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Abstract 

The growing need for more sustainable solutions has led research in the aeronautical and 

aerospace fields to the production of increasingly lighter and more efficient aircraft. For 

lightening purposes, advanced composite materials made of carbon fibers and epoxy 

resins were developed. Nevertheless, the use of thermoplastics as a valid alternative to 

thermosets, has the advantage of being easily processable, repairable and recyclable. The 

most interesting thermoplastic materials for the aerospace industry are the so-called “ 

technopolymers”, such as polyariletherketones (PAEK) family, which combine high 

mechanical, thermal and chemical resistance with very low weight. One of the most 

sustainable ways to process these materials are Additive Manufacturing technologies 

(AM), and in particular the Fused Filament Fabrication (FFF) technique.  

The present work is an in-depth study on the optimization of FFF process parameters and 

possible strategies aimed at resolving the technological limitations for the printing of 

Polyether-ether ketone (PEEK) and Carbon-PEEK parts making them usable for 

lightening purposes in the aeronautical sector.   

In the first part of the study, the optimal process conditions for the 3D printing of 100% 

dense PEEK parts are found by characterizing both mechanical and structural properties 

of printed coupons. It was discovered that the mechanical performances are strongly 

dependent on PEEK degree of crystallinity. Therefore, by varying  the process 

temperatures and the printing speed, it is possible to control the crystallization, 

customizing the mechanical properties and possible applications.  

Subsequently, the research activity was focused on the enhancement of the interlayer 

adhesion in 3D printed parts by means of atmospheric plasma superficial treatments. The 

study was carried out on both Polycarbonate (PC) and PEEK because they have very 

similar features and processing issues. The choice of treatment parameters was made by 

studying the plasma-induced improvement in wettability through several analyses. The 

interlayer adhesion of both untreated and treated PC samples was verified by mechanical 

tests, and an improvement of about 30% in strength was achieved.  

The last part was dedicated on the study of 3D printed Gyroid structures made of Carbon 

PEEK for both the optimization of the compressive strength-to-weight ratio and the 

enhancement of mechanical isotropy. The specimens were printed by varying the infill 

density, and the results were compared to the Gibson-Ashby model, finding a 

compressive behavior similar to bending-dominated lattice structures. The strength-to-

weight ratio was optimized for a density of 70% allowing a saving of 30% of material 

and time and it was found that isotropy in compression is possible for a density of 25%. 

It was studied also the response of gyroid lattice structures in the impact absorption when 

used as core pattern in sandwich-like panels. The absorbed impact energy increased as 

the infill density increased while the gyroid was not damaged but was detached from the 

impacted skin. Non-destructive inspection (NDI) highlighted that the extent of the 

detachment increased with the impact energy. However, further investigation for the 

optimization and characterization of sandwich panels is necessary.   

The results presented in this thesis work pave the way towards a turning point in the 

engineering and manufacturing of molds, tools and end-use products for aeronautics.   
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1  Introduction 
 

In the field of aviation, finding the best compromise between weight reduction and high 

mechanical properties is one of the most challenging goals. Therefore, aeronautical and 

aerospace engineers are continuously looking for materials that have good toughness, 

stiffness, good resistance to abrasion, impact and corrosion phenomena and that are 

lighter than metals. In this perspective, composite materials are studied in depth because 

of their lightness and very high performances. [1]  

Composite materials used in the aeronautical field typically consist of a thermosetting 

matrix, such as epoxy resin, reinforced with glass, carbon or aramid fibers. [2] [3] [4] 

However, the need to make production processes more sustainable and faster and to 

recover materials at the end of the aircraft life is driving research to replace thermosets 

with thermoplastics. [2] The latter bring many benefits, in fact, they have good damage 

tolerance, they are weldable, recyclable and processable by out of autoclave (OOA) 

technologies.  

Among those thermoplastics, Poly Aryl Ether Ketone (PAEK) polymer family would be 

the best candidate for thermosets replacement. [5] Indeed, they have high mechanical 

performances, high chemical and thermal resistance. The most well-known thermoplastic 

belonging to the PAEK family is Polyether-ether ketone (PEEK) which is already used 

as matrix for composite structural parts. However, this material is still much expensive 

than epoxy resins and its processing is made difficult by the high melting temperature 

(343°C) leading to high processing times and costs. [6] 

To reduce costs related to material consumption and production logistics, it is possible to 

process PEEK and Carbon fiber reinforced PEEK (C-PEEK) using more sustainable 

methods such as Additive Manufacturing (AM). [6] Among AM technologies, the Fused 

Filament Fabrication (FFF) is a material extrusion process that allows the building of a 

three-dimensional part by means of layer-by-layer deposition of molten thermoplastic 

material. However, also for the FFF of PEEK part, an accurate process parameter 

optimization is needed. 
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1.1 Aim of the research 
 

The aim of this work is to optimize the FFF process parameters for the manufacturing of 

PEEK and C-PEEK parts having maximum mechanical performances, minimum weight 

and absence of defects. To achieve this goal, first a design of experiment was conducted 

with the aim to study the FFF process parameters that most influence the structural 

features and mechanical performances of PEEK parts. For this part the most performing 

FFF machine available in the company was used.  

After this first characterization, it was found that the optimized printing conditions 

however do not allow obtaining 100% full parts without defects, due to technological 

limits. The latter are mainly related to weak interlayer adhesion and the shrinkage of the 

extruded polymer during the cooling phase. 

To overcome these limits, a study for improving the interlayer adhesion by plasma-

induced chemical functionalization, crystallization and ablation was carried out. In 

particular, the research work was dedicated to the study of the effects of atmospheric 

plasma treatments on surface energy enhancement of 3D printed PC and PEEK which 

exhibit more or less the same manufacturing issues.  

This preliminary study on the improvement of 3D printing of PEEK has served to better 

understand the behavior of this material, the process parameters and measures to be 

adopted for the optimal manufacturing of this challenging technopolymer. Thus, it was 

useful for continuing the activities with the printing of more complex and interesting 

structures, from the point of view of mechanical properties, based on Carbon-PEEK (C-

PEEK). 

Specifically, the last part of the work was entirely dedicated to the possibility of obtaining  

structural lightening without substantial loss of mechanical performances, using gyroid-

lattice structures. For this purpose, compression and impact behavior of gyroid infill 

pattern was studied at different infill percentages. For this part of the study, it was decided 

to use C-PEEK as feeding material because, thanks to the presence of chopped carbon 

fibers, it exhibits less shrinkage and warping issues making it easier to print than pure 

PEEK. In fact, in this part of the work, it was possible to use a less performing printer 

which works with a heated building bed and an unheated chamber. 
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2  State of the art 
 

This chapter offers a brief review of the materials used in aeronautical applications, the 

challenges relating to structural lightening of aircrafts for modern aeronautical and 

environmental needs, and the future perspectives on manufacturing processes and 

materials. 

2.1 Lightweight materials for aeronautical applications 
 

The aeronautical industry is focused on improving aircraft performance, fuel efficiency, 

and sustainability while reducing costs. A key objective is to reduce aircraft weight, which 

directly impacts fuel consumption and CO2 emissions. [7] Traditionally, aluminum and 

steel have been used in aircraft construction due to their strength and low cost, but their 

weight, susceptibility to fatigue, and corrosion make them less ideal for modern needs. 

[8], [9], [10] Fatigue leads to structural failures over time, increasing maintenance costs, 

while corrosion in harsh environments requires protective treatments. [11] Additionally, 

metals are isotropic, limiting design flexibility, and their manufacturing processes are 

energy-intensive and costly. 

As the aviation industry evolves, there is growing demand for lightweight, high-

performance materials. Composites are emerging as a solution, offering weight savings 

that enhance fuel efficiency and operational capacity, especially in new technologies for 

urban air mobility (UAM) like electric vertical take-off and landing (eVTOL) aircraft. 

[12] While aluminum and steel will still be used in some areas of the aircrafts, the 

limitations of traditional metals highlight the need for innovation in materials science to 

meet the future demands of aviation. [13]  

The need for "metal replacement" in aerospace and aeronautical engineering aims to 

substitute metals with high-performance polymer-based composites. These materials 

must offer strong mechanical and thermal resistance while minimizing density. As shown 

in the Ashby diagrams, mechanical strength generally increases with material density ( 

Figure 2.1 a). Another aspect to be considered is the range of service temperatures that, 

for low density materials, is evidently restricted if compared to metals ( 

Figure 2.1 b). Advanced composites, widely used in aeronautics, have high strength-to-

weight ratio, excellent fatigue and corrosion resistance, high temperature resistance, close 

to metallic alloys, properties that depend on the specific composition of the material. [14]  
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(a) (b) 

 
Figure 2.1: Ashby diagrams a) strenght vs. density and b) strenght vs. maximum service temperature. [14] 

 

Typically, the composite materials are made of two (or more) chemically distinct, 

insoluble and easily distinguishable phases: a polymeric matrix and a disperse reinforcing 

material (like carbon, glass, or aramid fibers or particles). [2], [3], [4]The final properties 

depend on the properties of the constituent phases, their proportions, and the geometry of 

the fibers (shape, size, distribution and orientation), which can be tailored to suit specific 

loads. This results in highly directional mechanical behavior, allowing the material to be 

optimized for specific solicited direction. Typically, advanced composites are made of 

continuous high modulus fibers held together by an essentially homogeneous matrix. In 

Figure 2.2 a representative image of a lamina with unidirectional fibers is shown. 

 

Figure 2.2: Lamina with unidirectional fibers. 

 

The matrix not only shapes the material but also transfers loads, protects the fibers, 

maintains fiber orientation, and resists to cracks propagation and impact damage. 

Moreover, the matrix composition affects properties like resistance to shear, compression, 

heat, humidity, and UV rays, while the mechanical strength is mainly influenced by the 

quantity of fibers oriented in the direction subjected to stress. The main classification of 

composites depends on the type of polymer matrix: thermosetting or thermoplastic. 
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2.1.1 Thermosetting advanced composites 
 

The first polymeric composites widely used for aircraft fuselages and wings were 

thermosetting (TS) matrix composites reinforced with discontinuous, unidirectional or 

intertwined synthetic fibers. [15] Thermosetting matrices in advanced composite 

materials used for aeronautics are polymer resins that undergo an irreversible chemical 

transformation when cured, providing structural integrity and thermal stability to 

composites. These matrices typically include epoxy, phenolic, bismaleimide (BMI), and 

polyimide resins. The epoxy resins are the most common and widely used due to their 

excellent mechanical properties, strong adhesion, and resistance to environmental 

degradation. However, for interior components, such as seats, overhead bins, and floor 

panels, and areas requiring fire protection, the phenolic resins are more indicated thanks 

to their flame resistance and low smoke emissions. Bismaleimide (BMI) offers higher 

temperature resistance than epoxies, often used in parts exposed to extreme temperatures, 

like engine components, instead polyimides provide even greater temperature resistance, 

suitable for applications above 250°C, such as in aerospace heat shields and high-

performance aircrafts. [16] The matrices, combined with reinforcing fibers, allow to 

create tailored lightweight, strong, and heat-resistant composite materials essential for 

modern aeronautics.  

These TS composites are widely used in constructing primary aircraft structures like 

fuselages, wings, stabilizers, and control surfaces. [17] Advanced composites are 

increasingly used in modern engine designs, including composite fan blades and casings 

in turbofan engines. These materials help create more efficient engines with improved 

resistance to fatigue and damage from foreign objects. [18] 

The main types of TS advanced composites are listed below: 

• Carbon Fiber Reinforced Polymers (CFRP): CFRP composites are commonly 

used for advanced applications in the aviation and aerospace industries. These 

materials consist of carbon fibers embedded in a polymer matrix, usually an epoxy 

resin. CFRPs are valued for their high strength-to-weight ratio, stiffness, and 

environmental resistance. When compared to metals, they reduce aircraft weight 

by 20-40%, which significantly improves fuel efficiency and operational 

performance. [2] 
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• Glass Fiber Reinforced Polymers (GFRP): Glass fibers, although less stiff and 

strong than carbon fibers, offer good toughness, impact resistance, and are cost-

effective. GFRPs are often used for less demanding components or where greater 

flexibility is required, such as radomes (protective covers for radar antennas) and 

other non-structural parts. [3] 

• Aramid Fiber Reinforced Polymers (AFRP): Aramid fibers, known by trade 

names like Kevlar, are lightweight and provide excellent impact resistance and 

energy absorption. AFRP is suitable for applications requiring ballistic protection 

and high-impact areas of aircraft, such as leading edges of wings. [4] 

• Hybrid Composites: Hybrid composites combine different fibers, such as carbon 

and glass, within the same matrix. This allows for a balanced combination of cost, 

strength, and other properties. Hybrid materials are optimized to provide 

mechanical performance specific to certain areas of the aircraft, allowing for 

localized tuning of stiffness, strength, and weight. [19] 

Once cured, thermosetting matrices offer significant advantages: 

• high thermal stability being able to withstand high temperatures without losing 

structural integrity up to their degradation temperature (generally between 200-

400°C); 

• chemical resistance to solvents, fuels, and corrosive chemicals, offering long-

lasting performance in harsh environments; 

• dimensional stability, being able to maintain their shape and do not soften or 

deform under heat or stress, ensuring a high level of safety and reliability over 

time. 

Furthermore, the mechanical properties of the final component can be tailored by a proper 

layup of plies (i.e. foils of pre-impregnated fibers in uncured resin) oriented along the 

directions of loads to which the part will be subjected. Prepreg layup is a very delicate 

procedure that can introduce defects and voids within the composite part. This procedure 

can be done either manually for small parts or automated via Automated Tape Placement 

(ATP) for large parts such as fuselages, a technique that guarantees less material waste. 

While ATP allows for precise placement and compaction of the composite material, the 

thermosetting resin used needs to undergo a curing cycle to achieve its final strength and 

structural integrity. The autoclave provides the heat and pressure required to initiate and 



 

17 
 

complete the polymerization process, transforming the resin from a viscous state into a 

solid, cross-linked structure. Moreover, autoclave helps remove any trapped air or voids 

between the layers of composite material, ensuring uniform consolidation and bonding 

between layers. The autoclave cure process requires long times, usually more than 20 

hours, and high energy supply. [20] 

Therefore, despite their advantages, these composites present challenges such as 

manufacturing complexity and the need for specialized inspection methods. The required 

manufacturing processes, autoclaving and vacuum bagging, increase production time, 

energy consumption and costs. Furthermore, non-destructive testing (NDT) methods, 

such as ultrasonic, thermographic techniques and computed tomography are needed to 

detect internal defects, like delaminations or voids, which could compromise the 

material's performance and safety. [20] Another issue relating to thermosets is the 

irreversibility of the polymerization (curing), in fact, thermosetting resins cannot be 

reshaped or reprocessed making repairs and modifications challenging. 

Future research is focused on improving automated manufacturing processes with an in-

situ consolidation and out-of-autoclave (OOA) curing techniques to reduce costs and 

enhance consistency. [21] [22] Additionally, there is growing interest in developing smart 

materials capable of monitoring and reporting their own structural health, or the use of 

thermoplastic composites as valid alternative to thermosetting materials. [23] 

2.1.2 Thermoplastic advanced composites 
 

In the 1980s and 1990s, following the development of high-performance thermoplastic 

polymers (TP), a strong interest arose, especially from the aerospace industry, for TP 

matrices also in advanced composites. [24] In fact, as aircraft become more complex and 

the demand for greener aviation increases, the need for advanced thermoplastic 

composites has grown significantly. From this point of view, thermoplastic composite 

materials offer the important advantage of being recyclable, reshaped and easily 

repairable, when heat is applied, which aligns with the growing trend toward sustainable 

manufacturing and maintenance. 

Considering the mechanical properties, the damage resistance and strength of thermosets 

are lower when compared to thermoplastics, due to their inherently brittleness. [24] These 
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issues of TS limit their impact resistance and flexibility, increasing the need for ever-

wider use of thermoplastic materials in applications requiring these properties. 

The best performing thermoplastic materials which can be used for aeronautical purposes 

are the technopolymers. The term technopolymer generally refers to a material that can 

be used as a substitute of other heavier material such as metals. They include both 

amorphous and semi-crystalline polymers. These plastics, characterized by properties 

such as high strength, stiffness, impact resistance, fire resistance, high thermal, chemical 

and corrosion resistance, due to their higher cost compared with common materials, are 

principally used for advanced purposed in automotive, transportation, electronics, 

communications aeronautical and aerospace applications. Some of the most important 

thermoplastic matrices used in aeronautical applications include PEEK (Polyether Ether 

Ketone), PPS (Polyphenylene Sulfide), PEI (Polyetherimide), PAI (Polyamide-imide), 

PEKK (Polyetherketoneketone), and Nylon (Polyamide). [25] 

PEEK stands out for its high-temperature resistance, maintaining structural integrity up 

to 250°C, along with excellent mechanical strength and chemical resistance. It is 

commonly used in aerospace components like engine parts and fasteners due to its balance 

of properties and recyclability. [26] [27] Similarly, PPS is known for its thermal stability 

and chemical resistance, tolerating continuous use at around 200°C. Its low flammability 

and dimensional stability make it ideal for aircraft electrical components and fuel 

systems. [28] PEI, with its high strength and stiffness, is another commonly used 

thermoplastic in aerospace, particularly for interior components like seat frames and cabin 

linings. Its excellent flame-retardant properties meet stringent safety standards in aircraft 

interiors. [29] PAI offers exceptional mechanical properties, including high tensile 

strength and wear resistance, even at temperatures up to 260°C, making it a very good 

material for mechanical components like bearings and gears. [30] Meanwhile, PEKK 

performs well in high-heat environments, with continuous-use temperatures of up to 

260°C, and is often used in structural components where high mechanical performance is 

crucial. [31] Lastly, Nylon (Polyamide), though with more moderate heat resistance, is 

valued for its toughness and impact resistance, often used in less demanding aerospace 

components like brackets and fasteners. [32] 

All these high-performing materials, if combined with functional fillers, could 

significantly change the properties of the pristine material by improving them or adding 
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new ones. In the last decades, a lot of studies have been performed in order to evaluate 

how different functional fillers can affect the overall features of the conventional 

thermoplastic polymers. [33] In particular, it was discovered that the material, type, size 

and amount of filler inside the matrix can significantly change the properties of the final 

composite. Functional fillers are classified, based on the material that constitutes them, 

into 7 groups: carbon-based (carbon fibers, nanotubes, graphene, carbon black...), 

ceramic powders (Al2O3, ZnO, TiO2, ZrB2…), metallic powders (Fe, Cu, Al…), glass-

based (glass fibers, microspheres, boron glass…), minerals (Zeolites, Montmorillonite, 

talc…), wood-based and hybrid composites (the combination of more than one filler in 

the same matrix). These fillers, if dosed appropriately within the matrix, can improve the 

material properties such as: the mechanical performances (tensile strength, Young’s 

Modulus, flexural strength), the heat capacity, thermal stability and wear resistance. This 

paves the way for the formulation of a vast range of ever new materials with customized 

characteristics in relation to the final application. [33] 

As regards the production and processing of these materials, it must be highlighted that, 

when thermoplastic polymers are melted or softened by heating, the molecules interact 

due to weak secondary bonds. Since the latter are reversible, unlike thermosetting 

polymers, they allow forming processes that may require repeated heating (e.g. 

thermoforming and solder joints). Furthermore, as there are no cross-linking reactions as 

in thermosets, TP composites can be consolidated and formed very quickly. On the other 

hand, advanced TP polymers require significantly higher consolidation and forming 

temperatures than common epoxy matrix laminates. [24] This makes process operations 

more complex and requires the use of equipment and materials suitable for these 

conditions.  

However, thermoplastic composites can be manufactured not only by OOA processes but 

also by the growing Additive Manufacturing processes, having the main advantage of 

allowing the production of parts with very complex geometries using only the needed 

material. [34] 
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2.2 Additive Manufacturing: opportunities and limits 
 

Additive Manufacturing (AM), also known as 3D printing, is a group of technologies that 

allow to fabricate objects layer-by-layer directly from digital models, rather than through 

the traditional subtractive methods that involve cutting, drilling, or molding. AM 

represents a paradigm shift in manufacturing, with the potential to disrupt the way 

engineers design and manufacturers produce, facilitating the production of parts having 

complex geometries, reducing material wastage, and allowing the rapid customization of 

parts for specific applications. Its diverse methodologies can be classified into distinct 

technological families, each characterized by specific physical processes, material forms, 

and application areas. The classification of AM technologies is guided by the mechanisms 

of material deposition and solidification. The ISO/ASTM 52900 categorizes AM 

processes into seven primary families, based on these principles. A summary diagram of 

all additive manufacturing technologies is shown in the following figure. 

 

Figure 2.3: Additive manufacturing technologies. 

