microfibrillar composites, the nozzle temperature 

was set between the melting temperature of PET and PP. This low processing 

temperature can result in a low degree of inter-diffusion between the deposited 

strands. The poor interfacial adhesion between the fibrils and the matrix was also 

observed. A further improvement in mechanical performance could be achieved 

by improving the fibrillation of the PET down to the single fiber diameter, 

optimizing the adhesion between the PET fibrils and the PP matrix by using a 

compatibilizer, adjusting the viscosity of the MFC for better processability, and 

increasing the PET-content in the composite. 

 It is possible and interesting to prepare high-performance additive manufactured 

testing parts for practical applications, e.g., gear and bearing bushing. Thus, 
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considering the effect of fiber orientation on the tribological properties, the final 

reliable component can be tailored using the FFF technique. 
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Appendix A 

Description of the Interdiffusion by Reptation Model 

 

Figure 67: Description of the diffusion mechanism across a polymer-polymer interface 

by the reputation model [64,205]. 
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Appendix B 

Dependency of Process Window on Mass Flow Rate and Nozzle Temperature 

 

 

Figure 68: Representative process window and printing failure outside the process 

window. 
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Appendix C 

Representative Tensile Strength of Polypropylene (PP) as a Function of Porosity 

 

Figure 69: Representative tensile strength in x-direction of Polypropylene (PP) as a 

function of porosity. 
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Appendix D 

Color Threshold Stages of Image Analysing Process of the 3D Printed Tribocompounds 

    Original Fiber orientation [x, y, z]        Porosity vol.% 

 

 

 

 

 

 Figure 70: The representative color threshold stages of image analyzing process of the 

3D printed tribocomposite TC-1 under different printing conditions: (a) 

0.8/430/0.1, (b) 0.8/430/0.2, (c) 0.4/430/0.2, (d) 0.4/410/0.1 and (e) 

0.4/430/0.1 (nozzle diameter/nozzle temperature/layer thickness). 
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Appendix E  

Position of Injection-Molded Samples  

 

Figure 71: Position of injection-molded samples of tribocomposite for the Pin-on Disc 

tests, marked by the dash line. Rot line indicates the testing surfaces. 

 

 

Figure 72: Position of injection-molded samples for tensile tests, marked by the dash 

line.  
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Appendix F 

Calculation of Convection Coefficients 

The heat flow density due to convective heat transfer from a body to fluid or gas flowing 

around the body can be calculated using the equation: 

�̇� = 𝛼(𝑇𝑠 − 𝑇∞) (20) 

Where 𝛼 is the convection coefficient, 𝑇𝑠 is the surface temperature of the body and 𝑇∞ 

is the fluid or gas temperature.  

The forced convection coefficient can be determined in the following equation with 

Nusselt-number 𝑁𝑢: 

𝛼 =
𝜆

𝑙
⋅ 𝑁𝑢(𝑅𝑒, 𝑃𝑟) (21) 

where 𝑙 is the characteristic length of the convective object. 𝑅𝑒 is the Reynold number:  

𝑅𝑒 =  
𝑐 · 𝑙

𝜈
 (22) 

that describes correlation between the velocity of the flow 𝑐, and the kinematic viscosity 

𝜈. Their thermodynamic material data were taken from [206] and are listed in Appendix 

G. Prandtl-number 𝑃𝑟 is 0.7 used as a constant for the air flow in this study. 

 

 Forced convection 

According to equation (21), the heat convection coefficient is essentially determined by 

the Nusselt-number. Methods of calculating 𝑁𝑢 can be divided in three cases based on 

the geometry of the convective object. 

i. Cross-flowing plate 

a) Cross-flowing plate 

The average laminar Nusselt-number can be calculated from the following 

equation [207]. 

𝑁𝑢𝑙𝑎𝑚 = 0.664 ∙ √𝑅𝑒 ∙ √𝑃𝑟
3

 (23) 
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The convection coefficients of heat block and nozzle nut can be approximated as 

the flow around the plate calculated with this function. In this case, the 

characteristic length is equal to the length of the convective surface. 

b) Cross-flowing tube  

Most of the area of the HotEnd are calculated as cylinder in this case, such as  

sink cylinder, sink top, heat break, nozzle cylinder and nozzle tip. The overflow 

length is the distance over which the flowing particles can cover the entire 

surface. According to Pasternak and Gauvin [208], for a long tube with the 

diameter 𝑑 and the length 𝑙 can be calculated using the equation (24): 

𝑙 =
𝜋

2
𝑑 (24) 

Gnielinski [209] proposes an equation for the average Nusselt-number: 