Among all these technologies the Material Extrusion (MatEx) technologies have started 

gaining a lot of interest in different fields for their simplicity and safety. In MatEx the 

feeding material is extruded through a nozzle which can be heated or not depending on 

the type of material. The nozzle moves in the working volume following the coordinates 

generated by the digital 3D model, depositing the material layer by layer to build the final 
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workpiece. Once deposited, the material solidifies either by cooling or through chemical 

reactions. [35] 

At the state of the art, there are three main MatEx processes: Fused Filament Fabrication 

(FFF), Fused Granular Fabrication (FGF) and Direct Ink Writing (DIW), classified 

according to the chemical type of feeding material (i.e., thermoplastics or photocurable 

polymers), the original form of the material (i.e., filament, pellet or paste-like material) 

and the pushing mechanism (i.e. gear-, screw- or piston-assisted extrusion). FGF 

represents a significant evolution in 3D printing, particularly for processing 

thermoplastics and composites. FGF employs granules or pellets, offering cost and 

material versatility advantages. This process is gaining attention due to its potential for 

high throughput and the ability to utilize a broader range of polymers, including high-

performance materials like PEEK, as well as composites reinforced with fibers or 

nanoparticles. [36] [37] Recent advancements in FGF have focused on optimizing 

material flow, extrusion precision, and process stability. Improvements in screw extruder 

design and nozzle control have enabled better control over melt properties, ensuring 

consistent deposition and minimizing defects. [36] [38] [39] In terms of applications, FGF 

has found a foothold in industries like aerospace, automotive, and construction, where 

large-scale parts and custom geometries are needed. [40] Researchers are also exploring 

its potential for producing multi-material parts, leveraging the ability to blend granules 

directly in the extruder for graded material properties. [41] However, challenges remain, 

particularly in achieving fine resolution and minimizing porosity in parts compared to 

filament-based systems. The current state of FGF also highlights efforts in sustainability, 

with a focus on recycling polymer waste into granules suitable for printing. [42] 

Additionally, advancements in polymer science are expanding the range of compatible 

materials, including bio-based and recyclable options. [42], [43] [44] Overall, FGF is 

emerging as a complementary technology to FFF, with its unique advantages driving its 

adoption in both industrial and research contexts. The most widely spread and with the 

fastest development is certainly FFF technology thanks to the fact that it is very user-

friendly and versatile and thanks to the growing range of commercially available 

filaments. For these reasons, FFF is widely adopted in industries such as aerospace, 

automotive, and consumer goods, predominantly used for prototyping, tool production, 

and low-cost, low-volume production of parts. [45] [46] 
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In Fused Filament Fabrication, a thermoplastic material, initially given in the form of 

filament wound in coils, is pushed by a pair of counter rotating gears through a nozzle 

heated at a temperature above the polymer melting point (if semicrystalline) or softening  

temperature (if amorphous). The fused material is extruded from the nozzle and deposited 

layer-by-layer on the building plate. Generally, the nozzle head moves in the x and y 

directions and the build plate moves up and down along the z axis. In addition to the 

nozzle, many 3D printers can have a heated bed to ensure good adhesion of the first 

extruded layers and a heated chamber which is needed for polymers that require good 

thermal stability and slow and controlled cooling during the printing process. The Figure 

2.4 shows a schematic representation of a typical FFF machine. 

 

Figure 2.4: Scheme of Fused Filament Fabrication machine. 

 

The additive FFF process brings a lot of opportunities and benefits to manufacturing that 

make it a key technology for various industries. Firstly, it enables the creation of intricate 

structures and complex geometries that would be difficult or impossible to achieve with 

traditional manufacturing techniques. AM technologies use only the material needed to 

fabricate the object, minimizing material waste compared to subtractive processes. 3D 

printing also promotes topological optimization, i.e. the design of components with 

cavities or lattice structures, combining lightness and mechanical strength. This 

technology allows for the custom production of individual pieces or small series, making 

mass customization economically feasible. This accelerates the development of new 

products by allowing the rapid creation of functional prototypes, facilitating the rapid 
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design iteration, allowing for quick and low-cost modifications directly from digital 

models (CAD) in response to market feedback or customer requirements. 

Another significant advantage is the reduction in production times, thanks to the ability 

to build components in a single manufacturing step without the need for assembly of 

multiple parts. Furthermore, this technology lowers production costs for small series and 

prototypes by eliminating the need for expensive tools like molds and dies. On-demand 

production and the ability to manufacture components at the point of use simplify the 

supply chain. FFF also offers the use of a wide range of advanced materials, including 

polymers, metals (Metal-FFF also known as Shaping, Debinding and Sintering-SDS), 

[47] and composites, which can be specifically formulated for particular applications. All 

these advantages make FFF an essential technology for modern industries. 

However, the technology available today needs to be further refined, still presenting some 

limitations to overcome and challenges to face. [48] The first challenge is related to the 

quality assurance: in order to meet industrial standards, defects such as porosity or 

residual stresses that affect part performance must be minimized and eliminated. Another 

problem is the fact that AM-produced parts exhibit anisotropic properties, meaning their 

strength may vary based on orientation. [49] This necessitates careful design of the part, 

particularly for critical applications. Moreover, the layer-by-layer build process 

inherently limits the build speed particularly for large parts, making FFF less suitable for 

high-volume and large-scale manufacturing. Additionally, if better surface finish and 

dimensional accuracy is needed, FFF-printed parts must be post-processed. [50] [51] This 

increases time and cost to the manufacturing process. Finally, the FFF technology 

imposes constraints on materials because not all materials exhibit the required mechanical 

properties or processing compatibility. Thus, the range of materials available is still 

limited compared to traditional manufacturing. Much research is focused on the 

formulation of new thermoplastic-based materials suitable for the FFF process. Another 

disruptive challenge is linked to the possibility of printing continuous rather than chopped 

fiber composites, a technology that is still too little widespread. [52]  

Since the technology continues to mature, with innovations in materials, printers, process 

optimization, and post-processing, FFF will increasingly take place in industrial 

manufacturing.  
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2.2.1 Strategies to optimize the FFF process 
 

In the Fused Filament Fabrication (FFF) process, welds between stacked layers are 

formed through the interaction of molecules in the extruded filament, facilitated by high 

temperatures (as shown in Figure 2.5). Despite using maximum infill, voids can still 

appear within the layers. These voids, caused by rapid cooling of the molten filaments or 

insufficient overlap between the extruded and solidified material, weaken the printed 

parts. Consequently, it is essential to optimize the process to minimize defects and 

manage internal porosity.  

 

Figure 2.5: Interbead voids in FFF-printed parts. 

 

Another major issue affecting the mechanical properties of FFF printed parts is the weak 

inter-layer adhesion: ensuring strong adhesion at the interfaces is fundamental to obtain 

performance comparable with counterparts obtained by other manufacturing technologies 

such as injection molding. 

Several approaches could be employed to improve interlayer adhesion and reduce voids, 

grouped into 3 main categories: 

• pre-manufacturing strategies (including process parameters set in the slicing 

software or feed material treatments before printing)  

• in-situ treatments  

• post-processing techniques. 

Regarding the pre-production approach, several studies have been conducted to improve 

adhesion and reduce porosity by optimizing process parameters. Typically, the 



 

25 
 

performance of FFF printed parts is influenced by various process parameters, including 

material deposition speed, part orientation, layer thickness, nozzle temperature, and 

chamber temperature [53]. Optimizing these parameters is particularly crucial for high-

performance polymers such as polyether ether ketone (PEEK). The 3D printing of PEEK 

and its composites is challenging due to their semi-crystalline nature, high melting point, 

and viscosity [54]. As a result, FFF processing of these materials faces limitations related 

to significant thermal gradients, residual stress accumulation, and inter-layer 

 adhesion. [55] 

Extensive research has been conducted to understand how to fine-tune process parameters 

for producing high-quality FFF-printed PEEK parts with minimal defects. Printing PEEK 

poses challenges due to its high melting point and sensitivity to thermal conditions during 

printing. One crucial factor for achieving successful PEEK parts lies in the proper use of 

both building bed and chamber heating. These are essential because the 3D printed PEEK 

layers tend to warp and delaminate if the print environment isn’t properly controlled. [56] 

Heated base plates help in anchoring the part to the build surface, while chamber heating 

ensures that the part remains above the glass transition temperature throughout the 

printing process. These combined conditions lead to PEEK components with high 

crystallinity, enhanced interlayer adhesion, and excellent mechanical properties, such as 

strength and durability. [57] [58] [59] 

Jin et al. highlighted that the degree of crystallinity in PEEK is not only influenced by the 

printing environment but also by the cooling rate and thermal gradient during the process 

[60]. Slower cooling rates allow the polymer chains to align more effectively, resulting 

in greater crystallinity, which is fundamental for achieving high performance in end-use 

parts. Conversely, rapid cooling can result in lower crystallinity, reducing part strength 

and potentially introducing defects. 

Yang et al. delved deeper into the thermal aspects of FFF-printed PEEK, investigating 

how different thermal processing conditions affect both crystallinity and mechanical 

properties. Their research demonstrated that maintaining an ambient temperature higher 

than PEEK glass transition temperature is critical for ensuring good mechanical 

performance. Additionally, they discovered that post-processing treatments, such as 

annealing, could further enhance crystallinity, while also reducing residual stresses and 

defects that might otherwise compromise part integrity [61]. 
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Wang et al. applied finite element simulations to gain further insight into the PEEK 

printing process. Their work revealed that adjusting key parameters, such as reducing the 

layer thickness and slowing down the printing speed, can significantly improve the final 

part quality. These adjustments lead to higher part density, a smoother surface finish, 

fewer internal defects, and better bonding between layers and infill filaments. This 

optimization is crucial for enhancing both the strength and appearance of PEEK parts, 

making them suitable for demanding industrial applications. Furthermore, the authors 

emphasize that achieving strong adhesion between printed polymer filaments (inter-layer 

adhesion) requires the layer thickness to be at least 1.5 times smaller than the nozzle 

diameter. This adjustment ensures optimal bonding between layers, reducing the 

likelihood of delamination and improving overall part integrity [62]. Ding et al. reported 

that printing in a horizontal orientation provides the best mechanical performance for 

PEEK components, as it allows for more uniform layer stacking. They also noted that 

increasing the nozzle temperature lowers the melt viscosity, thereby enhancing material 

flow and improving the part internal density [63].   

Rahman et al. explored various filament infill strategies, and their tensile tests revealed 

that aligning the print direction of the filaments along the loading direction (0° 

orientation, Figure 2.6 a) results in the best tensile performance for FFF-printed PEEK 

parts. This orientation aligns the polymer chains more effectively, strengthening the part 

in the direction of the applied load [64]. Arif et al. confirmed these findings, showing that 

parts printed with the largest surface area positioned horizontally on the build plate, 

combined with a 0° infill angle, had significantly higher tensile strength than those with 

a 90° infill angle, whether oriented horizontally or vertically [65]. 

 

Figure 2.6: Schematic representation of filament infill orientations with respect to the load. 

El Magri et al. performed a design of experiments analysis on the main FFF parameters 

for PEEK printing. By applying the response surface methodology to optimize the 
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process, they found that nozzle temperature was the most critical factor influencing both 

tensile properties and crystallinity of the printed parts. Their results indicated that higher 

nozzle temperatures improve both material strength and crystallinity, crucial for the 

performance of end-use PEEK parts [20]. Numerous studies have also reported that 

printing at a nozzle temperature exceeding 400 °C significantly enhances mechanical 

strength, due to improved adhesion between filaments both within and between layers. 

[58] [62] [66] [67] 

From the study by Liaw et al it emerged that the parameter that most influences the 

adhesion of the interlayer in PEEK is the nozzle temperature, followed by layer height 

and waiting time. Furthermore, the same authors demonstrated that post-printing thermal 

annealing increases crystallinity and flexural modulus but has minimal effect on adhesion, 

concluding that the bond strength between layers is primarily determined during the 

printing process. [68]   

Another process parameter that can be enabled via slicing software is “ironing”. The 

heated nozzle passes over the already deposited polymer to heat it while exerting pressure 

on it, with the aim of flattening and making the surfaces more uniform and smooth before 

depositing the new layer. The studies by Neuhaus et al and Stano et al confirm that ironing 

is advantageous in improving the surface quality of the deposited layers, but with the 

disadvantage of increasing printing times and the possibility of finding unwanted 

variations in the dimensions of the parts along the growth direction (Z axis). [69] [70] 

Other pre-manufacturing approaches can be, for example, the synthesis or formulation of 

PEEK-based mixtures or the addition of plasticizers. Shang et al modified the molecular 

structure of PEEK by introducing fluorene-based functional groups in the polymer 

synthesis phase which break the molecular regularity in order to obtain a slow-

crystallizing PEEK. [71] The study by Xu et al shows an increase in adhesion by 

formulating blends based on PEEK and compatible amorphous PAEK to obtain a PEEK 

with a greater amorphous phase which is able to diffuse better at the interfaces. [72] Since 

compared to other polymers used in FFF such as ABS and PLA, PEEK is processed with 

nozzle temperatures higher than 400°C, common plasticizers that degrade at that 

temperature cannot be used. However, a fairly recent study by Li et al describes an 

innovative method that exploits the pyrolysis reactions of polyhedral oligomeric 

silsequioxane (POSS) to produce benzene derivatives chemically similar to PEEK which 

act as plasticizers, hindering its crystallization. [73] Post-processing treatments involve 
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heating the part in such a way as to activate the diffusion of the polymers at the interfaces 

and induce thermal healing of the defects (porosity). A work by Yang et al compares 

different thermal post-processing methods carried out on PEEK, showing that the best 

treatment to increase mechanical resistance is thermal annealing. [61] However, as with 

ironing, also in this case, the process not only significantly increases the production time 

of the part, but can significantly deform it. [74] Furthermore, the annealing of semi-

crystalline polymers above cold crystallization does not contribute much to the 

improvement of interlayer adhesion as the increase in the number of crystallites hinders 

the diffusion of polymer chains at the interfaces. [75]  

The most efficient approach is the in situ treatment which allows to improve the adhesion 

layer by layer directly during the deposition of the material. In situ treatments generally 

involve a modification of the printing machine in order to add tools capable of transferring 

energy to the surface through heating, pressure or chemical reactions. Andreu et al 

integrated a hot roll in their FFF printed to compress and heat each layer homogeneously 

onto the previous one [76]; several research explored laser-based surface heating method 

to enhance the interlayer bonding [77] [78] and other approaches involve the integration 

of pre-heating systems with infrared lamps, that heat the layer on which it is being 

deposited the melted polymer. [79] [80]  

Cold atmospheric plasma surface treatment is one of the most interesting approaches 

thanks to its versatility for the treatment of several materials providing chemical 

activation without the need for a vacuum environment. [81] Zarei et al [82] exploited an 

Argon plasma torch to enhance wettability of 3D printed scaffold made of PLA with 

CaCO3 micro-particles; Narahara et al used an Helium plasma plume to treat PLA, 

founding an improvement in surface energy of about 75%; [83] Nastuta et al examined 

the impacts of He and Ar atmospheric pressure plasma jet on the chemical composition 

and wettability properties of acrylonitrile butadiene styrene (ABS) surfaces, founding an 

improvement in wettability up to 60% for both working gases. [84] To date atmospheric 

plasma treatment has still been little studied for the improvement of interlayer adhesion 

in FFF printed technopolymers. An example found in literature is the study by McLouth 

et al to improve the wetting characteristics and bond strength of ULTEM 9085 using 

atmospheric plasma, obtaining an increase in strength of 35%. [85] 
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Building on the findings of these previous studies, the first part of the research presented 

in this thesis focused on maintaining constant parameters such as printing orientation, 

layer thickness, nozzle diameter, and infill density, while varying key factors like printing 

speed, nozzle temperature, and chamber temperature. This approach was aimed at 

assessing how these changes impact the crystallinity and tensile properties of FFF-printed 

PEEK parts. By optimizing these variables, this study seeks to contribute to the broader 

understanding of how to manufacture PEEK components with superior mechanical 

performance and minimal defects. Subsequently, wanting to apply the plasma treatment 

approach to improve interlayer adhesion, a study was conducted on both Polyether 

(etherketone) and Polycarbonate to understand the phenomena that act on the surface of 

the material to improve its wettability. 

2.2.2 Atmospheric Plasma treatment  
 

Atmospheric plasma functionalization is an advanced surface treatment technique used 

to enhance adhesion between materials, particularly in applications involving polymers, 

composites, and metals. This method involves generating a plasma - a highly reactive 

ionized gas - at atmospheric pressure, which interacts with the surface of the material to 

be treated. Unlike traditional plasma treatments, which require a vacuum environment, 

atmospheric plasma offers the convenience of being performed in open air, making it 

more practical and cost-effective for industrial use. 

Atmospheric plasma increases the surface energy of materials, making them more 

receptive to adhesives, coatings, or other substrates. This is particularly beneficial for 

low-surface-energy materials like plastics, which exhibit very low wettability. 

During the plasma treatment, the energetic particles (ions, electrons, and radicals) in the 

plasma collide with the surface of material, breaking molecular bonds and introducing 

new functional groups that enable the formation of new bonds. These polar groups are 

hydroxyl (-OH), carboxyl (-COOH), and carbonyl (-C=O), and thanks to the presence of 

oxygen and hydrogen atoms they will form H-bonds with the next layer. This 

modification improves the surface's chemical activity, roughness, and wettability, 

creating a better foundation for bonding with other materials. In addition to chemical 

changes, atmospheric plasma can also physically clean the surface by removing 
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contaminants such as oils, dust, and organic residues, further improving adhesion 

performance.  

 

Figure 2.7: : Schematic representation of the cold-atmospheric plasma functionalization. [86] 

 

The adhesion improvements achieved through plasma functionalization result in more 

durable bonds, which can withstand mechanical stresses, thermal cycling, and 

environmental factors better than untreated materials. 

Furthermore, as a dry, solvent-free process, atmospheric plasma functionalization is an 

eco-friendly alternative to traditional surface treatments, reducing the use of hazardous 

chemicals and minimizing waste. Atmospheric plasma functionalization is a versatile and 

efficient surface treatment technique that significantly enhances the adhesion between 

materials, especially in challenging applications where strong adhesion is required. Its 

ability to modify the surface at a molecular level without the need for chemicals or 

extensive equipment makes it a highly attractive option for industries seeking improved 

performance and sustainability. 

In FFF 3D printing, as seen in the previous paragraph, one common challenge is the 

relatively weak adhesion between printed layers, which can result in reduced mechanical 

strength, particularly along the Z-axis (the vertical direction). Atmospheric plasma 

treatments offer a promising solution to improve inter-layer adhesion in FFF printed parts, 

especially when working with high-performance polymers like PEEK or other 

engineering thermoplastics. 

Atmospheric plasma treatment works by modifying the surface of the printed layers as 

they are deposited. The plasma interacts with the surface, enhancing its chemical and 

physical properties, which ultimately improves the bonding between subsequent layers. 

Here’s how it happens: 
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• Surface Activation: Plasma treatment activates the surface of each printed layer 

by introducing polar functional groups and increasing surface energy. This 

activation makes the layer more chemically reactive and better able to bond with 

the next deposited layer. 

• Improved Wettability: The increased surface energy from the plasma treatment 

enhances the wettability of the surface. As a new layer is extruded, it can spread 

more easily over the activated surface, leading to improved contact and bonding 

between the layers. 

• Surface Cleaning: Plasma treatment also removes contaminants, such as dust, 

residual oils, or degraded polymer material, from the surface of the layers. These 

contaminants can hinder adhesion, so cleaning the surface in real-time ensures 

that each layer bonds more effectively. 

• Micro-structuring of the Surface: Atmospheric plasma can introduce subtle 

roughness or micro-textures on the surface of the printed layer. This mechanical 

interlocking effect further improves adhesion between layers, increasing the 

overall strength of the printed part. 

By improving the adhesion between layers, plasma treatment results in printed parts with 

better mechanical integrity, reducing the likelihood of delamination or weak points in the 

Z-axis. High-performance polymers like PEEK, PEI, or PPSU often face adhesion 

challenges due to their chemical resistance and low surface energy. With better inter-layer 

adhesion, the printed parts are more durable and resistant to mechanical stress, making 

them suitable for high-stress or load-bearing applications. Moreover, stronger inter-layer 

adhesion allows for more complex geometries and larger parts to be printed with 

consistent quality, even across long print durations. 

Plasma treatment can be integrated into the FFF process, allowing each layer to be treated 

as it is printed, making the approach compatible with continuous, automated production 

without significant time delays. In fact, it is an almost instantaneous treatment that can be 

carried out at the same time as the deposition of the material during printing. 
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2.3 Trabecular structures 
 

As already introduced in the previous paragraphs, the main objective of this thesis is to 

optimize the 3D printing process and the produced parts for lightening purposes, making 

the most of the potential of this production methodology and trying to overcome its 

limitations. Some interesting approaches for lightening purposes, in addition to metal 

replacement with thermoplastics and composite materials that exhibit a high strength-to-

weight ratio, [87] could be the topological optimization and the use of lattice structures. 

Topological optimization is a procedure for optimizing the design of parts in such a way 

that superfluous material that is not subject to loads is removed, keeping it only where it 

is needed. Similarly, it is possible to vary the weight and mechanical properties of a part 

by using lattice structures (like foams) with different geometries and/or densities of cells. 

In this way, it is possible to lighten the part without changing its design and sometimes 

without significantly changing its performance.  

Foam cells are classified into two types: open cells, where the cells are interconnected by 

struts, and closed cells, where the cells are enclosed by thin walls. The angles at which 

the struts and faces meet play a crucial role in determining the cell's mechanical behavior. 

According to the Gibson-Ashby model, the mechanical properties of foam are expressed 

as relative values compared to those of an equivalent solid of the same dimensions and 

material. The compressive strength and compressive modulus related to density are 

calculated as a power-law trend using Eq. 1 and Eq. 2, respectively. 

 
𝜎

𝜎0
= 𝐶1  (

𝜌

𝜌0
)

𝑚

 Eq. 1 

 
𝐸

𝐸0
= 𝐶2  (

𝜌

𝜌0
)

𝑛

 Eq. 2 

Where: 

σ, E and ρ are the strength, elastic modulus and infill density of the lattice structure 

respectively; 

C1, C2, m and n are proportionality coefficients and exponents of the relationship and 

could be determined by the nonlinear regression fitting of the data and least squares 

method. 
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The model allows to interpret the mechanical behavior of lattice structures by dividing 

them into two categories: bending-dominated structures (BDS) and stretching-dominated 

structures (SDS), see Figure 2.8. In BDS the bending stresses are not balanced due to 

insufficient struts, so the structure fails in shear bands resulting from the collapse of 

unitary cells. In SDS the struts are enough to resist bending stresses, therefore they only 

collapse due to axial stresses. The ideal BDS have m equal to 1,5 and n equal to 2; instead 

ideal SDS have both m and n equal to 1. 

 

Figure 2.8: Scheme of loads distribution in BDS (a) and SDS (b). [88] 

 

The most commonly varied characteristic of trabecular structures is the shape of the cells. 

Examples include body-centered cubic (bcc) cells, body-centered cubic with vertical 

struts along the Z-axis (bccz), face-centered cubic (fcc), and face and body-centered cubic 

with vertical struts along the Z-axis (fccz), which are geometries formed by the 

intersection of struts.    