𝑁𝑢𝑡𝑢𝑏𝑒 = 0.3 + √𝑁𝑢𝑙𝑎𝑚
2 + 𝑁𝑢𝑡𝑢𝑟𝑏

2  (25) 

where laminar 𝑁𝑢𝑙𝑎𝑚 can be calculated by equation (23) and turbulent 𝑁𝑢𝑡𝑢𝑟𝑏 is 

calculated by following function 

𝑁𝑢𝑡𝑢𝑟𝑏 =
0.037 ∙ 𝑅𝑒0.8 ∙ 𝑃𝑟

1 + 2.443 ∙ 𝑅𝑒−0.1(𝑃𝑟2 3⁄ − 1)
 (26) 

c) Parallel-Plates 

In this case, the two plates are parallel at a constant distance 𝑠. The characteristic 

geometry of the flow gap is twice the distance 

𝑑ℎ = 2𝑠 (27) 

The fins are consisted of parallel plates, and the convection heat transfer 

coefficient of this part is determined as the following equation [209,210]: 

𝑁𝑢𝑚 = √𝑁𝑢1
3 + 𝑁𝑢2

3 + 𝑁𝑢3
33
 (28) 

where: 

𝑁𝑢1 = 7.541 (29) 
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𝑁𝑢2 = 1.841 · √𝑅𝑒 · 𝑃𝑟 ·
𝑑ℎ

𝑙
⁄

3

 (30) 

𝑁𝑢3 = (
2

1 + 22 ∙ 𝑃𝑟
)1 6⁄ ∙ (𝑅𝑒 ∙ 𝑃𝑟 ∙ 𝑑ℎ/𝑙)1 2⁄  (31) 

Here the characteristic length 𝑙 is the length of the convection plate. 

 

 Natural convection 

For the natural convection, the Grashof number 𝐺𝑟 instead of the Reynolds number 

𝑅𝑒 was calculated with the gravitational acceleration 𝑔 and coefficient of thermal 

expansion 𝛽. 

𝐺𝑟 =
𝑔𝛽(𝑇𝑠 − 𝑇∞)𝑙3

𝜈2
 (32) 

𝑅𝑎 = 𝐺𝑟 ∙ 𝑃𝑟 (33) 

Horizontal plate for laminar flow 104 ≤ 𝑅𝑎 ≤ 107 [185]: 

𝑁𝑢 = 0.54 ∙ 𝑅𝑎1/4 (34) 
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Appendix G 

Thermophysical Properties of Dry Air 

Table 19: Thermophysical properties of dry air [206]. 

Temperature 
Thermal                  

conductivity 

Kinematic           

viscosity 

Coefficient of 

thermal expansion 

°C 10-2Wm-1K-1 10-5m2s-1 10-3K-1 

30 2.66 1.63 3.31 

40 2.74 1.72 3.20 

50 2.81 1.82 3.10 

60 2.88 1.92 3.01 

70 2.95 2.03 2.92 

80 3.02 2.13 2.84 

90 3.09 2.24 2.76 

100 3.16 2.35 2.68 
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Appendix H 

Thermophysical Properties of the Polypropylene 

 

 

Figure 73: Thermophysical properties of the Polypropylene used in the study 

[195,196]. 
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Appendix I 

Tensile Properties of PP 

Table 20: Tensile properties of the studied PP in 90° under different process 

conditions (nozzle temperature/platform temperature/printing speed/layer 

thickness). 