However, very interesting cellular structures are the Triply Periodic Minimal Surfaces 

(TPMS). The TPMS are a special class of minimal surfaces, which are surfaces with zero 

mean curvature at every point. The mean curvature at any point on a surface is the average 

of the curvatures in two orthogonal directions. For a minimal surface, zero mean 

curvature means that the surface is perfectly balanced and does not bend more in one 

direction than the other. Minimal surfaces are those that locally minimize surface area 

under certain boundary conditions. "Triply periodic" refers to their repeating structure in 

three independent spatial directions. [89] In fact, they are periodic in three dimensions, 

meaning that they can be tiled throughout space without gaps. They repeat in the x, y, and 

z directions at regular intervals, often forming lattice-like structures. TPMS tend to have 

intricate geometries with smooth shapes. These structures often contain labyrinthine 

voids and are embedded within a periodic framework. Their shapes are often challenging 

to describe using elementary functions and are typically defined through complex 
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mathematical representations or numerical approximations. They exhibit a high degree of 

symmetry: they belong to specific crystallographic groups and are often invariant under 

various symmetry operations such as reflections, rotations, and translations. [90] This 

symmetry and the high surface-to-volume ratio make them of interest in material science 

and engineering applications. 

Examples of widely known TPMS are Gyroid, Schwarz Diamond, Schwarz Primitive, 

Lidinoid and Neovius, described below. [91] 

 

Figure 2.9: Representation of some TPMSs. 

• Gyroid: This surface is non-self-intersecting and does not have mirror symmetry. 

It has a unique chiral structure and appears in materials like certain liquid crystals 

and biological systems (e.g., butterfly wings). 

• Schwarz Diamond: A TPMS with a structure similar to the atomic arrangement in 

diamonds. It forms a labyrinthine network of interconnected surfaces. 

• Schwarz Primitive: A highly symmetric structure where cubic cells repeat 

periodically. It is named after the mathematician Hermann Schwarz. 

• Neovius: A surface with relatively simple geometry and high symmetry, related 

to the Schwarz P surface but with more voids or "pockets." 

• Lidinoid: A complex minimal surface with triply periodic symmetry but with a 

more intricate network of surfaces and tunnels. 

The use of lattices is due to the particular characteristics that these structures have 

compared to the dense material. In fact, TPMS-like structures can be used to create 

materials with tailored mechanical properties. For example, gyroids can lead to high 
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strength and low-density materials, mimicking the structure of bones or biological tissues, 

they are therefore perfect candidates not only for lightweighting applications but also to 

meet the requirements of multifunctional materials in terms of energy absorption, heat 

transfer and thermal insulation. [92] [93] [94]  

 

Figure 2.10: Gyroid a structure bio-inspired by the microstructures of butterfly wings and the  
open porosity in spongy bone. 

 

Generally, the compressive strength of cellular structures makes them ideal for structural 

applications, especially when the load is aligned with the cell shape.   

A common example is sandwich panels, which are widely used in aerospace because their 

low density provides mechanical strength while minimizing weight. These structures 

consist of two thin, stiff face sheets (skins) bonded to a lightweight core material, such as 

foam or honeycomb, as shown in Figure 2.11. The core and surfaces are typically bonded 

together with adhesive. 

 

Figure 2.11: Sandwich panel structure. 

The key benefits that arise from the use of sandwich structures in the aeronautical and 

aerospace industry are:  

• The ability to provide exceptional strength while remaining lightweight. 
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• The core material provides thickness and rigidity, while the composite face sheets 

offer strength. This combination creates structures that are highly stiff, resisting 

bending and deformation under load. [95] 

• Improved Impact Resistance: sandwich structures are designed to absorb and 

dissipate energy efficiently. 

• Thermal and Acoustic Insulation: the core structures, especially foam or 

honeycomb, thanks to the presence of air inside the cavities, provide natural 

insulation against temperature fluctuations [96] and noise [97], which is crucial 

for maintaining a stable environment within aerospace vehicles. 

Moreover, by tailoring materials and geometries of the sandwich structures allows 

engineers to design structures that meet specific performance criteria, such as optimized 

strength, weight, or stiffness in certain areas. sandwich structures were invented to 

address several key challenges and requirements that traditional materials could not fully 

meet. As a consequence, they have attracted a lot of interest in many industries 

(automotive, biomedical, aerospace...) and are widely used for a lot of applications in 

satellites, [98] aircraft interiors, [99], [100] wings [101] and so on. [102] [103] Recent 

research studies have highlighted that the trabecular core geometry has a significant 

impact on the overall mechanical performances of sandwich structures. [104] For 

example, it was studied that by engineering the cellular core in terms of shape, size, and 

density, mechanical behavior and energy absorption capability of the sandwich can be 

improved. [105] 

In this context, additive manufacturing offers the possibility of creating sandwich 

structures having a cellular core with very complex geometries that could never be 

recreated using traditional subtractive technologies. 

 

2.3.1 3D printing of TPMS  porous structures 

 

The development of the Fused Filament Fabrication is always growing not only thanks to 

the expansion of the range of extrudable materials (thermoplastics, composites, 

metals/alloys, and ceramics) [106] [107] and to the increasingly advanced 3D printing 

machines, but also to the progressive improvement of slicing software which make 
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possible to establish the process parameters that will give certain properties to the printed 

part. Two parameters that can affect the mechanical properties of the printed parts are: 

infill density and infill pattern [61] [108]. Aloyaydi et al. investigated the effect of infill 

patterns on the mechanical response of 3D printed poly-lactic acid (PLA), finding that 

different infill strategies significantly affect the tensile strength and elasticity. [109] 

Moradi et al. examined honeycomb infill patterns for FFF, optimizing production 

parameters and characterizing mechanical properties such as compressive strength and 

density. [110] Kiendl and Gao focused on how raster layup controls toughness and 

strength in FFF-printed PLA, providing insights into customizing mechanical 

characteristics through layer orientation. [111] Nabipour and Akhoundi explored the 

impact of FFF parameters, like layer thickness and infill density, on tensile strength in 

ABS/Cu composites. [112] These studies highlight the importance of infill patterns, 

which directly influence the structural integrity, energy absorption, and production 

efficiency in FFF processes. 

The most common filling patterns are simple geometric structures, that allow durable 

construction combined with high print speeds, such as grid, straight, honeycomb and 

cubic. These patterns have the advantage of the possibility to lighten the printed parts by 

reducing the infill density, but they have as drawback that none of them have the 

characteristic of being isotropic, so an in-depth study of design for manufacturing is 

required if certain mechanical characteristics must be respected. 

 

 
Figure 2.12: The most common infill patterns for FFF process. 
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As explained in paragraph 2.2.1, the degree of anisotropy in FFF-printed parts is primarily 

caused by the weak adhesion between layers along the build direction (z axis), and is 

heavily influenced by process parameters such as layer height, raster angle, printing 

speed, and nozzle temperature [113], [114], [115], [116]. To achieve specific mechanical 

properties in a 3D printed component, particularly in relation to load-bearing directions, 

it is crucial to properly orient the part within the print volume during both the design and 

slicing stages. [117] [118] This consideration often requires a thorough analysis of the 

process parameters and may necessitate the use of additional materials for supports. Once 

the print is complete, these supports must be removed, which not only generates waste 

material but can also pose difficulties in removal, often requiring additional post-

processing steps. These steps increase both the production time and the overall cost of the 

part. 

 

Figure 2.13: Mechanical anisotropy in 3D printed parts. 

  

Among the most interesting infill patterns that have been implemented on slicing 

software, one of the best known is the gyroid. This structure exhibits an enhanced FFF 

manufacturability thanks to the fact that the wall inclination of the unit cells varies 

continually layer by layer, thus it is a self-supporting structure that does not require any 

additional supporting material. [119] Gyroid infill pattern was inspired by a 2017 MIT 

study, where researchers designed one of the strongest and lightest materials available 

using graphene [120].  
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The gyroid structure is mathematically-defined by trigonometric functions (Eq.3) that 

satisfy the equation Eq.4 [121]: 

Φ(x, y, z) = sin(𝜔𝑥 𝑥) cos(𝜔𝑦𝑦) + sin(𝜔𝑧𝑧) cos(𝜔𝑥𝑥) + sin(𝜔𝑦𝑦) cos(𝜔𝑧𝑧) Eq.3 

Φ(x, y, z) = K Eq.4 

Where: 

x, y, z are the Cartesian coordinates 

𝜔𝑥 , 𝜔𝑦, 𝜔𝑧 are the cell frequencies in the x,y,z directions respectively 

 

The surfaces thus defined divide the space into two domains whose volume fractions can 

be varied by adjusting the value of K. When K is equal to 0 the two volumes are identical. 

[122] The mathematically defined gyroid unit cells expand isotropically in all three 

dimensions (x, y, z) which, in contrast to all other patterns, means that it has the same 

resistance in all directions. [123].  

While gyroids inherently possess isotropic properties, this can be compromised by the 

intrinsic anisotropy of the material used (such as in composites) and by the anisotropic 

nature of FFF technology. However, by carefully optimizing the process parameters in 

such a way as to obtain the best possible interlayer adhesion and the best balance between 

the unit cell size and the stresses to be supported, the gyroid infill pattern could 

significantly reduce, and in some cases, nearly eliminate, the anisotropy typically found 

in 3D printed parts. 

Nowadays, the gyroid infill is attracting a lot of interest in the biomedical field for the 3D 

printing of artificial bones, scaffolds for regenerative medicine, and orthopedic implants 

[124] [125] [126] but it could be very promising for several application fields such as 

aeronautics, aerospace, automotive, transportation and defense. The advantages of 

applying it to 3D printing for aerospace and aeronautical purposes are: a very good 

combination of high strength and low printing time; almost isotropic strength in all 

directions (x,y,z); excellent energy absorption capability and high fracture toughness; 

high compressive and tensile strength despite less density and material usage (in 

comparison to other infill patterns) [127] [128]. Thus, the final result is a 3D printed part 

with high strength-to-weight ratio. Moreover, it was studied that the mechanical 

responses of gyroid lattice structures depend above all on the geometric characteristics of 
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the unit cells and not only on the material they are made of [129]. It was found that the 

compressive strength is mainly affected by cells volume fraction (i.e. infill density), cell 

size, wall thickness and the inclination angle of the struts with respect to the axial 

direction [121], [130], [131], [132]. The main conclusion is that the smaller and denser 

the structures, the greater the mechanical performances. 

It is well known that gyroids have an extraordinary ability to absorb energy thanks to their 

geometric complexity. [133] During an impact, the structure distributes the forces over a 

larger surface, reducing pressure peaks in specific areas and preventing catastrophic 

failure. [134] This makes them ideal for scenarios where dynamic stress resistance is 

required. In addition to absorbing physical impact energy, gyroid structures can be used 

to absorb acoustic and vibrational energy, reducing mechanical vibrations and noise. 

[135] This also makes them useful in acoustic applications or improving comfort in 

vehicles. The possibility of regulating the porosity of the gyroid structures allows to save 

material without compromising the mechanical resistance. This aspect is advantageous 

from an economic point of view, especially for expensive materials or in advanced 

applications where weight reduction is critical. 

In order to develop sandwich structures that have certain properties for specific purposes, 

such as impact resistance or energy absorption, it is important to first study their 

mechanical behavior by varying some parameters like core geometries and volumetric 

densities. In this thesis work, the compressive behavior of FFF-printed gyroid lattice 

structures was well analyzed, also along the x and y directions, varying cell size and solid 

volume fraction, to evaluate which solution is more suitable for the realization of a 

sandwich panel with gyroid core to be tested by low-velocity impact test. 
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3 Materials and Methods  
 

In this chapter, the materials and 3D printers used for this research study are presented 

explaining their main features and properties. Furthermore, the experimental setup for 

atmospheric plasma treatment and instrumentation used for thermal, chemical, 

mechanical and microscopic characterizations are briefly described. 

3.1 Materials 
 

3.1.1 Polyether(ether ketone) - PEEK 
 

Among the most interesting high-performance thermoplastic materials, the class of 

polyaryletherketones (PAEK) [27] and their derivatives are experiencing growing use in 

the field of 3D printing thanks to the development of advanced 3D printers that allow 

their processability. Polyarylether- ketones are obtained by joining phenylether groups 

with phenylketone groups and both the percentage ratio and the way in which these two 

groups are arranged in the final polymer identify the various constituents of this family 

and their respective properties. In Table 3.1 different PAEK with their chemical structure 

are listed.  

The amount of ketone groups in the main polymer chain greatly influences the final 

PAEK properties, increasing both the melting temperature (Tm) and the glass transition 

temperature (Tg). [136] In fact, the Ph-(C=O) bonds in ketone group are less flexible than 

Ph-O in ether one, thus the macromolecular chains rigidity increases and consequently 

the Tg as well. This limited chain mobility also reduces the degree of crystallinity of the 

final polymer that generally can reach a maximum of 40% obtainable only in very 

controlled process conditions (high melt temperatures and low cooling rates). If the 

polymer experiences rapid cooling conditions it is also possible to determine the total 

absence of crystals and a consequent 100% amorphous phase. Polyether(ether ketone) 

thanks to its high ether-to-ketone ratio is semi-crystalline, reaching 35% of crystallinity 

in optimum cooling conditions, instead Polyether (ketone ketone) is less crystalline and 

it is commonly found in its amorphous state.  

Considerable care is required in PEEK processing because the degree of crystallization 

and crystalline morphology (structure), influence a lot the mechanical properties of 
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produced components. In addition, it exhibits greater shrinkage variations than 

amorphous PEKK. [137] Therefore, the 3D printing of PEEK is more complex and 

requires in-depth study for the choice of the process parameters if the objective is to obtain 

a part with reduced presence of defects (voids, warpage, shrinkage) and residual stresses, 

but optimized physical-chemical and structural characteristics. 

 

Table 3.1: Chemical structure of different PAEK with their ratio of Phenylether and Phenylketone groups. 
 

The integration of fibers into polymer matrices represents a transformative approach in 

material extrusion additive manufacturing. The mechanical and physical properties of 

fiber-reinforced composites are closely linked to the aspect ratio, orientation, and 

interfacial bonding of the reinforcing fibers. [138] [139] Longer fibers generally lead to 

superior mechanical properties, such as higher tensile and flexural strength, by bridging 

stress zones within the polymer. [140], [141] However, the use of long fibers introduces 

processing challenges, including nozzle clogging and uneven deposition, particularly in 

fused filament fabrication (FFF) methods. [34], [106] Continuous fiber-reinforced 

composites, often fabricated from continuous fibers embedded in thermoplastic matrices, 

demonstrate exceptional mechanical performance but are limited in printability. These 

limitations stem from a narrow range of processing parameters, fiber dislocation, poor 

matrix wetting, and the need for post-processing to achieve adequate fiber-matrix 

adhesion. [140] 
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In contrast, short fiber-reinforced polymers  provide a balance between performance and 

manufacturability, especially in material extrusion AM. Short fibers enhance 

processability due to their reduced impact on viscosity and their compatibility with 

standard extrusion equipment. While composites with short fibers exhibit lower 

mechanical performance compared to those with continuous fibers, they offer advantages 

such as recyclability, ease of dispersion, and minimized fiber dislocation. When polymers 

loaded with carbon fibers are used, it must be taken into account that they confer 

anisotropic properties, in particular the highest mechanical performances will be along 

the direction of the printed bead. This phenomenon is obvious for continuous fibers but 

also applies to short (chopped) fibers. The latter, despite being uniformly dispersed within 

the matrix, tend to align both during the manufacturing of the filament by extrusion, due 

to shear forces, and when the filament is extruded from the nozzle during printing. [142] 

The rheological behavior of fiber-reinforced polymers is critical for successful extrusion 

and part quality. Carbon fibers, a common reinforcement choice, significantly alter the 

flow properties of the polymer matrix. Their inclusion increases viscosity by restricting 

polymer chain mobility, with the extent of this effect influenced by fiber volume fraction, 

size, and aspect ratio. Long fibers tend to amplify viscosity due to their larger surface area 

and potential for entanglement, whereas short fibers exert a more moderate influence, 

simplifying processing. Despite these challenges, carbon fibers improve shear-thinning 

behavior, enabling the material to flow more readily under high shear rates during 

extrusion while maintaining stability post-deposition. They also reduce the coefficient of 

thermal expansion (CTE) avoiding common issues like die swell and warping by limiting 

polymer shrinkage during cooling. [143] 

Chemically, carbon fibers enhance the thermal stability and environmental resistance of 

composites. [144] Acting as physical barriers, they slow the diffusion of gases and 

chemicals, increasing the material's durability in harsh conditions. However, achieving 

optimal chemical performance depends on strong fiber-matrix bonding. Techniques such 

as surface treatments, pre-impregnation, and fiber sizing are often employed to improve 

interfacial adhesion, ensuring the mechanical and chemical benefits of the reinforcement 

are fully realized. [145] [146] [147] 
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By carefully balancing fiber type, size, and processing parameters, manufacturers can 

achieve tailored mechanical, rheological, and chemical properties, enabling the 

production of high-performance components.  

In particular, this research study focuses on the printing process of pristine 

Polyether(ether ketone) (PEEK) and Carbon-PEEK that is PEEK filled with chopped 

carbon fibers. The chosen materials are PEEK and Carbon PEEK CF10 (with 10% of 

chopped carbon fibers) purchased from Roboze. Roboze PEEK is one of the most 

resistant industrial plastics to chemical agents (organic substances, acids and bases), wear 

and abrasion; it offers high performance in terms of robustness, resistance to fatigue and 

a continuous use temperature of 240°C. Carbon-PEEK adds further thermal stability and 

rigidity to PEEK. The addition of carbon fibers improves the mechanical properties of the 

material and increases the Heat Deflection Temperature (HDT),  while maintaining the 

properties unchanged even at higher temperatures compared to pure PEEK. Thanks to 

these characteristics, PEEK and Carbon-PEEK are very interesting for the production of 

final parts for lightening purposes or tools (such as molds) of particular shapes that can 

be used for the creation of epoxy matrix composite parts that require polymerization 

cycles in an autoclave. 

Below are listed their physical and mechanical characteristics taken from the supplier 

datasheets. [148] [149] 

PEEK 
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Carbon-PEEK  
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3.1.2 Polycarbonate - PC 
 

Another engineering material, less performing than PEEK but interesting for industrial 

use, is Polycarbonate (PC), an amorphous thermoplastic having aromatic groups in the 

main chain alternating with carbonate functionalities (−O−(C=O)−O−). Its chemical 

structure is represented in Figure 3.1. Polycarbonates used in engineering are strong, 

tough materials, and generally optically transparent. [150] 

 

Figure 3.1: Repeating chemical structure unit of Polycarbonate. 

 

This material has some similarities to PEEK in terms of processability difficulty, having 

a glass transition temperature of 145°C and a recommended extrusion temperature of 280-

300°C. Other issues encountered in PC 3D printing occur due to difficult adhesion with 

print bed and tendency to warp during printing. For this reason, it was chosen, in addition 

to PEEK, to study how to improve interlayer adhesion via plasma surface treatments. The 

Polycarbonate chosen for this study is the Kimya PC-S filament. It offers high resistance 

to heat up to 140°C.  

Below are listed Kimya PC-S physical and mechanical characteristics taken from the 

supplier datasheets. [151] 
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3.2 Industrial 3D printers 
 

PC can be extruded using a common printer such as the Ultimaker S5, while the printing 

process of PEEK presents a unique challenge due to its high melting point of 343°C. This 

characteristic necessitates the use of high-performance industrial 3D printers specifically 

designed to handle such demanding temperatures. These advanced machines are equipped 

with robust heating systems and precise temperature controls to ensure consistent melting 

and extrusion of PEEK. This capability is crucial for achieving optimal material 

properties and dimensional accuracy, which are essential for applications in aerospace, 

automotive, and medical industries where superior mechanical strength and thermal 

stability of PEEK are leveraged. Investing in high-performance 3D printing technology 

for PEEK not only ensures reliable production but also unlocks the full potential of this 

polymer, paving the way for innovative and high-quality applications. 

The printer used for the first part of the present research is a Roboze Argo 500 (Figure 

3.2a). It is an advanced machine designed for industrial applications, known for its ability 

to print high-performance polymers and composite materials. It has a large build volume 

of 500 x 500 x 500 mm3, making it suitable for producing large parts or multiple smaller 

parts in a single print run. In addition, it is equipped with a heated chamber (up to 180°C) 

and a high-temperature extruder capable of reaching up to 500°C.  This enables the 

processing of high-performance materials that require high extrusion temperatures for 

optimal results. The Roboze Argo 500 offers repeatable and high-precision 3D production 

(precision of 10 µm) thanks to the patented Roboze Beltless System technology which 

replaces the rubber belts commonly used in the sector with mechatronic movement. The 

inserted mechatronic handling ensures 25 microns of construction on the X and Y axes. 

For the second part of this study, having used Carbon-PEEK as feeding material, a printer 

of smaller size and performance was used, the Roboze One+400 (Figure 3.2b). This is 

because, as mentioned in the previous paragraph, the thermal stability of Carbon-PEEK 

allows us to produce specimens with good precision without them deforming in the 

absence of a hot chamber. The differences compared to the Roboze Argo 500 are: heated 

print bed, unheated chamber and overall print volume of 300 mm x 200 mm x 200 mm 

(xyz). The heated printing bed in anticorodal 6082 with satin finish treatment is able to 
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reach 130°C for printing and holding the most complex technopolymers, guaranteeing 

thermal stability and adhesion. 

  

(a) (b) 

Figure 3.2: Roboze 3D printing machines: Argo 500 (a) and One+400 (b). [152] 
 

  



 

50 
 

3.3 Piezoelectric Direct Discharge (PDD) plasma 
 

Piezoelectric Direct Discharge (PDD) atmospheric plasma technology is an advanced 

method for generating low-temperature plasma at atmospheric pressure. [153] The core 

principle behind this technology is the use of a piezoelectric element to induce a 

discharge, which ionizes a gas - typically air or another process gas - creating a cold 

plasma. In this process, an alternating electrical signal is applied to a piezoelectric 

material, causing it to vibrate at high frequencies. These vibrations generate a rapid 

electrical discharge between the electrodes within the plasma device, which in turn 

ionizes the surrounding gas molecules. The ionization process produces a mixture of 

electrons, ions, and reactive species such as oxygen radicals, enabling the plasma to 

interact with material surfaces. [154] 

 

Figure 3.3: Reactive species in cold atmospheric plasma. 

 

This technology is particularly useful because it operates at room temperature and 

atmospheric pressure, eliminating the need for complex vacuum systems. The generated 

plasma is “cold,” meaning that the temperature remains low enough to treat heat-sensitive 

materials without damaging them. Cold atmospheric plasma is highly effective for a wide 

range of surface treatments, including cleaning, activation, and functionalization of 

various materials. [155] By modifying the surface chemistry, plasma can enhance 

adhesion properties, prepare surfaces for bonding or coating, and remove contaminants 

without using aggressive chemicals. PDD is primarily used in open discharge systems for 

treating non-conductive surfaces. Although PDD shares some characteristics with corona 

and dielectric barrier discharges, its uniqueness lies in the initiation of micro-discharges 

directly on the surface of the ceramic material, giving it distinct physical properties and 

a wide range of application possibilities. 
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The device used in this research is the Piezobrush PZ3 plasma torch, a compact and 

portable tool designed for small-scale and targeted plasma treatments. This device is built 

around the principle of piezoelectric direct discharge, enabling the generation of cold 

plasma from air or other gases without the need for an external gas supply. The discharge 

is produced using a piezoelectric cold plasma generator (PCPG), the CeraPlas F, which 

features a resonant piezoelectric transformer (RPT) capable of producing a voltage 

transformation ratio greater than 1000. This allows the generator to achieve output 

voltages exceeding 10 kV, while the input voltage remains below 25 V.  

 

Figure 3.4: Piezobrush® PZ3 plasma torch, used for the present research work. [86] 

 

In Korzec [153] overview, the key designs of PDD-based discharges are introduced, and 

the Piezobrush PZ3 torch is well described with a focus on the fundamental operational 

principles, critical performance characteristics, and examples of applications that take 

advantage of the unique properties offered by this plasma discharge. In addition, a 

description of the variation of the activation area as a function of various parameters is 

reported. In particular, the authors found a monotonous increase of the activation area 

with treatment time until a saturation of the area values for longer times is reached. The 

activation area can be maximum of 26 mm, even by a prolonged treatment time. The 

relationship between the activation area and the distance from the plasma source is also 

examined. The peak activation area occurs near the nozzle, specifically within a range of 

1,5 to 3,5 mm from the tip of the CeraPlas F. The activation area diminishes as the 

distance increases beyond 3,5 mm. All these considerations were taken into account when 

the design of experiment of the present research work was studied. 
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CeraPlas F 

Operating frequency  50 kHz 

weight 8 g 

Length x width x thickness 72 x 6 x 2,8 mm3 

Piezoelectric material PZT 

Maximum operating power 8 W 

Input capacity Cin ⁓ 2 µF 

Output capacity Cout ⁓ 3 pF 

 
Table 3.2: Parameters of the CeraPlas™F PCPG. [153] 

 

The Piezobrush PZ3 is particularly suitable for delicate applications, such as the treatment 

of polymer surfaces, biomedical samples, or sensitive electronics. [156] Its low-

temperature plasma ensures that materials are not exposed to excessive heat, making it 

ideal for applications where surface activation or cleaning is needed without the risk of 

thermal damage. Additionally, the PZ3 is user-friendly, offering ease of operation in 

laboratory or industrial environments, and provides an efficient, eco-friendly alternative 

to chemical treatments or high-energy plasma sources.  

Overall, piezoelectric direct discharge atmospheric plasma technology plays a crucial role 

in modern surface engineering and treatment applications, combining the benefits of cold 

plasma generation with the simplicity of piezoelectric-driven discharge at atmospheric 

conditions. 
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3.4 Characterization Methods 
 

3.4.1 Differential Scanning Calorimetry - DSC 
 

Differential Scanning Calorimetry (DSC) is a thermal analysis technique used to measure 

how  heat capacity of a material changes with temperature. The sample and a reference 

material are placed in two distinct holders (called “pans”)  in a DSC furnace, where the 

temperature is changed in a controlled manner. Often, the reference holder is left empty. 

In a DSC experiment, the sample and the reference are heated at a controlled rate under 

inert conditions (nitrogen flow), and the heat flow required to maintain the same 

temperature in both pans is recorded. The temperature difference between the sample and 

the reference is then measured as a function of the applied temperature, providing 

information on thermal transitions such as melting, crystallization, and glass transition. 

 

Figure 3.5: Scheme of DSC experimental setup. [157] 

 

These transitions reflect changes in the physical state or structure of the material as it is 

heated or cooled. The principal transitions include: 

• Glass Transition (Tg): this is a second-order transition observed in amorphous or 

semi-crystalline materials like polymers. It represents the temperature at which a 

material transitions from a hard, glassy state to a softer, rubbery state. During Tg, 

there is no latent heat involved, so it appears as a step change in the heat capacity 

(baseline shift) on a DSC scan. 
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• Melting Point (Tm): this first-order transition occurs in crystalline or semi-

crystalline materials and represents the temperature at which a solid material melts 

into a liquid. It shows up as an endothermic peak, where heat is absorbed as the 

crystalline regions break down. 

• Crystallization (Tc): this is an exothermic process where the material cools and 

transforms from a disordered (amorphous) state into a more ordered (crystalline) 

structure. This typically appears as an exothermic peak during cooling after the 

material has been melted. 

• Cold Crystallization (Tcc): In some polymers, crystallization may occur upon 

reheating, rather than during cooling. This is referred to as cold crystallization, 

and it shows up as an exothermic peak during the heating cycle after glass 

transition and before the crystallization temperature. 

• Decomposition: at high temperatures, materials may start to chemically 

decompose. This is often accompanied by a significant endothermic or exothermic 

signal, depending on the decomposition process. It usually appears as a large, 

broad peak at the higher end of the temperature range.  

 

 

Figure 3.6: Typical DSC scans for a semicrystalline polymer. 
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Each of these transitions provides valuable insights into the thermal behavior and stability 

of materials, aiding in their characterization and optimization for various applications. 

DSC is widely used to characterize the thermal properties of polymers, helping to assess 

material stability, phase transitions, composition and heat capacity. All these information 

allow to identify the type of material (thermoplastic/thermoset, amorphous/crystalline). 

For semicrystalline polymers, is it also possible to calculate the degree of crystallinity (χ) 

from the enthalpies of endothermic and exothermic peaks using the following equation: 

[158] 

 𝜒 =  
∆𝐻𝑚 − ∆𝐻𝑐𝑐

∆𝐻𝑚
100%

∙ 100% Eq. 5 

   

 

where: 

 

χ is the crystallinity degree (%); 

∆𝐻𝑚 is the melting Enthalpy (J/g); 

∆𝐻𝑐𝑐 is the Enthalpy related to the cold crystallization (J/g); 

∆𝐻𝑚
100% is the melting Enthalpy of PEEK with χ value equal to 100% (it is about 130 

J/g). 

 

Figure 3.7: The DSC 250 machine from TA instruments used for this thesis work. [159] 

 

3.4.2 Optical Microscopy 
 

The optical microscope is a widely used tool in material science, and various other fields, 

for magnifying small objects and structures that are invisible to the naked eye. By using 

visible light and a series of lenses, it allows detailed observation of a sample’s surface 
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and internal features, often down to the micrometer or sub-micrometer scale. Optical 

microscopes are very useful for examining material surfaces and characterizing 

microscopic structures such as fibers, grains, and defects in engineering materials. The 

imaging by optical microscopy is most commonly performed in either reflection or 

transmission modes.  

 

Figure 3. 8: Scheme of operation of an optical microscope. [160] 
 

In reflection mode microscopy, light is directed onto the surface of the sample, and the 

reflected light is collected and analyzed to produce an image. This mode is particularly 

useful for studying opaque or reflective samples, such as metals, semiconductors, plastics 

or ceramics. Unlike transmission mode, where light passes through a transparent sample, 

reflection mode captures light bouncing off the surface, revealing details about surface 

topography, texture, and microstructure. This technique is often used for inspection and 

failure analysis of materials. 

In this study a Hirox RH – 2000 digital Optical Microscope was used in reflection mode 

to examine the surfaces of the samples and evaluate the presence of voids and defects, the 

alignment of the carbon fibers in the 3D printed samples and the failure modes of the 

mechanically tested samples. 

 

Figure 3.9: Hirox RH – 2000 digital Optical Microscope. [161] 
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3.4.3 Scanning Electron Microscopy 
 

Scanning Electron Microscopy (SEM) is a powerful imaging technique that employs a 

focused beam of electrons to produce highly detailed images of a material's surface. 

Unlike conventional optical microscopes, which rely on visible light to magnify objects, 

SEM uses electrons to interact with the surface of a sample. This approach allows for 

significantly greater resolution (typically ranging from 1 to 20 nanometers, depending on 

the instrument and operating conditions) and depth of field, revealing the complex 

features of surface topography at the micro and nanoscale. The resolution is influenced 

by several factors, such as the accelerating voltage of the electron beam (typically it 

ranges between 1 and 30 keV), the working distance, and the nature of the sample itself. 

Higher accelerating voltages often yield better resolution but can also increase the risk of 

sample damage, especially in delicate or non-conductive materials. The latter are more 

difficult to analyze  due to charging and beam damage, for this reason it is necessary to 

deposit a thin metallic coating (e.g. gold) by sputtering and grounding the sample before 

the analysis. 

 

Figure 3.10: Schematic representation of a scanning electron microscope. [162] 
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The process begins with the emission of a high-energy electron beam generated by either 

a thermionic emitter (such as tungsten or LaB₆ filament) or a field emission gun (FEG). 

FEGs provide the highest resolution due to their small spot size. Electromagnetic lenses 

focus the electron beam generated from the filament on the surface of sample. To prevent 

electron scattering and contaminations, the sample is located in a high vacuum chamber. 

As the electrons make contact with the surface, they interact with the atoms, generating 

various signals, including secondary electrons, backscattered electrons, and X-rays. 

These signals are captured by specialized detectors, which convert them into detailed 

images that provide valuable insights into the sample's surface structure, composition, 

and other key properties. The secondary electron detector (SE) is the most common, 

providing detailed topographical information by collecting low-energy electrons emitted 

from the surface. For compositional contrast, the backscattered electron detector (BSE) 

captures high-energy electrons that reveal atomic number differences, with heavier 

elements appearing brighter. The energy dispersive spectroscopy (EDS) detector 

measures X-rays emitted from the sample, enabling elemental analysis and mapping. 

Additional detectors like cathodoluminescence (CL) and electron backscatter diffraction 

(EBSD) provide insights into optical properties and crystallographic structure, 

respectively, while in-lens detectors in advanced SEMs allow high-resolution surface 

imaging. 

 

Figure 3.11: High-resolution Field Emission Scanning electron microscope (SEM), ZEISS Sigma 300 VP, used in the 
present thesis work. [163] 

 

SEM finds extensive use in a range of fields. In material science, it is indispensable for 

studying the surface morphology and microstructure of diverse materials, from metals to 

advanced polymers, often in three-dimensional detail. Additionally, in the field of 

nanotechnology, SEM allows researchers to closely examine nanoscale materials like 

nanoparticles and nanowires, shedding light on their unique properties and potential 
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applications.  In both research and industry, SEM serves as an essential tool for 

uncovering the fine details of a material's surface, playing a critical role in innovation, 

quality control, and scientific discovery. 

3.4.4 Fourier Transform Infrared Spectroscopy 
 

Fourier Transform Infrared (FT-IR) spectroscopy is a powerful analytical technique used 

to identify chemical compounds by measuring the infrared light absorbed by a sample. 

Infrared light causes the vibrational transitions in molecular bonds, and each type of bond 

produces a characteristic absorption spectrum. This technique uses interferometry to 

record information about a material placed in the IR beam An FTIR spectrum is generated 

by converting interferograms into identifiable spectra. Patterns in spectra help identify 

the sample, since molecules exhibit specific IR fingerprints, FT-IR enables the detection 

of them, making it an essential tool for identifying materials, analyzing chemical 

structures, and monitoring changes in composition. The Fourier Transform produces 

spectra that can be utilized by analysts for material identification or quantification. 

 

Figure 3.12: A schematic representation of a Michelson’s interferometer used in FTIR spectroscope. [164]  

 

In FT-IR spectroscopy, the sample is exposed to a broad range of infrared light, typically 

between 400 and 4000 cm-1 corresponding to mid-infrared frequency range. The resulting 

absorption spectrum is transformed using Fourier transform mathematics to provide 

detailed information about the molecular structure of the sample. This technique is widely 

used in materials science, chemistry, and biology for applications such as quality control, 

environmental analysis, and pharmaceutical development. 
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Range Wavelength (µm) Frequency (cm-1) Molecular interactions 

Near Infrared 

(NIR) 
0,7-2,5 14285-4000 

Electronic transitions in 

atoms and molecules; 

combinations and 

overtones of vibrational 

modes 

Mid Infrared 

(MIR) 
2,5-25 4000-400 

Fundamental vibrational 

modes of molecules; 

rotational modes of 

gases 

Far Infrared (FIR) 25-1000 400-10 

Group vibrational modes 

of molecules and 

lattices; fundamental 

vibrational modes 
 

Table 3.3: The principal divisions of the infrared spectrum.  

 

One of the most common modes of FT-IR analysis is Attenuated Total Reflectance 

(ATR), which allows for easier sample preparation and analysis. In ATR mode, the 

infrared light is deflected towards a crystal with a high refractive index, typically diamond 

or zinc selenide. The light reflects off the internal surface of the crystal at the point where 

the sample is in contact, penetrating only a few microns into the sample and creating an 

evanescent wave. When the sample absorbs energy of particular wavelength in the IR 

spectrum, the evanescent wave experiences attenuation. The attenuated beam travels back 

to the crystal, exits from the opposite side, and is then directed toward the detector of the 

infrared spectrometer. The detector receives IR signals as interferograms which are 

converted into peaks of the IR absorption (or transmission) spectrum using the Fourier 

transform. 

 

 

Figure 3.13: Schematic representation of ATR FTIR operating mode. 
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ATR-FTIR is particularly useful because it requires minimal or no sample preparation, 

and it is capable of analyzing solids, liquids, and gels without complex sample handling.  

This makes ATR ideal for analyzing hard-to-handle materials like powders or polymers. 

For solid samples, they are often pressed into a thin film or mounted directly on the ATR 

crystal. Liquid samples can be placed directly on the crystal without dilution, while 

powders are typically compacted or pressed to ensure good contact with the crystal 

surface. The simplicity of sample preparation, combined with the high sensitivity of the 

ATR-FTIR method, makes it a highly versatile and efficient technique for characterizing 

a wide range of materials. 

 

Figure 3.14: Spectrum Two PerkinElmer FTIR spectrometer used in this work. [165] 

 

3.4.5 Tensile Test 
 

A tensile test is a fundamental mechanical test used to determine how a material reacts 

when it is subjected to a uniaxial pulling force. The test provides crucial data about the  

strength, elasticity, and ductility of materials, making it essential in evaluating materials 

used in engineering, manufacturing, and construction. 

The tensile specimen is usually shaped like a dog bone, with a wider grip section at both 

ends and a narrower gauge section in the middle. The gauge section is the critical area 

where the tensile test focuses, as it experiences the most stress and eventual failure. The 

dimensions of the specimen are standardized, often according to ASTM or ISO standards, 

to ensure consistency in testing and comparability of results. These standards dictate the 

sample’s geometry, including its length, width, and thickness, depending on the material 

type. Typically, the ASTM D638 is the standard used for the tensile test of plastics, but 
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in our case, since the samples were printed layer by layer, it was preferred to follow the 

standard for composite laminates, the ASTM D3039.  

Once the specimen is prepared, it is mounted in the grips of a tensile testing machine, 

which applies a controlled, increasing tensile load.  

As the machine pulls the sample, it records the force applied and the elongation or strain 

in the material. The test continues until the sample breaks, and the machine records data 

throughout this process. 

 

Figure 3.15: Tensile stress-strain curve and shapes of the specimen changing during test. [166] 

 

Tensile testing is widely used to measure properties like tensile strength, yield strength, 

and elongation at break. Tensile strength, the maximum stress that the material can 

withstand before breaking, is a critical parameter for assessing the  suitability of  a 

material in load-bearing applications. Engineers and designers use this information to 

predict how materials will perform under real-world conditions, such as in bridges, 

buildings, or aircraft.  
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Figure 3.16: MTS machine, model 370.25 Landmark Load Frame, used in the present research study. [167] 

 

Stress-strain curves are obtained considering the following definitions of Stress “σ” and 

strain “ε”: 

 

 

 

where: 

Fi is the instantaneous load applied perpendicular to the specimen cross-section (in N)  

A0 is the original cross-sectional area before the application of load (in mm2)  

li is the instantaneous gauge length  

l0 is the original gauge length before the application of load 

The tensile strength is obtained from the maximum stress point corresponding to the 

maximum force (Fmax) that the specimen withstood before failure. This calculation 

provides the tensile strength in megapascals (MPa), a standard unit for measuring material 

strength. The Young’s modulus “E”, that is the modulus of elasticity, is given by the slope 

of the initial linear part of the σ-ε curve before the yield point: 

 𝐸 =
𝜎

𝜀
 Eq. 8 

 

 
𝜎 =  

𝐹𝑖

𝐴𝑜
 Eq. 6 

 

 𝜀 =  
𝑙𝑖 − 𝑙0

𝑙0
=  

𝛥𝑙

𝑙0
 Eq. 7 
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The tensile test offers essential insights into the mechanical behavior of materials, 

particularly their ability to endure tensile forces. It is indispensable in ensuring that 

materials used in critical applications meet the required strength and safety standards. 

3.4.6 Single Lap Shear Test 
 

The single lap shear test is a widely utilized method for evaluating the adhesive strength 

of bonded joints, particularly in composites and polymer-based materials. This test 

measures the shear strength of an adhesive bond between two substrates by subjecting the 

bonded specimen to a tensile force until failure occurs. The test is especially relevant in 

industries where materials are bonded together rather than mechanically fastened, such 

as in aerospace, automotive, and construction, as it provides critical insights into the  load-

bearing capabilities of bonds. 

In preparing a specimen for the single lap shear test, two flat, rectangular strips of material 

are typically used. These strips, referred to as the adherends, are often composed of metal, 

composite, or polymeric materials, depending on the application being studied. The 

length of the overlap between the two strips is crucial for the test, as it directly influences 

the stress distribution during loading. The adherends are bonded together over a defined 

overlap area using an adhesive of interest. Precise control of bond line thickness is 

important to ensure uniform stress distribution across the bonded area. The adhesive is 

allowed to cure fully according to the manufacturer's specifications, and the specimen is 

then ready for testing. 

Once the specimen is prepared, it is clamped into the grips of a tensile testing machine, 

which pulls the adherends in opposite directions, parallel to the bond line. As the tensile 

force increases, shear stress develops at the adhesive interface. The force at which the 

bond fails, or the maximum load sustained before failure, is recorded as the lap shear 

strength of the adhesive. The failure mode - whether cohesive (within the adhesive), 

adhesive (at the interface), or substrate failure - can provide further insight into the 

performance of the adhesive. 
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Figure 3.17: Typical shape of single lap shear specimen and scheme of testing set-up. 

 

The single lap shear test is widely used for characterizing the mechanical properties of 

adhesive bonds because it mimics the real stresses that bonded joints may encounter in 

service. It is particularly useful for evaluating the shear strength of adhesives under 

various conditions, such as temperature, humidity, or aging, allowing engineers to select 

appropriate adhesives and bonding processes for their specific applications. Although the 

test provides valuable data, it should be noted that the stress distribution in the lap shear 

configuration is not uniform, leading to stress concentrations at the ends of the overlap, 

which can affect the interpretation of results. Nevertheless, the single lap shear test 

remains a fundamental technique for assessing adhesive performance and optimizing 

bonded joint designs. 

3.4.7 Compression Test 
 

A compression is a key mechanical test that helps to understand how materials respond 

when subjected to compressive forces. In this test, a material sample is subjected to 

controlled force until it deforms or fractures, allowing for the measurement of properties 

such as compressive strength, modulus of elasticity, and yield strength. The test provides 

insights into how materials perform under compressive stress, which is critical for 

applications where materials are expected to withstand squeezing or compressive forces, 

such as in structural components. The compression test of lattice structures is an essential 

method for assessing the mechanical properties of lightweight, cellular materials used in 

high-performance applications. Lattice structures, which are often designed with 

repeating geometric patterns, are employed in aerospace, biomedical, and automotive 
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industries due to their exceptional strength-to-weight ratio. The purpose of the 

compression test is to evaluate the mechanical stability and load-bearing capacity of the 

lattice under compressive forces, simulating conditions they may encounter in real-world 

applications. In this research study, different ASTM standard were considered. Initially, 

ASTM D695, the established testing method for the compressive characteristics of rigid 

plastics, was utilized to compare the mechanical compressive properties of lattice  

structures having different infill percentages and the 100% filled structures. 

Subsequently, the ASTM C365 - the standard test method for flatwise compressive 

properties of sandwich cores - was used to evaluate the compressive behavior of cubic 

samples in the x, y and z directions. 

The specimen for a compression test consists of a prism/cubic or cylindrical lattice 

structure made from the material of interest. The dimensions and geometry of the lattice 

are carefully selected based on the intended application, as these parameters strongly 

influence the mechanical behavior under compression. To prepare for testing, the 

specimen is positioned between the plates of a universal testing machine. The plates apply 

a compressive force uniformly across the top and bottom surfaces of the lattice, gradually 

increasing until the structure deforms or fails. These are generally very complicated tests 

due to the fact that between the specimen and the machine plates the friction creates 

tangential tensions which introduce a three-dimensional state of tension (also creating the 

barreling phenomenon). 

 

Figure 3.18: Compression test setup and compressive fracture modes. 