No. Process condition Young’s modulus Tensile strength Elongation at break 

  GPa MPa % 

1 200/60/35/0.1 1.22 ± 0.10 30.0 ± 2.7 6.6 ± 1.4 

2 200/60/60/0.1 1.19 ± 0.15 28.5 ± 1.9 5.0 ± 1.5 

3 200/60/60/0.2 1.08 ± 0.12 26.5 ± 2.0 6.6 ± 1.8 

4 200/80/10/0.1 1.22 ± 0.14 32.1 ± 0.9 9.8 ± 2.3 

5 200/85/60/0.1 1.11 ± 0.03 27.6 ± 0.5 7.3 ± 1.6 

6 200/100/10/0.2 1.41 ± 0.06 30.6 ± 1.2 7.3 ± 1.8 

7 200/100/35/0.1 1.30 ± 0.14 31.1 ± 1.6 7.2 ± 4.6 

8 223/60/10/0.2 1.26 ± 0.02 30.4 ± 0.8 8.7 ± 0.2 

9 223/60/60/0.1 1.28 ± 0.09 31.0 ± 1.4 6.1 ± 1.3 

10 223/80/35/0.1 1.18 ± 0.05 32.2 ± 1.4 9.8 ± 1.4 

11 223/80/35/0.2 1.17 ± 0.17 29.7 ± 2.6 9.7 ± 2.0 

12 223/100/10/0.1 1.48 ± 0.08 34.6 ± 0.8 12.8 ± 5.0 

13 223/100/60/0.2 1.32 ± 0.03 31.0 ± 1.6 8.9 ± 2.6 

14 245/60/10/0.1 1.39 ± 0.12 33.9 ± 1.4 7.1 ± 3.3 

15 245/60/60/0.2 1.24 ± 0.04 29.6 ± 1.0 5.2 ± 0.9 

16 245/80/35/0.1 1.36 ± 0.12 33.4 ± 1.1 9.7 ± 1.9 

17 245/100/10/0.1 1.49 ± 0.16 34.5 ± 2.7 5.9 ± 1.4 

18 245/100/10/0.2 1.45 ± 0.11 33.8 ± 1.7 9.7 ± 2.0 

19 245/100/60/0.1 1.47 ± 0.16 34.7 ± 0.8 11.4 ± 2.8 
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Appendix J 

Quadratic Regression Model for Responses Young’s Modulus 𝑬, Tensile Strength 𝝈, and 

Predicted Diffusion 𝑫𝒑𝒓𝒆, as a Function of Process Parameters (Nozzle Temperature 𝑻𝒏, 

Platform Temperature 𝑻𝒑, Print Speed 𝒗, and Layer Thickness 𝒉) 

 

𝐸 = 0.392 + 0.003 × 𝑇𝑛 + 0.003 × 𝑇𝑝 − 0.002 × 𝑣 − 0.653 × ℎ + (𝑇𝑛 −

         221.5) × ((𝑇𝑛 − 221.5) × 6.1E06) + (𝑇𝑛 − 221.5) × ((𝑇𝑝 − 80.3) ×

         3.4E06) + (𝑇𝑝 − 80.3) × ((𝑇𝑝 − 80.3) × 2.9E04) + (𝑇𝑛 − 221.5) × ((𝑣 −

         35) × 5.3E05)  

(35) 

 

𝜎 = 15.999 + 0.075 × 𝑇𝑛 + 0.038 × 𝑇𝑝 − 0.045 × 𝑣 − 21.264 × ℎ + (𝑇𝑛 −

         221.5) × ((𝑇𝑛 − 221.5) × −9.3E04) + (𝑇𝑛 − 221.5) × ((𝑇𝑝 − 80.3) ×

         8.7E04) + (𝑇𝑝 − 80.3) × ((𝑇𝑝 − 80.3) × 1.9E03) + (𝑇𝑛 − 221.5) × ((𝑣 −

         35) × 1.3E03)  

(36) 

 

𝐷𝑡𝑜𝑡𝑎𝑙 = −118.168 + 0.504 × 𝑇𝑛 + 0.393 × 𝑇𝑝 − 0.287 × 𝑣 + 23.940 × ℎ +

                 (𝑇𝑛 − 221.5) × ((𝑇𝑛 − 221.5) × 3.2E03) + (𝑇𝑛 − 221.5) × ((𝑇𝑝 −

                 80.3) × 7.5E03) + (𝑇𝑝 − 80.3) × ((𝑇𝑝 − 80.3) × 8.1E03) + (𝑇𝑛 −

                 221.5) × ((𝑣 − 35) × −5.6E03) + (𝑇𝑝 − 80.3) × ((𝑣 − 35) ×

                 −3.8E03) + (𝑣 − 35) × ((𝑣 − 35) × 4.9E03) + (𝑣 − 35) × ((ℎ −

                  0.137) × −0.792)  

(37) 
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Appendix K 

Interaction of Process Parameters for Polypropylene 

 

 

Figure 74: Interaction of process parameters for Young’s modulus. 
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Figure 75: Interaction of process parameters for tensile strength. 

 

 

Figure 76: Interaction of process parameters for predicted total diffusion. 
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Appendix L 

Comparison of Simulated and Measured Temperature Profiles of PP 

 

Figure 77: Comparison of simulated and measured (using an ultra-thin K-type 

thermocouple with Ø = 0.1 mm) temperature profiles at the interface (x = 0 

mm, y = 0 mm, z = 0.2 mm), the center of the specimens printed with (a) 

245/100/10/0.2 and (b) 200/60/60/0.2 (nozzle temperature/platform 

temperature/printing speed/layer height).  
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Appendix M 

Correlation between Tensile Strength and Total Diffusion Time 

 

Figure 78: Correlation between experimental tensile strength and total diffusion time 

determined by (a) the half-time of the crystallization and (b) the cooling 

rate under different process conditions. 
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Appendix N 

Self-Diffusion Coefficient at Interface for Non-Isothermal FFF Process [193]  
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Appendix O 

Calculation of the Self-Diffusion Coefficient and the Corresponding Total Diffusion 
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