 

During the test, load and displacement data are recorded to determine key properties such 

as compressive strength and elastic modulus. These properties, calculated using the same 

equations expressed for tensile strength and Young’s modulus, are critical for 
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understanding how the lattice will perform under various loading conditions. The 

deformation behavior of the lattice is often of particular interest, as it can involve 

buckling, local collapse, or densification depending on the material and geometry. The 

failure mode - whether it is gradual collapse or sudden brittle failure - provides insight 

into the structural integrity and potential applications of the lattice. 

 

Figure 3.19: Instron 5582 universal testing machine used for this research. [168] 

 

Compression tests of lattice structures are useful in optimizing designs for lightweight, 

load-bearing components. By evaluating how different geometries and materials respond 

to compressive forces, it is possible to refine lattice designs for enhanced mechanical 

performance. 

3.4.8 Impact Test 
 

The low-velocity impact test using the drop-weight method is a crucial technique for 

assessing the impact resistance and damage tolerance of sandwich structures, which are 

widely used in aerospace, marine, and automotive industries. Sandwich structures 

typically consist of two stiff outer face sheets bonded to a lightweight, energy-absorbing 

core, such as a foam or honeycomb. These structures are designed to withstand dynamic 

loads while maintaining a low weight, making them ideal for applications where strength 

and stiffness are required alongside energy absorption capabilities. The drop-weight 

impact test simulates impact events, such as tool drops or debris strikes, by subjecting the 

sandwich structure to a controlled impact at low velocity. 
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Typically, in preparing the specimen for testing, a sandwich panel is fabricated with 

carefully chosen materials for the face sheets and core, as the material combination 

directly affects the impact performance. The panel is clamped securely within a fixture to 

prevent movement during the test. A drop-weight tower is used, in which a weight with 

a specified mass is raised to a set height and then released, striking the surface of the 

specimen with a known kinetic energy. Both the drop height and the weight of the 

impactor are modified according to the required impact energy. 

Upon impact, the energy is transferred to the sandwich structure, causing stress waves to 

propagate through the material. Data such as impact force, deformation, and energy 

absorbed by the specimen are recorded. The typical representation of impact data is the 

Impact Force-Time history. 

 

Figure 3.20: Impact Force vs time history  from ASTM D7136. 
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Figure 3.21: Drop-weight Low velocity impact machine (a), scheme of the clamping system (b),  from ASTM D7136. 

 

After the impact, the damage to the specimen is analyzed, focusing on failure modes such 

as core crushing, face sheet delamination, and core-face debonding. The extent of damage 

provides valuable insights into the ability of the sandwich structure to absorb energy and 

resist failure during impact events. To study the impact behavior of 3D printed sandwich 

structures, the ASTM D7136 standard was followed and the Instron Ceast 9350 machine 

was used. 
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Figure 3.22: Instron Ceast 9350 drop-weight impact machine. [169] 

 

This test is particularly important in safety-critical applications where the structural 

integrity of a component must be maintained after an impact, ensuring the continued 

performance of the structure in service. 

3.4.9 Compression after Impact Test 
 

The Compression After Impact (CAI) test is a critical method used to evaluate the residual 

compressive strength of composite materials and structures after they have been subjected 

to an impact event. This test is particularly important in industries such as aerospace, 

automotive, and defense, where materials are often exposed to impacts during service, 

and their ability to withstand compressive loads after damage can be crucial to structural 

integrity. Composite materials, while strong and lightweight, can suffer internal damage 

- such as delamination or matrix cracking - after an impact, which may not be immediately 

visible but can significantly degrade their mechanical properties. The CAI test provides 

a quantitative measure of how much compressive strength is retained after impact damage 

has occurred. 

To perform the CAI test, a panel or laminate is first subjected to a controlled impact using 

methods like the low-velocity impact test or drop-weight test. The impact creates 

localized damage, typically in the form of a dent, delamination, or fiber breakage, without 

completely penetrating the specimen. After the impact, the panel is carefully inspected, 
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often using non-destructive techniques such as ultrasonic C-scanning, to assess the extent 

of internal damage. Once the damage is characterized, the specimen is prepared for 

compression testing. 

The impacted specimen is placed into a specially designed fixture that supports the panel 

along its edges to prevent buckling during the test. The compressive load is gradually 

increased until the panel fails, with the maximum compressive load sustained before 

failure being recorded as the residual compressive strength. The failure mode is also 

observed, which can include delamination propagation, fiber buckling, or matrix 

cracking, depending on the material system and the extent of the impact damage. The 

ASTM D7137 is the standard followed in this study using a MTS Insight machine for 

testing 3D printed sandwich panels. 

 

Figure 3.23: Tool used for CAI test. [170] 

 

The CAI test is essential for understanding the durability and safety of composite 

structures in service, particularly in applications where unexpected impacts may occur, 

such as aircraft fuselages, automotive body panels, or sporting goods. By comparing the 

residual compressive strength to the original (undamaged) strength, it is possible to 

quantify the impact tolerance and optimize designs for improved damage resistance and 

post-impact performance. This test is also useful to validate material models and predict 

the behavior of composites under combined impact and compressive loading conditions. 
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3.4.10 Damage Indentation 
 

The measurement of damage indentation using a comparator is a non-destructive 

inspection technique widely employed to assess the surface-level damage in materials, 

particularly composites, after impact events. This method is often used in quality control 

and post-impact evaluations to determine the severity of a visible dent or deformation 

caused by an impact. Accurate measurement of these indentations is critical for assessing 

the need for repairs or further inspection. 

The process involves the use of a mechanical depth comparator, which is a precision 

instrument designed to measure the depth of surface deformations. A typical comparator 

consists of a base plate and a dial gauge or digital indicator with a probe. To begin the 

measurement, the comparator is positioned on the surface of the impacted specimen, 

ensuring that the base plate is level and rests on the undamaged area around the 

indentation. The probe is then carefully lowered into the center of the damaged area, and 

the depth of the indentation is recorded. This process is often repeated at multiple points 

within and around the damaged region to obtain a clear profile of the indentation and 

ensure that the deepest point is accurately captured. For this scope, a Mitutoyo Absolute 

comparator was used. 

 

Figure 3.24: Mitutoyo Absolute comparator. 

 

The depth and size of the indentation provide important initial information about the 

extent of damage to the material. While small indentations might not indicate significant 

internal damage, larger or deeper indentations often correlate with more severe damage 

such as delamination or matrix cracking in composite materials. This data is used to 

determine if further non-destructive testing, such as ultrasound inspection, is necessary 
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to evaluate the internal damage more thoroughly. In practice, the comparator method is a 

quick and reliable way to quantify surface damage, helping maintenance teams decide on 

the next steps in the inspection or repair process. 

3.4.11 Ultrasound inspection 
 

Ultrasound inspection is a non-destructive testing (NDT) technique used to detect internal 

damage within materials that may not be visible on the surface. This method is 

particularly valuable for identifying subsurface defects such as delamination in 

composites, voids, cracks, and inclusions which can occur during the manufacturing 

process or after a damage event. Ultrasound inspection is a preferred technique in 

industries such as aerospace and automotive because it provides detailed insight into 

material internal condition without causing further damage to the specimen. 

The process of ultrasound inspection begins by applying a coupling medium, typically a 

gel or liquid, to the surface of the specimen. This coupling medium ensures efficient 

transmission of the ultrasonic waves from the transducer into the material. A handheld or 

automated ultrasound transducer, which emits high-frequency sound waves, is then 

placed on the surface of the specimen. The transducer sends these sound waves through 

the material, and when the waves encounter a boundary, such as a void or defect, they are 

reflected to the transducer. The time it takes for the sound waves to return is measured 

and used to determine the location and size of internal defects. 

In ultrasound inspection, several configurations can be used depending on the type of 

material and the nature of the defects being investigated. The most common 

configurations are transmission, reflection (pulse-echo), and through-transmission 

modes. Each configuration has its advantages and is chosen based on the specific 

inspection requirements, material type, and the nature of the expected defects. 

 

 

Figure 3.25: Ultrasonic sensing mode (a) transmission; (b) pitch catch; (c) pulse-echo. [171] 
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Through-transmission mode, on the other hand, involves two separate transducers placed 

on opposite sides of the specimen. One transducer emits the ultrasonic waves, and the 

other receives the waves that pass through the material. This configuration is highly 

sensitive to defects that block or disrupt the sound waves, such as large voids or 

inclusions, but it requires access to both sides of the material, which may not always be 

feasible. 

In pulse-echo mode, the transducer acts as both the transmitter and receiver of the 

ultrasonic waves. The sound waves are sent into the material, and the same transducer 

detects the reflected waves when they encounter internal features. This method is widely 

used for detecting internal defects from a single side of the specimen and is effective for 

locating flaws such as cracks and delamination. 

Another configuration is pitch-catch mode, where two transducers are positioned on the 

same side of the specimen. One transducer emits the ultrasound waves, while the other 

receives the waves after they have interacted with internal features. This method can be 

advantageous for detecting defects near the surface or in cases where reflection from 

internal boundaries is weak. 

The data collected during the ultrasound inspection is visualized in the form of A-scans, 

B-scans, or C-scans, depending on the level of detail required. A-scans provide a one-

dimensional representation of the wave reflections, B-scans give a cross-sectional view 

of the material, and C-scans offer a two-dimensional image showing the distribution of 

defects within the specimen. This information allows inspectors to precisely locate and 

quantify internal damage, such as the extent of delamination or voids beneath the surface, 

which are not detectable through visual inspection alone. For the present research, the 

ultrasounds inspection was performed in transmission configuration (TTU).  



 

75 
 

4 Influence of process parameters on physical and 

mechanical features of PEEK printed parts 
 

The process of Fused Filament Fabrication (FFF) with polyether(etherketone) (PEEK) 

presents significant challenges due to its high melting point and viscosity, which require 

elevated printing temperatures and careful optimization of various parameters. In this 

chapter, the effects of printing speed, nozzle temperature, and chamber temperature on 

the crystallinity and tensile properties of the material are analyzed. The findings 

demonstrated that it is possible to control the structural properties of 3D printed PEEK, 

which are closely linked to its tensile performance. Notably, the chamber temperature had 

the greatest impact on the degree of crystallinity, which directly influences the material 

tensile behavior. As the crystallinity increases, the material becomes stiffer. Additionally, 

both printing speed and nozzle temperature play critical roles in minimizing voids within 

the printed parts, thereby enhancing tensile strength. 

4.1  Design of Experiment 
 

The Roboze PEEK filament was used as the feed material for the Roboze Argo 500 3D 

printer. This filament has a standard diameter of 1,75 mm, a glass transition temperature 

(Tg) of 143°C, a melting temperature (Tm) of 343°C, and a density of 1,30 g/cm³. The 

Roboze Argo 500 printer offers several advanced features, well described in Chapter 3, 

paragraph 3.2. 

To investigate how certain process parameters could enhance mechanical properties and 

minimize voids in printed parts, the following variables were selected for examination: 

• Nozzle Temperature: Three different nozzle temperatures - 440°C, 450°C, and 

460°-were tested. These temperatures were chosen because the filament supplier 

recommends extrusion temperatures around 100°C higher than the filament’s 

melting temperature. 

• Chamber Temperature: Three chamber temperatures - 100°C, 130°C, and 

160°C- were explored to assess the performance both below and above the glass 

transition temperature. 
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• Printing Speed (Sp): Four printing speeds - 1200 mm/min, 1500 mm/min, 2000 

mm/min, and 2600 mm/min - were selected. The first two slower speeds were 

aimed at reducing defects, while the faster speeds were considered to optimize 

production time, particularly for industrial applications. 

Additional Test Condition: to further evaluate the quality of the extruded material under 

more energetically convenient conditions, printing was also tested with the chamber at 

ambient temperature (25°C) and the nozzle at 450°C. 

Other process parameters used for printing all samples are listed in Table 4.1. It must be 

noted that the print direction (raster angle) was chosen of 0° with respect to the loading 

direction, according to Rahman and Arif results. [64] [65] 

 

Process Parameters 

Nozzle diameter 0,4mm 

Raster angle 0° 

Bottom layers 4 

Bottom layer orientations -45°/+45° 

Walls number 2 

Layer thickness 0,225mm 

Infill density 100% 

Infill pattern Lines 

 
Table 4.1: Process parameters used to 3D print all samples. 

 

These experiments were designed to determine the optimal combination of conditions to 

improve the crystallinity, mechanical properties, and overall quality of FFF printed PEEK 

parts. A summary of the experimental design is provided in Table 4.2, where Tn, Sp, and 

Tch represent nozzle temperature, printing speed, and chamber temperature, respectively, 

along with the nominal number of samples printed for each condition (N). The sample 

dimensions for the tensile test are 4.05 mm x 25.4 mm x 254 mm. The final g-code for 

the printing process was generated using Simplify 3D software. The ASTM D3039 

standard was chosen for the tensile test due to its relevance, as it mirrors the layer-by-

layer deposition method used in standard laminates. Additionally, the extruded filaments 

in 3D printing behave similarly to unidirectional fibers in a composite when subjected to 

tensile stress.  
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Tn 

 (°C) 

Sp 

(mm/min) 

Tch 

(°C) 
N 

440 

1200 

100 4 

130 4 

160 4 

1500 

100 4 

130 4 

160 4 

2000 

100 4 

130 4 

160 4 

2600 

100 4 

130 4 

160 4 

450 

1200 

100 4 

130 4 

160 4 

1500 

25 4 

100 4 

130 4 

160 4 

2000 

25 4 

100 4 

130 4 

160 4 

2600 

25 4 

100 4 

130 4 

160 4 

440 

1200 

100 4 

130 4 

160 4 

1500 

100 4 

130 4 

160 4 

2000 

100 4 

130 4 

160 4 

2600 

100 4 

130 4 

160 4 
 

Table 4.2: Test matrix. 

 

In addition to tensile test samples, smaller specimens were printed for analysis using 

Differential Scanning Calorimetry (DSC). Once printing was complete, all specimens 

were removed from the build plate, and the supports were machined off using CNC 

equipment. To prepare the samples for mechanical testing, aluminum alloy (EN AW 

6082) tabs were bonded to the specimens using a two-component epoxy adhesive 
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(Araldite 2031-1, Huntsman). Figure 4.1 (c) presents an image of a typical specimen, 

fully prepared and ready for tensile testing. 

 

Figure 4.1: Scheme of the specimen for ASTM D3039 tensile test (a), 3D printed specimens for tensile test as built (b) 
and after machining and tabs attachment (c). [172] 

 

All mechanical tests were conducted using an MTS machine (model 370.25 Landmark 

Load Frame) equipped with a 250 kN load cell. The Young’s Modulus (E) for each test 

was measured using an extensometer. The tensile tests were performed at room 

temperature with a constant rate of 2 mm/min. Mechanical performance was assessed and 

compared based on Tensile Strength (MPa) and Young’s Modulus (MPa). Tensile 

Strength was calculated as the ratio of the maximum load to the specimen's cross-

sectional area, while Young’s Modulus was determined from the slope of the linear 

portion of the stress-strain curve obtained from extensometer data. 

 To examine the internal structure of the specimens, cross-sectional images were captured 

using an Optical Microscope (OM). The samples were cut perpendicular to the filament 

deposition direction with a miter saw using a cooling medium and then mechanically 

polished. The polished surfaces were analyzed with a Hirox RH – 2000 digital Optical 

Microscope. 

The thermal properties and degree of crystallinity (χ) of the material were evaluated for 

all samples as well as for the virgin PEEK filament using Differential Scanning 

Calorimetry (DSC) with a DSC 250 machine from TA instruments. The DSC tests were 

conducted from 50°C to 400°C with a heating rate of 10°C/min, under a nitrogen flow of 

50 ml/min. 
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4.2 Results and Discussion 
 

4.2.1 Thermal Characterization 
 

The thermal properties of both PEEK filament and printed specimens were assessed 

through Differential Scanning Calorimetry (DSC) to examine how the printing process 

affects the material. Initially, DSC analysis was performed on the unprocessed filament 

to establish a baseline for comparison. This allowed us to compare the characteristic 

temperatures and degree of crystallinity with those of the specimens after printing. The 

results for the raw filament are detailed in Table 4.3, where Tg, Tm, Tc, and χ represent 

the glass transition temperature, melting temperature, crystallization temperature, and 

degree of crystallinity, respectively.  

Tg 

(°C) 

Tm 

(°C) 

Tc 

(°C) 

χ 

(%) 

χ std.dev. 

(%) 

149 332 289 27,6 1,6 
 

Table 4.3: Crystallinity degree and transition temperatures of raw PEEK filament from DSC scans. 

 

DSC analyses were performed on all samples according to the test matrix outlined in 

Table 4.2. The impact of chamber temperature on the crystallinity of PEEK was first 

examined with the nozzle temperature held constant at 450°C. The four chamber 

temperatures chosen for this analysis were: room temperature (25°C), achieved without 

heating the chamber; two temperatures below the glass transition temperature (Tg ≈ 

145°C) of 100°C and 130°C; and the highest available temperature of 160°C, which is 

above the PEEK Tg. 

The most challenging condition was at a chamber temperature of 25°C, due to the 

significant temperature gradient between the chamber and the nozzle. This resulted in 

rapid cooling of the extruded filament, increasing the risk of nozzle clogging and process 

failure. [173] [174] Despite using a nozzle temperature of 450°C and printing speeds 

above 1200 mm/min to mitigate clogging risks, prints at 25°C were not successful. The 

residual stresses within the samples prevented proper adhesion to the printing bed, often 

resulting in warped or distorted parts (see Figure 4.2). Consequently, for the nozzle 

temperatures of 440°C and 460°C, only the other three chamber temperatures -100°C, 

130°C, and 160°C-were analyzed, as indicated in Table 4.2. 
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Figure 4.2: Interruption of the printing process due to corrugation and detachment of the specimen from the build 
plate. 

 

Figure 4.3 displays the DSC scans for samples printed with a nozzle temperature of 450°C 

and a printing speed of 2000 mm/min, highlighting the thermal transitions of the material 

as the chamber temperature varies. The graph shows a significant point at 143°C, which 

corresponds to the glass transition temperature (Tg) of the material. An endothermic peak 

around 330°C is associated with the melting temperature (Tm) of the material. 

Additionally, samples printed at chamber temperatures of 25°C, 100°C, and 130°C 

exhibit an extra exothermic peak around 170°C, indicating cold crystallization. This 

occurs because the heat during the DSC test enhances polymer chain mobility, leading to 

the formation of additional crystalline domains in samples with amorphous regions that 

are capable of crystallizing. The initial crystallinity of these samples was calculated from 

the melting and cold crystallization enthalpies (Eq. 5), and the results are detailed in Table 

4.4. Key observations from these results, including the main effect and interaction plots 

shown in Figure 4.4, are as follows: 

• Influence of Printing Speed: Increasing the printing speed to Sp > 1500 mm/min 

results in decreased crystallinity. This is because faster extrusion cools the 

material more quickly, leaving less time for polymer chains to organize into 

crystalline domains. The effect on crystallinity is less pronounced at a nozzle 

temperature of 460°C. 

• Influence of Chamber Temperature: Generally, a higher chamber temperature 

leads to increased crystallinity. This occurs because a warmer chamber reduces 

the temperature difference between the extruded material and the environment, 

allowing the polymer chains to cool more slowly and form more crystalline 

domains. Interaction plots (Figure 4.4 a) show that at a chamber temperature of 
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130°C, the impact of printing speed on crystallinity is reduced, while at 160°C, 

the effect of nozzle temperature is significantly diminished. 

• Influence of Nozzle Temperature: Evaluations were made at three chamber 

temperatures: 100°C, 130°C, and 160°C. Typically, a larger temperature 

difference between the chamber and the nozzle results in lower crystallinity due 

to faster cooling rates of the extruded filament. Increasing the nozzle temperature 

from 440°C to 450°C generally leads to decreased crystallinity, but a further 

increase to 460°C results in a slight increase in crystallinity. This effect is less 

noticeable at higher chamber temperatures (see Figure 4.4 a) due to the smaller 

temperature difference. At a nozzle temperature of 450°C, chamber temperature 

has a more significant impact on crystallinity. 

From the main effect plot (Figure 4.4 b), it is evident that printing speed and chamber 

temperature are the most influential factors on crystallinity. Higher chamber temperatures 

significantly increase the degree of crystallinity, aligning with Yang et al.'s findings on 

isothermal crystallization, where the ambient temperature closely matches the PEEK 

crystallization temperature (Tc ≈ 290°C) [15]. In this process, polymer chains in an 

amorphous state gain sufficient energy and time to crystallize close to the typical PEEK 

crystallinity of 35%. By reducing the printing speed to 1200-1500 mm/min and 

maintaining the chamber at its maximum temperature of 160°C, a crystallinity degree 

higher than 30% was achieved (Table 4.4). 
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Figure 4.3: DSC scans at different chamber temperatures of samples printed with Tn=450°C and Sp=2000mm/min. 

 

 

Tch 

(°C) 

Tn 

(°C) 

χ (%) 

at 1200 

mm/min 

St.Dev. 

(%) 

χ (%) 

at 1500 

mm/min 

St.Dev. 

(%) 

χ (%) 

at 2000 

mm/min 

St.Dev. 

(%) 

χ (%) 

at 2600 

mm/min 

St.Dev. 

(%) 

25 450 - - 17,0 1,7 15,0 2,2 13,6 2,8 

100 

440 31,7 4,5 28,4 2,5 27,7 1,2 22,3 1,3 

450 26,9 2,1 25,0 1,7 23,9 0,4 20,1 0,8 

460 27,5 2,4 27,9 1,3 26,1 1,3 26,1 2,2 

130 

440 30,0 4,7 29,6 0,4 30,9 3,4 30,4 1,1 

450 28,0 2,3 27,7 4,1 27,0 3,0 25,9 2,0 

460 30,9 4,4 27,3 2,2 26,7 3,7 25,7 1,1 

160 

440 33,1 0,8 30,8 0,4 29,4 0,3 28,3 0,5 

450 32,7 1,8 33,3 1,1 29,8 1,6 27,7 2,8 

460 30,8 1,2 30,4 3,1 29,9 3,6 28,2 2,0 
 

Table 4.4: Degree of crystallinity of printed PEEK samples calculated from DSC heating scan. 
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Figure 4.4: Interaction plot (a) and Main effect plot for degree of crystallinity (b). 

 

Figure 4.5 compares three samples with varying degrees of crystallinity, clearly 

demonstrating that the color of each sample is closely related to its crystalline domain 

percentage. By observing the sample colors, it could be possible to make an approximate 

estimation of their crystallinity: as the degree of crystallinity increases from χ < 20% to χ 

> 25%, the samples exhibit a transition in color from translucent dark brown to opaque 

light grey. The translucent or semi-transparent effect is typical of amorphous polymers, 

while semi-crystalline polymers are opaque, in fact the presence of crystallites, having a 

different refractive index from the amorphous phase, allows the refraction of light 

radiation in different wavelengths at the interfaces between the two phases. The greater 
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the presence of crystallites in the polymer, the greater the refraction of light and the 

opacity of the polymer which will appear white in color. 

 

Figure 4.5: Colour comparison between three samples with different degrees of crystallinity. [172] 

 

4.2.2  Optical Microscopy (OM) and mechanical characterization 
 

For the optical microscope analysis, a sacrificial sample from the smallest printed 

specimens (used for DSC analysis) was sectioned and examined. These observations 

revealed that printing speed significantly affects both inter- and intra-layer adhesion. As 

shown in the OM images in Figure 4.6, reducing the printing speed results in a decrease 

in the presence and average size of voids within the samples. At a printing speed of 1200 

mm/min, voids nearly disappear, consistent with findings from Wang’s study [16]. 

Additionally, increasing the nozzle temperature enhances filament adhesion. The images 

indicate that, across all printing speeds, a nozzle temperature of 450°C produced better 

welding and fewer pores compared to the other nozzle temperatures. This improvement 

is attributed to the higher temperature of the extruded material, which facilitates better 

bonding between filaments [17]. However, the impact of nozzle temperature on adhesion 

is less pronounced than the effect of printing speed. 

 

Figure 4.6: Cross sections of samples printed at Tch of 160°C and Tn of 440°C, 450°C and 460°C. 
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The tensile test results, including Tensile Strength at maximum load, Ultimate Strength 

at break, and Young's Modulus, are summarized in Table 4.5. Notably, some samples 

were too ductile to evaluate Ultimate Strength, as they stretched without breaking.  

Figure 4.7 displays the main effect and interaction plots related to Tensile Strength and 

Young’s Modulus. 

Tn  

(°C) 

Tch  

(°C) 

Sp  

(mm/min) 

Tensile 

Strength  

at 

maximum 

load (Mpa)  

TS 

St.Dev. 

(%) 

Ultimate 

Strength  

at break 

(MPa) 

US 

St.Dev. 

(%) 

Young 

Modulus 

(E)  

(MPa) 

E 

St.Dev. 

(%) 

440 

100 

1200 73,0 1,2 48,6  2723,1 3,5 

1500 59,6 1,8 - - 2440,2  1,8 

2000 59,6 0,6 - - 2413,3  1,4 

2600 56,6 2,3 - - 2273,5  2,4 

130 

1200 86,8 0,5 66,8 2,5 3347,0 0,8 

1500 86,8 1,5 68,6 3,2 3432,5 0,9 

2000 89,3 0,9 70,9 1,9 3392,8 2,8 

2600 86,8 1,0 - - 3339,3 0,7 

160 

1200 86,8 3,0 77,5 4,9 3360,7 4,5 

1500 80,9 0,9 64,3 2,2 3013,0 2,1 

2000 79,9 1,5 62,3 1,1 2948,0 2,9 

2600 76,8  0,7 58,5 3,0 2870,3 2,1 

450 

100 

1200 73,5 2,9 - - 2462,9 0,8 

1500 61,6 0,3 - - 2510,2  0,2 

2000 60,6 1,1 - - 2494,1  3,8 

2600 58,3 1,0 - - 2412,7  2,7 

130 

1200 78,6 0,8 60,3 2,5 2941,1 1,5 

1500 77,5 0,5 60,4 1,8 2871,9 2,5 

2000 76,4 3,6 61,3 1,2 3014,5 1,1 

2600 74,9 1,0 60,6 1,9 2864,9 0,6 

160 

1200 85,8 1,1 - - 3331,8 1,6 

1500 83,3 0,9 66,9 2,7 3178,4 0,8 

2000 83,2  1,6 66,8  2.2 3068,6 3,6 

2600 79,7 1,3 65,9 1,1 3050,9 1,1 

460 

100 

1200 75,7 3,4 - - 2986,9 4,9 

1500 72,3 2,7 - - 3026,7 1,1 

2000 72,9 1,8 - - 3004,2 1,8 

2600 73,6 0,9 70,3 1,2 3087,4 3,8 

130 

1200 88,1 0,6 69,9 3,0 3570,6 2,8 

1500 82,4 1,1 66,7 3,5 3518,6 5,1 

2000 84,4 2,1 67,1 3,8 3488,1 1,9 

2600 76,0 4,5 72,51 4,4 3399,5 2,7 

160 

1200 87,2 0,7 75,4 4,7 3589,5 4,6 

1500 87,6 0,5 76,3 3,5 3539,6 3,5 

2000 87,6 0,7 85,1 2,7 3957,3 4,5 

2600 79,6 3,5 78,7 2,2 3535,8 4,9 

 

Table 4.5: Tensile test results. 
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Key observations from the data are as follows: 

• Influence of Printing Speed: The results for Tensile Strength and Young's 

Modulus are similar for printing speeds of 1500 mm/min and 2000 mm/min on 

average. However, they decrease at 2600 mm/min and slightly increase at 1200 

mm/min. As indicated in Figure 4.6, at 2600 mm/min, there are more and larger 

pores, and the effective cross-sectional area is reduced, leading to lower maximum 

load capacity. Higher printing speeds also correlate with lower crystallinity, 

resulting in poorer mechanical performance [60] [62]. 

• Influence of Chamber Temperature: For samples printed at a chamber temperature 

of 100°C, the crystallinity level is typically below 28% (Table 4.4), and the 

specimens tend to be ductile, stretching significantly. Only the Tensile Strength 

at maximum load could be compared for these specimens, as they did not break 

but reached the displacement limit of the grips. Comparing Tensile Strength at 

maximum load for samples printed at 100°C, 130°C, and 160°C reveals that 

higher chamber temperatures improve mechanical performance due to increased 

crystallinity [60] [61]. Chamber temperature is the most influential factor in the 

results. 

• Influence of Nozzle Temperature: Consistent with observations by El Magri et al. 

[158], increasing the nozzle temperature generally improves results. At 460°C, 

the reduction in pore size is more pronounced than the effect on crystallinity, due 

to decreased melt viscosity and improved specimen density [63]. 

In general all the variables that lead to an increase in the number of pores consequently 

lead to a reduction in mechanical properties. However, with the 0° printing strategy that 

we used this effect is more attenuated, because the pores do not act as a weakening 

between the layers in the direction perpendicular to the load application. For 90° 

specimens the influence of the pores would be much more evident because air channels 

are created between the filaments perpendicular to the load.  

For the 0° specimens, the deposited filaments continue to support the load, but the more 

pores there are, the more they work separately. Based on the application of the final 3D 

printed part, process parameters can be selected to achieve optimal structural 

characteristics in terms of filament adhesion and mechanical performance related to 
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crystallinity. Tensile Strengths (TS) exceeding 80 MPa are associated with samples 

having a crystallinity degree greater than 29%. The following conditions yielded TS > 80 

MPa: 

• When the nozzle temperature (Tn) was 460°C, with chamber temperatures (Tch) 

of 130°C and 160°C, and printing speeds (Sp) below 2600 mm/min. 

• When Tn was 450°C, with Tch at 160°C and Sp below 2600 mm/min. 

• When Tn was 440°C, with Tch at 130°C across all tested speeds, and at 160°C 

with Sp below 2000 mm/min.  
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Figure 4.7: Interaction plot (a) and Main effect plot (b) for Tensile strength; Interaction plot (c) and Main effect plot 
(d) for Young’s Modulus. 

 

Figure 4.8 (a-c) presents the stress-strain curves for all samples printed at different 

chamber temperatures, with each plot including a photo of a representative tested sample. 

These graphs clearly illustrate that process temperatures have a more significant impact 

on overall tensile behavior than printing speed. This reinforces the important role of 

material crystallinity in defining the mechanical properties of the printed parts. 

Specifically, when the crystallinity (χ) is below 27%, the material becomes more ductile. 

The samples exhibiting ductile behavior were either light or dark brown, as indicated in 

Figure 4.5, where the crystallinity was less than 25%. 
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The stress-strain curves generally exhibit the typical pattern of a semicrystalline 

thermoplastic material. Initially, the material undergoes linear elastic deformation, 

followed by nonlinear elastic deformation. As elongation occurs along the entire length 

of the sample, a uniform reduction in cross-sectional area (hardening) is observed. The 

material becomes more resistant, and the stress required to continue deforming the 

specimen increases until reaching the maximum value, known as tensile strength (TS). 

At this point, necking begins, where elongation becomes localized in a specific area (the 

neck), leading to a reduction in the cross-sectional area. Beyond this maximum point, 

stress decreases because the reduced cross-sectional area requires less force to maintain 

a given deformation rate. Despite this, stress calculations continue using the initial cross-

sectional area, explaining why specimens might fracture under a stress lower than the TS 

and why they may exhibit varying deformations under the same load. 

Following the zone of decreasing stress, two scenarios can emerge: 

• If the material is ductile, necking will extend throughout the specimen without 

resulting in fracture. In such cases, the stress-strain curve will show a horizontal 

line, indicating plastic deformation. In this stage, the polymer chains orient and 

move relative to each other in the direction of the applied force. 

• If the material has lower ductility due to higher crystallinity, a crack will form 

within the neck region. This crack will propagate rapidly, leading to specimen 

failure. For these specimens, it is possible to measure the Ultimate Strength. 
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Figure 4.8: Stress-strain curves of all samples printed at Tch of 100 °C (a), 130 °C (b) and 160 °C (c). [172] 
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In this first part of the research, the effects of printing parameters (nozzle and chamber 

temperatures and printing speed) on 3D printed PEEK mechanical performances and 

crystalline characteristics were studied. It was found that the chamber temperature and 

the printing speed are the most influent parameters for the crystallinity degree, instead the 

chamber and nozzle temperatures are the parameters that can determine the mechanical 

behaviour. Adjusting the temperature of the chamber and nozzle allows for the creation 

of a material with either greater flexibility or increased rigidity, depending on its intended 

use. Furthermore, the printing speed determines the inter- and intra-layers adhesion, i.e. 

the presence and dimensions of voids within the printed component. Preventing voids is 

essential in industries like aerospace and aviation, particularly for structural applications. 

In the present study, the best tensile performances in terms of tensile strength (of about 

89,3 MPa) with a Young’s modulus of 3392,8 MPa and a degree of crystallinity of 30,9% 

were obtained by printing at a nozzle temperature of 440 °C, chamber temperature of 130 

°C and with a printing speed of 2000 mm/min. However, very similar results, with tensile 

strength higher than 87 MPa and Young’s modulus higher than 3500 MPa were also 

obtained for a nozzle temperature of 460°C, chamber temperature of 130°C and printing 

speed of 1200 mm/min, and chamber temperature of 160°C and printing speeds of 1200, 

1500, 2000 mm/min. 

The results of this study allowed to understand better the PEEK structural features linked 

to the thermal processing of the material and how these properties can affect the 

mechanical behaviour. These results were very important for the following part of the 

research. 
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5 Improvement of interlayer adhesion in 3D 

printed PEEK and PC parts 
 

The aim of this study is to evaluate the effect of atmospheric plasma treatment on the 

interlayer adhesion in 3D printed Polyether(etherketone) (PEEK) and Polycarbonate (PC) 

samples. In particular, it was used the handheld piezoelectric plasma torch PiezoBrush 

PZ3 from Reylon plasma. [153] In order to choose the best treatment conditions in terms 

of plasma exposure time and distance of the torch from the surface (named “working 

distance”), different combinations of these two factors were tested and the evaluation of 

the change in surface energy and wettability was performed by sessile water contact angle 

(WCA) measurements. For each condition, the superficial temperature of the sample was 

measured by means of a thermal camera to quantify the surface heating due to the 

treatment. The treated surfaces were than characterized both morphologically by 

Scanning Electron Microscopy (SEM) and chemically by FT-IR spectroscopy (in ATR 

mode).   

Finally, chosen the conditions that allow the highest wettability (lowest contact angle 

values), it was possible to simply mount the plasma torch on the Ultimaker S5 printer 

using a custom-made setup, and verify the actual improvement of the interlayer adhesion 

by testing treated and untreated samples through single lap shear mechanical test. This 

test allows to obtain actual results by treating only few successive layers in the overlap 

area of the two half-parts constituting the specimen. In this way, after comparing the 

results obtained for the characterization of both PEEK and PC polymers, and evaluating 

the actual effectiveness of the treatment on the interlayer adhesion through mechanical 

testing on the PC, it would be possible to indirectly draw predictions on the mechanical 

behavior that PEEK would have when it is plasma treated. 

5.1 Design of Experiment 
 

5.1.1 Materials and FFF parameters 
 

The materials chosen for this study are two technopolymers: Polycarbonate PC-S 3D 

filament purchased from Kimya and Polyether(ether ketone) filament from Roboze. 

These two materials are very interesting for advanced applications in functional parts 

thanks to their high mechanical performances, thermal resistance, flame retardancy 
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ability, high glass transition temperature and melting point. Furthermore, they present 

similarities both in the molecular structure made up of aromatic rings and carbon-oxygen 

bonds, and in the surface energy of approximately 42 dyne/cm for PC [175] and 44 

dyne/cm for PEEK [176]. 

To 3D print samples with these two materials, two different 3D printers were used: the 

Roboze One+400 for PEEK and Ultimaker S5 and for PC. Samples used for WCA, SEM 

and ATR-FTIR analyses were 3D printed with the dimensions reported in Figure 5.1 a 

and with the process parameters reported in Table 5.1. The process parameters, i.e. 

printing speed 20 mm/s, nozzle temperature 450°C and layer thickness 0,2 for printing 

PEEK samples were chosen on the basis of the best results obtained from the study 

described in Chapter 4.  

 

 PEEK Parameters PC Parameters 

Nozzle diameter 0,4 mm 0,4 mm 

Bed temperature 150 °C 90°C 

Nozzle temperature 450°C 280°C 

Printing speed 20 mm/s 20 mm/s 

Walls number 0 0 

Layer thickness 0,2 mm 0,2 mm 

Infill density 100% 100% 

Infill pattern Lines Lines 

Fan OFF ON (75%) 

Flow 100% 105% 
 

Table 5.1: FFF process parameters for the 3D print of PEEK and PC samples. 

 

5.1.2 Experimental setup 
 

For this study, the plasma torch was fixed to a support equipped with a micrometric screw 

which allowed the torch to be raised relative to the surface of the sample with an accuracy 

of 0,01 mm (Figure 5.1 b). In this way it was possible to vary the working distance from 

0,5 mm to 2 mm very precisely. In fact, since from the study of Korzec et al [153] it was 

found that the maximum activation area is obtained when the working distance (W.d.) is 

lower than 3 mm, it was decided to vary the W.d. between 0,5 mm and 2 mm (with 

intervals of 0,5 mm). However, from the same study, it emerged that for the same W.d., 

the activation area can increase as the treatment time increases according to a quasi-

logarithmic trend (initial monotonous increase and subsequent plateau). Anyway, it was 
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verified that the maximum size of the activation area does not exceed 26 mm. For this 

reason and to minimize the time of the whole process, in this work the treatment times 

were chosen as 1 s, 2 s, 4 s and 5 s. 

 

Figure 5.1: Sample shape and dimensions (a) and plasma torch set-up and working distances (b). 

 

5.1.3 Surface Characterization 
 

With a FLIR Thermal Camera it was possible to visualize the heat distribution on the 

surface of samples and measure the temperature in the hottest part. This measurement 

was carried out to evaluate whether temperature was a factor that could influence the 

surface features of the two materials.  

The WCA analyses were performed by sessile drop method. In particular for each sample, 

a 3 µl drop of distilled water was deposited using a micropipette, an HDR photo of the 

drop was taken after 10 seconds and was processed using an online digital protractor 

[177]. The resulting measurement is an average of the left and right angles for each drop. 

To evaluate the surface aging due to the hydrophobic recovery phenomenon, the WCA 

measurement was repeated for each sample in the first 3 hours after treatment with 30 

minutes intervals between one measurement and the next.  
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Figure 3.26: Contact Angle Measurement using the Online digital protractor. 

 

The functional groups analyses were carried out using a Spectrum Two PerkinElmer 

FTIR spectrometer in attenuated total reflectance mode (ATR-FTIR). The analyses were 

conducted both before and approximately 5 min after treatment for each sample. 

It was used a high-resolution Field Emission Scanning electron microscope (SEM), 

ZEISS Sigma 300 VP, to verify the effect of plasma treatment conditions on the surface 

morphology compared to the untreated samples. In order to observe the non-conductive 

samples in high vacuum mode (10-4 Pa) they were coated with a thin layer of gold by 

sputtering for 20s using Quorum Q 150R S plus sputter. The images were taken using the 

secondary electrons  detectors (InLens and SE2) with an acceleration voltage of 5 kV and 

a magnification of 17000X. 

5.1.4  Mechanical Test 
 

After the characterization of the treated samples, the conditions (working distance and 

treatment time) that gave the best contact angle results were chosen  to treat the 

Polycarbonate specimens to be mechanically tested. To estimate the effect of plasma on 

the interlayer adhesion of extruded PC the single lap shear test was performed following 

the ASTM D3163 Standard. The Ultimaker S5 3D printer was used to fabricate the 

samples, using the parameters listed in Table 5.1 and varying the raster angle. The aim 

was to evaluate the effect of plasma treatment also as a function of infill orientation, 

therefore the specimens were printed with extruded lines oriented along 0°, 90° and 45° 

with respect to the load direction. A total of 3 samples for each line orientation were 

fabricated and tested. 
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Figure 5.2: Schematic representation of Single Lap Shear sample and its lines orientations with respect to the load 
direction. 

 

In other to perform the treatment, g-code was modified to automatically pause the print 

when the bottom layer was completed. The 3D printer machine was equipped with the 

cold plasma PZ3 torch: a custom-made setup was created to have a controlled gap 

between the tip of the torch and the printed layer to be treated. After the treatment, the 

plasma setup was removed and the print was resumed. 

 

Figure 5.3: Single Lap Shear 3D printed specimen. 

 

To correctly estimate the effect of the plasma treatment, and its benefit also non-treated 

samples were manufactured. It should be noted that, also the for the fabrication of non-

treated samples the 3D printing process was paused for a total of about 2 min, to have the 

same boundary conditions. 
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5.2 Results and Discussion 
 

5.2.1  Thermal Analysis 
 

To evaluate if the plasma treatment could induce some morphological changes on the 

treated surfaces due to heating processes, thermal analyses were performed for each 

treatment condition. In Figure 5.4 are plotted the temperatures of the hottest area of 

sample for each treatment condition. It can be noted that as the treatment time increases, 

the temperature also increases by a few degrees. This increase is more evident moving 

from W.d. 0,5mm to W.d. 2 mm. This is in agreement with Korzec's study, as there is a 

rise in the active species that constitute the plasma due to the increase in treatment time 

and distance. [153] In any case, for all samples, the hottest area did not record a 

temperature above 35°C. Therefore, since the temperatures are much below the glass 

transition temperature (Tg) of the two treated polymers, it can be assumed that this heating 

has not a direct effect on the surface morphology, but this could be a very important factor 

to take into account for polymers with Tg lower than 35°C. 

 

 

 

Figure 5.4: Temperature measurements of plasma-treated surfaces. 

 

5.2.2  Water Contact Angle measurements 
  

The wettability characterization of surfaces by means of sessile drop contact angle is a 

very simple method to evaluate changes in surface energy. It is well known that the higher 



 

98 
 

the surface energy the higher the wettability. In this study distilled water was used as test 

liquid by depositing a drop of 3 µl on each sample. The WCA measures were obtained 

from HDR photos of the drops using a digital protractor. Figure 5.5 is a representative 

image of the drops deposited on both virgin (untreated) and plasma-treated PEEK and PC 

samples.  

 

 

Figure 5.5: Photos of the drops deposited on both virgin and plasma-treated PEEK and PC samples respectively. 

 

The results reported in Figure 5.6 are the average values of the right and left angles of 

each drop and were obtained from repeated measurements over time every 30 minutes up 

to 3 hours after treatment. This was used as qualitative method to evaluate the 

effectiveness of the treatment and the surface ageing due to hydrophobic recovery.  

It is possible to note that in all cases, for both polymers, the plasma induced an increase 

in surface energy, i.e. in wettability, in fact the contact angles were reduced from θ > 80° 

for untreated samples, to θ < 60° for treated samples. It can be also noted that PC samples 

exhibit a better wettability than PEEK ones, with a post-treatment θ always lower than 

45° and remained lower than 70° after 3 hours. The reasons for this could be linked to the 

greater chemical reactivity of amorphous PC compared to semicrystalline PEEK. 

Generally, the WCA measurement over time are consistent for the different treatment 

times for each working distance: the data follow approximately the same trend. From this 

first exploratory investigation, it seems that the best results for both polymers in overall 

terms of minimum treatment time, wettability immediately after treatment and surface 

aging are obtained for W.d. equal to 1 mm and 2 mm with 2 s of treatment time.  

However, to have a better interpretation of the WCA results, IR analyses and SEM 

imaging were also used, to understand the influence of the plasma on the surface 

chemistry and morphology. 
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a|                                      PEEK  b|                                       PC 

 
W.d. 0,5 mm 

 
W.d. 0,5 mm 

 

 
 

 

W.d. 1 mm W.d. 1 mm 

 
 

 
 

W.d. 1,5 mm W.d. 1,5 mm 

 
 

 
 

W.d. 2 mm W.d. 2 mm 

 
 

 
 

 
Figure 5.6: Surface ageing evaluation of each treatment by means of WCA analysis for both materials (a) PEEK and 

(b) PC respectively. 
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5.2.3  ATR-FTIR Spectroscopy 
 

All treated and untreated samples were analyzed by FT IR spectroscopy in attenuated 

total reflectance (ATR) mode. For treated samples, the analyses were performed 

approximately after 5 minutes from the treatment. All ATR-FTIR spectra were recorded 

in absorbance (in a wavenumber range from 3800 to 650 cm-1), baseline-adjusted, and 

normalized so they could be compared to each other. Both in the case of treated PEEK 

and in the case of treated PC, the same result was obtained for all treatment conditions, 

making it impossible to distinguish which treatment condition returned greater surface 

functionalization. Therefore, it is possible that IR spectroscopy alone cannot explain the 

differences in wettability obtained in the various treatment conditions as it analyzes a 

surface depth of just 1 micron. It is possible instead that the differences in wettability are 

due to other factors linked to morphological variations of the surface.  

This paragraph reports the variations in the functional groups, present on the main 

polymer chains, which were obtained by plasma treatment. Figure 5.7 and Figure 5.8 

show the PEEK and PC ATR-FTIR spectra respectively, for both treated (continuous red 

line) and virgin (dotted blue line) polymers. All the functional groups vibrations for PEEK 

and PC are listed in Table 5.2 and Table 5.3. From Figure 5.7 a and Figure 5.8 a is very 

evident the presence of the -OH stretching vibration band having the peak maximum 

centered around 3300 cm-1 indicating that it is the stretching of -OH with intramolecular 

bonds (for example hydrogen bond in -COOH groups). In the wavenumber range of 3050-

2800 cm-1 it could be noted an increase in the stretching vibrations of sp2 and sp3 C-H 

bonds, probably due to breaking of the main chain into smaller segments having more 

degrees of vibrational freedom. This last hypothesis is supported by the fact that, 

considering the PEEK spectra in Figure 5.7 b and c, a decrease in CH=CH stretching of 

aromatic rings and an increase in C-H bending in plane are visible. For both polymers, an 

increase in absorbance of C=O stretching vibrations at 1650 cm-1 and at 1750 cm-1 related 

to the C=O stretching vibrations in carboxyl/ester groups are present (Figure 5.7 b and  

Figure 5.8 b).  

From these results it can be deduced that the plasma-induced functional groups are 

hydroxyl, carboxyl, and carbonyl which could act as anchor groups between successive 

layers.  
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Figure 5.7: ATR-FTIR spectra of treated (continuous red line) and virgin (dotted blue line) PEEK. Focus on the spectra 
regions: (a) 3800-2600 cm-1, (b) 1950-1350 cm-1, (c) 1350-650 cm-1. 
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Wavenumber 

(cm-1) 
Intensity/shape 

Corresponding 

bonds and 

functional groups 

Virgin PEEK 
Plasma-treated 

PEEK 

3600-3000 band 

peak maximum  

at 3300 

w/br νO-H bonded no yes 

3053, 3035 w νC-H sp2, aromatic yes 
increased 

intensity 

2918, 2853 w/sh νC-H sp3 no yes 

2000-1800 band w/br ring harmonics yes yes 

1750 w/br 
νC=O 

carboxyl/ester group 
no yes 

1650 s-m/sh νC=O diaryl ketone yes yes 

1594 s-m/sh 
νCH=CH aromatic 

ring vibrations 
yes 

slightly reduced 

intensity 

1487 s/sh ν(Ar-O-Ar) yes yes 

1404 m-w/sh νC=C yes yes 

1305 

1280 
m/sh 

νasC=O diaryl 

ketone 

νas(Ar-O-Ar) 

yes 
slightly reduced 

intensity 

1245 w δO-H no yes 

1217 s/sh νas(Ar-O-Ar) yes yes 

1186 

1157 
s/sh 

νas(Ar-O-Ar) 

νAr-O, νAr-(C=O) 
yes 

slightly reduced 

intensity 

1105 

1096 
m-w/sh νas(Ar-O-Ar) yes 

slightly reduced 

intensity 

1051 

1029 
w/br δC-H in plane no yes 

1010 

946 

m-w/sh 

w 

δC-H aromatic 

νC-H aromatic out 

of plane vibrations 

yes yes 

925 s/sh νC=O diaryl ketone yes 

slightly 

increased 

intensity 

834 

765 

677 

m-s/br 

m-s/sh 

m-w/sh 

out of plane δC-H 

aromatic and δC-O-

C bonds 

yes yes 

 
Table 5.2: Virgin and plasma-treated PEEK functional groups IR vibrations.  
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Figure 5.8: ATR-FTIR spectra of treated (continuous red line) and virgin (dotted blue line) PC. Focus on the spectra 
regions: (a) 3800-2600 cm-1, (b) 1950-1350 cm-1, (c) 1350-650 cm-1. 
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Wavenumber 

(cm-1) 
Intensity/shape 

Corresponding 

bonds and 

functional groups 

Virgin PEEK 
Plasma-treated 

PEEK 

3600-3100 band 

peak maximum  

at 3300 

w/br νO-H bonded no yes 

3053, 3035 w νC-H sp2, aromatic yes yes 

2963, 2927, 

2871 
w/br νC-H sp3 yes 

slightly 

increased 

intensity 

2000-1800 band w/br ring harmonics yes yes 

1750, 1650 w/br 

νC=O carbonate 

group, carboxyl 

group 

yes 
increased 

intensity 

1570-1430 s-m/sh 
νCH=CH aromatic 

ring vibrations 
yes 

increased 

intensity 

region 1428-

1348 
w/sh δC-H sp2 and sp3 yes yes 

region 1300-

1000 
s/sh νC-O-C yes yes 

region 900-700 m /sh 
δC-H aromatic out 

of plane vibrations 
yes yes 

 
Table 5.3: Virgin and plasma-treated PC functional groups IR vibrations. 

5.2.4 SEM Imaging 
 

To verify if there were plasma-induced surface morphological changes, Scanning 

Electron Microscopy imaging was performed. The untreated PEEK and PC samples are 

shown in Figure 5.9. In Figure 5.10 and Figure 5.11 the images of all the plasma-treated 

PEEK are shown, while in Figure 5.12 and Figure 5.13 the images of all the plasma-

treated PC samples are collected. 

 

Figure 5.9: SEM micrographs of virgin PEEK (a) and virgin PC (b) surfaces. 
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Figure 5.10: SEM micrographs of all the plasma-treated PEEK samples. 
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Figure 5.11: SEM micrographs of all the plasma-treated PEEK samples.  
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Figure 5.12: SEM micrographs of all the plasma-treated PC samples.  
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Figure 5.13: SEM micrographs of all the plasma-treated PC samples.  
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From Figure 5.10 and Figure 5.11 it is evident that in all treatment conditions, plasma 

induces crystallization on the surface of PEEK with the formation of spherulites. This is 

in agreement with a work of Al Khatib et al [178] according to which crystallization of 

PEEK is induced by the plasma through ion bombardment. These spherulites, with 

dimensions between 1 µm and 3 µm, are difficult to distinguish separately because they 

are attached to each other, completely occupying the surface. Another observation that 

can be made is that the working distance has a greater influence on crystallization than 

the treatment time. This probably occurs due to the reduction in the reactivity of 

chemically active species as the W.d. increases therefore ion bombardment prevails over 

functionalization breaking bonds and promoting cross-linking between polymer chain 

segments. [153] 

As can be seen from both Figure 5.12 and Figure 5.13, plasma can induce the 

crystallization of commonly amorphous polymers such as PC, as well. It is well known 

in literature how difficult it is to thermally crystallize PC, and how expensive it is in terms 

of time and energy. In this case, however, just a few seconds of treatment are enough to 

induce the formation of spherulites on PC surface. As seen for PEEK samples, also for 

PC the working distance influences the crystallization more than the treatment time. As a 

matter of facts, when the torch was positioned at a distance less than 2 mm from the 

surface, at least 4 s of treatment time were needed to trigger the crystallization process. 

Instead, increasing the distance to 2 mm, it was possible to obtain spherulites even with 

just one second of treatment. Observing the PC crystallites, compared to PEEK, they are 

numerically fewer but with much larger dimensions (ranging from 8 µm to 60 µm).   

For distances less than 2 mm and treatment time of 1 and 2 seconds, the main effect of 

plasma on surface morphology is ablation: the surfaces appear smoother than the 

untreated polymer with the presence of small porosities. 

Generally, roughness, crystallinity and chemical functionalization are factors that can 

determine the variation in surface wettability of a material. In this case, no difference in 

chemical functionalization was revealed by IR analysis and, through SEM imaging, it was 

possible to see the surface morphology but not to measure the roughness. Therefore, it 

was not possible to give an absolute interpretation of which factor influences surface 

hydrophilicity most of all, but certainly the variation in wettability is the result of the 

combination of these 3 factors. However, by looking at contact angles results, it could be 

noted that the aging process (hydrophobic recovery) is slower for more crystalline 
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samples. This probably happens due to the impediments caused by cross-linking and 

lower mobility of the polymer chains. 

Definitely, to evaluate the improvement of the interlayer adhesion through mechanical 

tests, the treatment conditions were chosen based on the treatment time and working 

distances which allowed to obtain lower contact angles on average: 2 s and 2 mm. 

Furthermore, to understand if the crystals size has an influence on mechanical properties, 

the condition with W.d. = 2mm and 5 s of treatment time was also tested. 

5.2.5 Single Lap Shear (SLS) test 
 

Single Lap Shear (SLS) test was performed according to ASTM D3163 standard using 

the Instron 5582 universal testing machine at a crosshead rate of 2 mm/min, to estimate 

the effect of plasma on the interface adhesion of 3D printed PC. From the stress-strain 

curves, the Interlaminar Shear Strength (ILSS) was used as a metric to evaluate interface 

adhesion for non-treated and treated samples. The 3D printer machine was equipped with 

the cold plasma torch to have a gap of 2 mm between the tip of the torch and the overlap 

interface area (see Figure 5.14). The plasma treatment was performed for 2 s (according 

to the best results found out in previous sections). 

 

 

Figure 5.14: Plasma torch during SLS sample surface treatment (a), 3D printed PC sample (b), Test setup (c) . 
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All the results are collected in Table 5.4 and the following considerations can be drawn: 

• In all cases plasma leads to an increase in ILSS of between 25% and 30%. Looking 

at the standard deviations obtained on 3 specimens for each layer orientation, the 

results show excellent reproducibility of the process. 

• The samples having the raster lines oriented along 45° and 90° directions showed 

almost the same improvement in interlayer adhesion, exhibited in both cases an 

ILSS of ⁓25%. 

• As expected, the best results were obtained for the orientation of the lines at 0° 

with respect to the direction of the load, obtaining 30,7% ILSS improvement. 

After proving that the plasma treatment brings an improvement in adhesion almost 

regardless of the orientation of the lines, it was decided to investigate the effect of layer 

height. As well known, from scientific literature, the lower the layer height the higher the 

adhesion. Such correlation is described in Coogan et al [179] [180], and it relies on two 

factors: contact area and pressure between consecutive layers. When layer height is low, 

the contact area between two consecutive layers is high, as well as the pressure. 

A layer height of 0,3 mm was set in conjunction with a line orientation equal to 0 degree 

(parallel to the load direction) was set, being the best orientation for the SLS test. As 

expected, the interface adhesion is lower compared to the one obtained at layer height of 

0,2. On the other hand, the effect of plasma treatment produced almost the same increase 

in adhesion obtained when the layer height was 0,2 mm, obtaining an improvement of 

29,1%. Also in this case, the plasma treatment was demonstrated to be layer height-free. 

 

Lines 

Orientation 

(°) 

Layer 

Height 

(mm) 

Untreated 

specimens 

Plasma-treated 

specimens Improvement 

in ILSS 

(%) 
ILSS  

average  

(MPa) 

Std. Dev. 

(MPa) 

ILSS  

average  

(MPa) 

Std. 

Dev. 

(%) 

0 0,2 44,5 ±2,5 58,2 ±4,0 30,7 

90 0,2 27,8 ±3,3 34,8 ±4,2 25,3 

45 0,2 20,3 ±1,0 25,3 ±1,2 24,8 

0 0,3 32,6 ±1,8 42,0 ±2,8 29,1 
 

Table 5.4: Single Lap Shear test results for untreated and treated samples. 

 

Finally, a layer height of 0,2 mm and a line orientation of 0° was set, to investigate a new 

variable: plasma treatment time. SEM images clearly show that a plasma treatment of 5s 
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produce bigger crystals. This effect was investigated by producing and testing 3 samples 

treated for 5 s instead of 2 s at the same working distance of 2 mm. From ILSS reported 

in Table 5.5 it is shown that there is a further 0,4% increase in adhesion when the 

treatment time was 5 s compared to 2 s results. This result could be indicative of the fact 

that the degree of crystallization and the size of the crystals also influence the mechanical 

adhesion between the layers in synergy with the chemical functionalization. Furthermore, 

the slight increase in contact angle could explained by the increased surface roughness 

due to the formation of larger crystals. 

 

Treatment 

Time 

(s) 

Untreated 

specimens 

Plasma-treated 

specimens Improvement 

in ILSS 

(%) 
ILSS  

average  

(MPa) 

Std. Dev. 

(MPa) 

ILSS  

average  

(MPa) 

Std. 

Dev. 

(%) 

2 44,5 ±2,5 58,2 ±4,0 30,7 

5 44,3 ±1,9 59,7 ±3,2 34,7 
 

Table 5.5: Comparison of UTS results obtained for two different treatment time: 2 s and 5 s. 

 

In summary, the present research work has allowed us to study in depth the effect of 

plasma treatment on the surfaces of PEEK and PC engineering polymers. In particular, 

the influence of two process parameters, i.e. treatment time and working distance, on the 

improvement of the wettability of the polymer was studied. The latter was evaluated using 

contact angle measurements and FTIR analysis. The FTIR analysis revealed the 

appearance of new polar functional groups (carboxylic and hydroxyl) and a slight increase 

in the intensity of the peak relating to the stretching of the carbonyl group for all the 

treated samples. Not being able to quantify, using FTIR, significant differences in 

chemical functionalization for the various treatment conditions used, it was decided to 

continue the study with contact angle measurements. On average, a lowering of the 

contact angle greater than 50% was found, highlighting an increase in surface energy for 

both materials mainly due to the chemical functionalization evaluated by FTIR. Through 

WCA analysis it was also possible to evaluate the aging of the treatment which seems to 

occur faster for PEEK than for PC. In fact, in many cases, PEEK shows contact angles 

greater than 70° after approximately 1 h -2 h, restoring the hydrophobic condition (prior 

to treatment) after 3 h. Instead, the PC continues to maintain contact angles less than 70° 

even 3 hours after treatment. From the contact angle measurements it was difficult to 
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understand how both the treatment time and the distance from the surface could influence 

the wettability. It was therefore hypothesized that in addition to chemical 

functionalization, other phenomena involving changes in surface morphology could 

contribute to this variation. The SEM investigations confirmed the fact that the plasma in 

some cases made the surfaces cleaner by lowering the average roughness, in other cases 

it induced the formation of crystallites typical of PEEK but not of PC. It was surprising 

to find the formation of crystals even in the PC, notoriously amorphous, larger in size 

than those formed in PEEK. Finally, it was decided to mechanically test samples treated 

in the conditions that gave the lowest contact angle, i.e. 2 mm and 2 s. Through the shear 

test results, an increase in adhesion of 30,7% was found compared to the untreated 

material. Furthermore, the treatment condition with W.d. at 2 mm and 5 s of treatment 

time, which gave rise to larger PC crystals, was tested. In this case the increase in adhesion 

was found to be 34,7%, showing how the size of the crystals also plays an important role 

in interlayer adhesion. These mechanical results obtained on PC suggest that also for 

PEEK it is possible to obtain a significant increase in interlayer adhesion using an 

atmospheric plasma treatment generated by a PDD torch. 
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6 Characterization of 3D printed C-PEEK gyroid-

lattice structures 
 

Fused Filament Fabrication allows the creation of lightened parts not only through the 

choice of lighter materials but also through topological optimization or the choice of infill 

patterns that allow obtaining high strength-to-weight ratios of the part. This chapter 

presents a comprehensive study on the compressive strength behavior and impact 

absorption capability of FFF printed Carbon fiber reinforced Polyether ether ketone (C-

PEEK) lattice structures having different infill density percentages. The chosen pattern is 

the gyroid, interesting for being a bio-inspired triple periodic minimal surface (TPMS) - 

type structure. The main objective was to find the density that maximizes the compressive 

strength-to-weight ratio, optimizing the manufacturing time and the material cost. The 

study was extended to the x,y,z loading directions in order to estimate compression 

isotropy of 3D printed gyroids. These studies aimed to overcome several challenges 

related to producing components through FFF, including high material costs, long 

printing times, mechanical anisotropy of parts, design constraints, and the use of supports. 

Furthermore, all these findings served as a starting point for the construction of 3D printed 

sandwich panels with gyroid filled cores to evaluate their ability to absorb impact 

energies.  

6.1 Compressive behavior 
 

After having optimized the FFF process of virgin PEEK and studied the process 

parameters that most influence crystallinity and mechanical performance, the main 

objective was to exploit the properties conferred by the carbon fibers to PEEK to obtain 

even lighter and higher performing parts. For this reason, it was decided to mechanically 

characterize the C-PEEK gyroid structures. In this part of the work, it was studied the 

effect of the gyroid infill pattern in C-PEEK 3D printed samples on compression strength. 

A study on the process parameters (infill density and printing speed) was performed in 

order to optimize the printing process and the strength-to-weight ratio. 

6.1.1 Design of Experiment 
 

Gyroid C-PEEK specimens were fabricated using the Roboze One+400 3D printer, with 
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the commercial Roboze C-PEEK filament as the feedstock. The filament and 3D printing 

machine key features are well described in Chapter 3.  

The slicing software used to generate the G-code was Ultimaker Cura 5.2.1, into which 

the Roboze One+400 printer and material specifications were configured.  

Compression tests were conducted using an Instron 5582 machine with a 100 kN load 

cell to assess the strength of the printed specimens. These tests followed the ASTM C365 

standard (minimum specimen area: 625 mm²; standard environmental conditions; testing 

speed set to produce failure within 6 minutes), while the test speed was based on ASTM 

D695 (1,3 mm/min). The compression test setup and specimen design are illustrated in  

Figure 6.1. 

a) 

 

 
 

b) 

 

 
height = 50,4 mm 

length = 25,2 mm 
 

Figure 6.1: Compression test setup a); specimen shape and dimensions b). 

 

The compressive strength behavior of gyroid-structured specimens was examined by 

varying both infill density and printing speed. Since the study reported in Chapter 4 

showed that the printing speed influences the adhesion between the layers and 

consequently the mechanical resistance of the part, it was decided to test different speeds 

also in this case, specifically: 17, 20, 23, and 30 mm/s. The infill density ranged from 5% 

to 25% (in increments of 5%) for the first three speeds. For the speed of 30 mm/s, the 

infill density was tested across a broader range, from 5% to 100%. It was observed that 

within the 5% to 25% infill density range, the influence of printing speed on compressive 

strength was negligible. Consequently, to optimize production time and material usage, 

the study was extended to 100% infill density only for the 30 mm/s speed. Finally, unlike 

what was done for the printing of the PEEK samples in Chapter 4, the layer thickness 

chosen for the printing of the gyroid structures is 0,1 mm because of the higher 

dimensional and thermal stability of C-PEEK than pure PEEK thanks to the presence of 
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carbon fibers, thus reducing the risk of nozzle clogging and polymer swelling or warping. 

All key constant printing parameters are listed in  

Table 6.1, where nozzle temperature and bed temperature were the same of that used for 

PEEK 3D printing in Chapter 5.  

 

Constant Parameters 

Nozzle diameter 0,4 mm 

Bed temperature 150 °C 

Nozzle temperature 450°C 

Walls number 0 

Top layers 6 

Bottom layers 6 

Layer thickness 0,1 mm 

Infill pattern Gyroid 
 

Table 6.1: Main printing parameters kept constant for all printed specimens. 

 

For the study of the compressive strength of the gyroid structures, it was decided not to 

print the walls of the specimens so that they would not influence the test results, instead 

it was decided to print 6 layers for both the top and the bottom to stabilize the surfaces 

that would come into contact with the plates of the testing machine and ensure a 

homogeneous distribution of the loads.  

The experimental design is summarized in Table 6.2 including the number of specimens 

for each condition.  
 

Experimental parameters 

Printing Speed Infill density Number of specimens 

17 mm/s From 5% to 25% 5 for each infill % 

20 mm/s From 5% to 25% 5 for each infill % 

23 mm/s From 5% to 25% 5 for each infill % 

30 mm/s From 5% to 100% 5 for each infill % 

 
Table 6.2: Design of experiment. 

 

Finally, the tested samples were observed by using the Hirox RH – 2000 digital Optical 

Microscope in order to analyse the failure modes. The optical characterization of the 

deformation behaviour of samples under compression stress was carried out with a 

magnification of 35 times. 
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6.1.2 Results and Discussion 
 

The stress-strain curves obtained by compression test are displayed in Figure 6.2. At 

beginning the curves grow linearly defining the elastic region. Afterwards, other cells of 

the structure are involved in withstanding the load until the ultimate point is reached. 

After this point, there is the onset of the crushing or the buckling of the structure leading 

to a reduction in compression stress. Then, the compression stress increases again due to 

the densification of the lattice cells. In all the tests, the stress-strain curves gradually 

develop a plateau. Such stress-strain curves show a ductile failure of the specimens in 

which the lattice cells do not experience catastrophic break. This is expected thanks to 

the gradual distribution of load through the structure. The Figure 6.3 is a representative 

picture of the specimens before and after test. 

 

 

Figure 6.2: Stress-strain curves for samples printed at 17 mm/s of print speed. 

 

 

Figure 6.3: Specimens before and after compression test. 

 

From the ultimate point, the compressive strength was extrapolated and all the results are 

collected in Table 6.3. What is noteworthy is that, over all, as the infill density increases, 

also the compressive strength increases. This phenomenon occurs because the increased 

number of unitary cells corresponds to an increase in struts cross-section area that carry 

the load.  
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Print speed 

(mm/s) 

Infill 

density 

(%) 

Nominal 

weight 

(g) 

Compressive 

strength 

(MPa) 

Standard 

deviation 

(MPa) 

Compressive 

strength/weight 

(MPa/g) 

17 

5 2,13 0,26 ± 0,07 0,12 

10 4,26 1,79 ± 0,47 0,42 

15 6,39 4,18 ± 0,78 0,65 

20 8,51 7,12 ± 0,79 0,84 

25 10,64 10,75 ± 0,56 1,01 

20 

5 2,13 0,58 ± 0,06 0,27 

10 4,26 2,05 ± 0,33 0,48 

15 6,39 4,56 ± 0,61 0,71 

20 8,51 7,27 ± 0,86 0,85 

25 10,64 11,04 ± 0,23 1,04 

23 

5 2,13 0,36 ± 0,06 0,17 

10 4,26 1,816 ± 0,32 0,43 

15 6,39 4,04 ± 0,42 0,63 

20 8,51 7,18 ± 0,64 0,84 

25 10,64 10,82 ± 0,48 1,02 

30 

5 2,13 0,24 ± 0,06 0,11 

10 4,26 1,63 ± 0,35 0,38 

15 6,39 3,59 ± 0,49 0,56 

20 8,51 6,58 ± 0,85 0,77 

25 10,64 10,24 ± 0,61 0,96 

30 12,77 13,17 ± 0,66 1,03 

35 14,9 21,11 ± 1,11 1,42 

40 17,03 23,91 ± 1,14 1,4 

45 19,16 32,53 ± 1,25 1,7 

50 21,29 35,97 ± 1,54 1,69 

55 23,41 43,54 ± 1,08 1,86 

60 25,54 57,12 ± 0,89 2,24 

65 27,67 63,21 ± 0,64 2,28 

70 29,8 77,15 ± 0,63 2,59 

75 31,93 84,34 ± 0,71 2,64 

80 34,06 88,53 ± 0,82 2,6 

85 36,18 92,67 ± 0,49 2,56 

90 38,31 100,43 ± 0,55 2,62 

95 40,44 101,06 ± 1,09 2,5 

100 42,57 106,01 ± 0,99 2,5 

 
Table 6.3: Compression test results. 
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The Figure 6.4 shows the compressive strength plotted versus the infill density for each 

printing speed and the residual plots, respectively. All the curves follow almost the same 

power law trend in accordance with the Gibson-Ashby model (Eq. 9) [181]: 

𝜎 

𝜎0
=   𝐶 (

𝜌

𝜌0
)

𝑛

 =>  𝜎 =  𝜎0 𝐶 (
𝜌

𝜌0
)

𝑛

 Eq. 9  

 

Where: σ is the compressive strength of the lattice structure, ρ is the lattice material 

density, σ0 and ρ0 are the compressive strength and the density of the bulk material 

respectively (for C-PEEK used in this work: σ0 = 229 MPa and ρ0 = 1,33 g/cm3), C and 

n are constant whose value was obtained by fitting the data. According to the model, 

based on the value of n, it is possible to categorize the structures into two types: if n is 

equal to 1 it is an ideal stretching-dominated structure, to 3/2 it is an ideal bending-

dominated structure. In this case, n ranges from 1,83 to 1,93 and C from 1,03 to 1,16 

indicating that the data are in better agreement with the Gibson-Ashby prediction for 

bending-dominated (BD) lattices [182]. However, the samples showed also some 

similarities to stretching-dominant (SD) structures which collapse especially for buckling 

phenomena. Furthermore, it was studied that, under compression, the BD stress-strain 

curves exhibit three zones: elastic, constant plateau and densification, instead the SD 

exhibit stress oscillations in the plateau zone followed by densification [182]. This means 

that, unlike the BD structures that collapse uniformly leading to barreling, the SD 

structures fail by step of consecutive unit cells collapses. The behaviors of the stress-

strain curves in Figure 6.2, showed that the oscillations in the plateau zone are not very 

pronounced and their intensity decreases as the size of the cells increases. In fact, buckling 

occurs by increasing the infill density. This is because of the increase in lattice 

interconnections which act as load-bearing struts aligned with the loading direction as in 

SD structures. For lower densities, there is more BD behavior in which the unit cells fail 

due to bending stress. 

In all cases, the power law equations obtained by regression can be used to predict 

approximately the strength value that the structure will have at a particular infill density 

with a confidence and prediction intervals of 95%. 
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Figure 6.4: Compressive Strength vs Infill density curves and residual plots for each print speed. 
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Figure 6.5: Main effect plot for Compressive strength.  

 

Moreover, from Figure 6.5, it is evident that the printing speed doesn’t influence the 

compressive performance, and it’s effect is negligible within the standard error. For this 

reason, it was decided to continue the study until the 100% infill density only for the 

higher printing speed in order to reduce the printing time. The results are represented 

graphically in Figure 6.6. The data follow the power law trend up to 70% of infill density, 

then a change in curvature occurs. By plotting the compressive strength-to-weight ratio 

versus the infill density (Figure 6.7), it can be noted that there is a linear growth up to 

70%, after this infill density, a sort of plateau is shown, in fact the compressive strength-

to-weight ratio becomes almost constant (the linear fit of this part of the curve has a very 

small negative slope which could be approximated to zero). Therefore, given the printing 

conditions reported in this work, the 70% of infill density optimizes the compressive 

strength-to-weight ratio, minimizing the manufacturing time and material use. 
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Figure 6.6: Compressive Strength behaviour from 5% to 100% of infill density. 

 

 

Figure 6.7: Compressive Strength-to-weinght ratio from 5% to 100% of infill density. 
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In order to better understand the failure mechanisms of the specimens under compression, 

OM analysis were carried out.  

Figure 6.8 displays a picture of the five observed samples and the microscope images 

corresponding to the highlighted failed regions (a-f). The OM images show that: 

• At lower infill densities, 5% and 10%, the gyroidal cells were subject to uniform 

breakage of the lattice structure. In Figure 6.8 a-c is shown that crack propagation 

occurred vertically indicating that filament fracture due to bending stresses was 

the actual cause of failure, rather than inter-layer delamination resulting from the 

FFF process;  

• At 15% the printed layers underwent shear deformation due to stretching stresses 

and therefore delamination and breakage occurred (Figure 6.8 d);    

• The densest specimens (15% – 25%) showed buckling: the unit cells deformed 

for both stretching and bending stresses, without breaking, exhibiting very slight 

delamination (Figure 6.8 e and f). The latter decreases as the filling percentage 

increases until it disappears completely for samples printed at infill densities 

higher than 25%. This is due to the fact that by increasing the filling % the unit 

cell size decreases, thus the adjacent cells cool more slowly and the temperature 

of the printed layer remains higher for a long time, improving the wettability. 

Therefore, the interlayer adhesion between successive layers is improved and 

delamination is prevented. 

To summarize, the phenomena that lead to the breakage of the samples subjected to 

compression stresses are two: the first depends on the geometry of the cells, in particular 

on their size, the second depends on a limitation of the FFF manufacturing process linked 

to poor interlayer adhesion. Both phenomena decrease as infill density increases. At lower 

densities, the unit cells are bigger, thus, because of the lack of support elements, the 

overhang and curling phenomena are introduced during the printing process [120]. 
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Figure 6.8: Optical microscope images (a-f) of the failed regions in the corresponding samples. 
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Ultimately, the results showed that, given the process parameters of  

Table 6.1, the FFF process was robust since the compressive strength standard deviations 

were about 5%.  When the infill densities from 5% to 25% were considered, the 

compressive strength exhibited a power law growth and the printing speed had a very 

slight influence on it, in fact the mechanical performances are improved as the speed 

decreases, but this improvement is almost negligible falling within the standard error. For 

this reason, with a view to reducing production time, it was decided to continue the study 

up to the 100% of infill density only for the printing speed of 30 mm/s. The main aim was 

to maximize the compressive strength-to-weight ratio, i.e. to find the infill density that 

optimize the compressive strength and minimize both material use and process time. It 

was found that, until the 70% of infill density, the compressive strength exhibited the 

previously defined power law growth (Figure 6.6). Due to that, it is possible to predict, 

in good approximation, the compressive strength of printed parts with a value of infill 

density inside this range. For densities higher than 70% the compressive strength 

increased thanks to the densification of the cells in the lattice, but with a change in 

curvature which no longer followed the power law trend. By plotting the compressive 

strength-to-weight ratio versus the infill density it was found that, after a linear growt, the 

data relative to samples denser than 70% showed a plateau. This result means that the 

70% is the optimal density sought. In summary, in this work, it was demonstrated that the 

Carbon PEEK gyroid lattice structures are very promising for the light-weight purposes 

and for applications in which the compressive loads are involved. It could be very 

interesting for the aeronautical industry because it is a quasi-isotropic structure and could 

allow a weight reduction of at least 30%, if C-PEEK is considered as fabrication material, 

and greater than 30% if this lattice structure is used for replacing metal parts. 
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6.2 Evaluation of the mechanical isotropy in compression 

of gyroid structures 
 

Fused Filament Fabrication (FFF) technology tends to exhibit anisotropy along the print 

direction (z direction). Gyroid structures are characterized by their uniform cell 

arrangement in the three dimensions, typically exhibiting more isotropic mechanical 

properties compared to other trabecular structures used for structural lightening. 

However, the mechanical performances of gyroids are affected by the material isotropic 

or anisotropic nature, the cell design (such as cell size and wall thickness), and 

manufacturing. Consequently, it was decided to investigate the possibility that gyroid 

structures can be tailored to mitigate the mechanical anisotropy of 3D printed parts. For 

this purpose, after the preliminary study on the compression behavior of gyroid structures 

at different densities (tested along z, the direction of growth of the part) shown in the 

previous paragraphs, it was decided to extend the study also along the x and y directions. 

Since the capability to produce isotropic components is crucial in overcoming the 

limitations of FFF process, the present research demonstrates how infill percentage, i.e. 

the size of the unit cells, affects the compressive behavior of 3D printed Carbon fiber- 

reinforced Polyether(ether ketone) in all directions, with a focus on the possibility to 

reduce the anisotropic behavior along the printing direction (z axis). 

6.2.1 Design of Experiment 
 

Despite being a composite with chopped fibers uniformly distributed within the matrix, 

C-PEEK typically exhibits anisotropic behavior due to fiber alignment along the 

extrusion direction (Figure 6.9). Therefore, the study focuses on how gyroid structures, 

by varying infill densities, can mitigate the mechanical anisotropy in 3D printed parts, 

which arises from both the material characteristics and the FFF process itself. 

 

Figure 6.9: Optical Microscope image of C-PEEK carbon fibers aligned along the extrusion direction. 
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Roboze C-PEEK was used as feed material for the Roboze One+400 3D printer. The 

Ultimaker Cura 5.2.1 slicing software was used to generate G-codes.  

All the main printing parameters are listed in Table 6.4. 

Process Parameters 

Nozzle diameter 0,4 mm 

Bed temperature 150 °C 

Nozzle temperature 450°C 

Printing speed 23 mm/s 

Walls number 0 

Layer thickness 0,1 mm 

Infill densities 5%,10%,15%,20%,25%,40%,55% ,70% 

Infill pattern Gyroid 
 

Table 6.4: Printing parameters. 

 

In order to test the samples in the x,y,z directions it was decided to change the shape of 

the specimens shown in the previous chapter with a cubic shape without walls and 

top/bottom layers in order to test only the mechanical performance of the gyroid structure. 

Cubes with a side length of 25 mm were 3D printed and, before being detached from the 

building bed, the x and y axes relating to the printing volume were marked on paper tape 

subsequently attached to the upper surface of the specimen. In this way it was possible to 

perform compression tests in the x,y,z directions simply rotating the cubes so that the x, 

y or z axis aligns with the load direction of the test machine.  

The compression test setup and the specimens shape are shown in Figure 6.10. 

a) 

 

 

b) 

 

Figure 6.10: Compression test setup (a) and the specimens shape (b). 
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In particular, 3 samples for each direction and for each infill density were tested. 

Specimens with infill densities of 5%, 10%, 15%, 20%, 25%, 40%, 55% and 70% were 

printed. The infill densities (%) were indicated on the paper tape as well.   

Compression tests were performed according to the ASTM C365 standard (minimum 

specimen area: 625 mm²; standard environmental conditions) with a test speed of 1,3 

mm/min. 

From the stress-strain curves, the compressive strength at yield was obtained and the 

Young’s modulus was calculated for each sample. To interpret the compressive behavior 

of 3D printed C-PEEK gyroid structures and evaluate their isotropy, nonlinear regression 

analysis on relative compressive strength (σ/σ0) and relative Young’s modulus (E/E0) 

versus the relative density (ρ/ρ0) was performed to find the C1, C2, m, n parameters which 

satisfy the Gibson-Ashby model (see Eq. 1 and Eq. 2, respectively).  

6.2.2 Results and Discussion 
 

The specimens after compression test and representative stress-strain curves are displayed 

in Figure 6.11. What is noteworthy is that all stress-strain curves follow the characteristic 

trend for Bending-dominated structures with an initial elastic phase, followed by a 

constant plateau and a final growth in stress due to densification of the unitary cells.  

 

  

Figure 6.11: Pics of the specimens after compression test and representative stress-strain curves. 
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From the comparison of stress-strain curves and the images of tested samples, the 

following conclusions can be drawn: 

• Up to the 25% of infill density the compressive behavior along the three tested 

axes was the same: the structures broke mainly due to the bending of the surfaces 

during compression. In particular, the isotropy was perfectly confirmed in all 

direction for ρ equal to 25% thanks to the perfect balance between the stresses to 

be supported (both bending and stretching stresses) and the dimensions of the cells 

within the structure. 

• All the specimens tested, showed uniform compression of the unitary cells and 

the failure of the structures occurred along shear bands resulting from the bending 

of the surfaces and buckling phenomena. However, the presence of shear bands 

decreased by increasing the infill density beyond 25%. This happened because the 

cell size decreases by increasing the density, therefore when they deform they 

immediately come into contact with each other, avoiding sliding phenomena. 

• When ρ<25% the isotropy is confirmed only in the x and y directions, overall with 

a loss of strength of approximately 40% if compared to the z direction results. The 

reason why the structures tested along the x and y directions recorded lower values 

of compressive stress is attributable to delamination phenomena along the z 

direction caused by the bending of the load-bearing elements.   

• For densities higher than 25%, the isotropic behavior is confirmed in x and y only. 

In fact, the structures tested along the x and y axes exhibited a failure because of 

the appearance of vertical cracks which did not appear in samples tested along the 

z axis.  This happened because the buckling of the structures during the test 

induced a loss of interlayer adhesion between layers deposited along z, resulting 

from the FFF process. The samples tested along z showed a shorter elastic phase: 

after yielding the unit cells deform plastically, compacting in a continuous and 

uniform manner. 
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All the average compression test results and standard deviations are reported in Table 6.5, 

while all the derived relationships and the minimized sum of squared errors are reported 

in Table 6.6. All the data and the fitting curves are displayed in Figure 6.12.  

 

Test 

direction 

Infill 

density 

(%) 

Compressive 

strength 

(MPa) 

Standard 

deviation 

(MPa) 

Young’s 

Modulus  

(MPa) 

Standard 

deviation 

(MPa) 

X 

5 0,38 ± 0,03 0,39 ± 0,04 

10 1,59 ± 0,19 1,63 ± 0,49 

15 3,71 ± 0,31 3,23 ± 0,45 

20 4,73 ± 0,24 4,03 ± 0,11 

25 10,62 ± 0,35 8,20 ± 1,06 

40 26,43 ± 1,45 21,34 ± 1,42 

55 43,80 ± 0,62 38,55 ± 2,09 

70 67,73 ± 1,19 52,03 ± 2,68 

Y 

5 0,43 ± 0,03 0,45 ± 0,03 

10 1,61 ± 0,20 2,00 ± 0,48 

15 3,62 ± 0,34 3,08 ± 0,51 

20 4,72 ± 0,19 4,00 ± 0,06 

25 10,38 ± 0,23 9,90 ± 1,04 

40 25,42 ± 1,24 20,40 ± 1,41 

55 44,45 ± 0,70 38,70 ± 1,68 

70 69,09 ± 1,56 52,31 ± 1,79 

Z 

5 0,73 ± 0,04 1,02 ± 0,08 

10 2,98 ± 0,39 3,23 ± 0,25 

15 5,84 ± 0,15 4,53 ± 0,13 

20 7,35 ± 0,10 5,27 ± 0,12 

25 10,92 ± 0,76 7,93 ± 0,54 

40 22,77 ± 0,46 16,77 ± 1,19 

55 28,36 ± 2,01 26,10 ± 0,91 

70 56,42 ± 2,80 40,00 ± 1,88 
 

Table 6.5: Compression test results. 
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Test direction Mechanical Property Derived Relationship SSE 

X 

 

Compressive strength 

 
𝜎𝑥

𝜎0

= 0,97 (
𝜌

𝜌0

)
1,84

 
 

1,8 10-4 

 

Young’s Modulus 

 

 
𝐸𝑥

𝐸0

= 0,1 (
𝜌

𝜌0

)
1,71

 

 

6,59 10-6 

Y 

 

Compressive strength 

 
𝜎𝑦

𝜎0

= 1,02 (
𝜌

𝜌0

)
1,89

 
 

1,06 10-4 

Young’s Modulus 

 
𝐸𝑦

𝐸0

= 0,09 (
𝜌

𝜌0

)
1,7

 

 

6,26 10-6 

Z 

 

Compressive strength 

 
𝜎𝑧

𝜎0

= 0,66 (
𝜌

𝜌0

)
1,65

 
 

1,45 10-3 

Young’s Modulus 

 
𝐸𝑧

𝐸0

= 0,06 (
𝜌

𝜌0

)
1,54

 

 

1,45 10-6 

 
Table 6.6: Nonlinear regression results.  

 

From the nonlinear regression results, it could be noted that all the data followed a power-

law trend, with exponents higher than 1,5. This suggest that the gyroid structures haven’t 

a stretching-dominated behavior, but they exhibit a non-ideal bending dominated 

behavior. This non-ideal behavior is probably linked to the structural imperfections 

caused by the FFF technology, which cause delamination and sliding phenomena due to 

the lack of inter-layer adhesion. However, this aspect could be improved by varying the 

process parameters that most influence the wettability between subsequent layers, such 

as nozzle temperature and printing speed, without being able to further reduce the layer 

height. 
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Figure 6.12: Relative strength (σ/σ0) and Relative modulus (E/E0) versus relative density (ρ/ρ0) plots. 

 

The results showed that the FFF process was robust in fact, in most cases, both the 

compressive strength and Young’s Modulus standard deviations were less than 5%.  It 

was found that both the Compressive Strength and Young’s Modulus follow a power-law 

trend as the Gibson-Ashby predictions for bending-dominated structures. Through 

nonlinear regression and the least squares method, it was possible to obtain the 

coefficients (C1 and C2) and exponents (m and n) of  Eq. 1 and Eq. 2 of the Gibson-

Ashby model. Therefore, it is possible to predict, in good approximation, the compressive 

strength of printed parts with a value of infill density inside the considered range.  

In the present work the isotropy of the compressive behavior of 3D printed Carbon PEEK 

gyroid lattice structures was evaluated by considering the variation in infill density, i.e. 

in cell size. The isotropy of the structures was perfectly confirmed in all direction only 

for ρ equal to 25% thanks to the perfect balance between the stresses to be supported and 

the dimensions of the unitary cells. For densities below and above 25% isotropy was only 

found along the x and y directions due to the loss of adhesion between layers along the 

printing direction (z). In particular, for ρ<25% the delamination occurred due to the 
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bending of the struts; for ρ>25% the loss in interlayer adhesion was induced by the 

buckling of the structures.  

In summary, it was demonstrated that it is possible to mitigate the anisotropy of FFF-

printed parts (and also of the material) by choosing the infill density that can best support 

the loads and the process parameters that can improve interlayer adhesion as much as 

possible. In this way, the Carbon PEEK gyroid lattice structures are very promising for 

the light-weight purposes and for applications in which the compressive loads are 

involved. 
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6.3 Impact behavior and residual strength of 3D printed C-

PEEK sandwich panels 
 

The aim of this part of the research was to study the impact behavior of 3D printed C-

PEEK sandwich panels having two solid skins and a trabecular core made with a gyroid 

infill. In particular, the main objective was to evaluate how the impact energy absorption 

capability of the panel varies as the infill density of the gyroid core varies. The two infill 

densities tested are 10% and 20%. The reasons why these two infill densities were chosen 

are: 

• They fall in the range in which, according to the results shown previously, the 

gyroid allows a certain isotropy in compression (see Paragraph 6.2). 

• The number of complete unit cells repeated within the core thickness: two for the 

10% and four for the 20% (see Figure 6.13). In this way, the comparison between 

the results obtained for cells of such different sizes, one twice the other, allows to 

better evaluate the influence of the gyroid core on impact resistance of panels with 

the same skin construction. 

• The cells dimension. The dimensions of the unit cell in both structures, in addition 

to allowing a notable reduction in the weight of the panel compared to a 100% 

solid block, allows the solid flat surfaces of the upper skins to be supported, 

guaranteeing good printing at the core-skin interface. In fact, this is not guaranteed 

for infills with a density of less than 10% where the size of the cells of the gyroid 

structure is not sufficient to support the subsequent solid layers which therefore 

collapse, creating defects especially at the core-skin interface. In those conditions, 

the gyroid core would not be able to adequately distribute and absorb the impact 

loads received on the skin.  

10% 

 

20% 

 

 
Figure 6.13: Side view of the 3D printed sandwich panels. 
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6.3.1 Design of Experiment 
 

The sandwich panels with a gyroid-lattice core, were 3D printed using the Roboze 

One+400 and Roboze C-PEEK filament as feeding material because, thanks to the 

presence of 10% of chopped carbon fibers, it guarantees less shrinkage of the material 

and better extrudability in unheated chamber conditions. To facilitate the detachment of 

the panel from the printing surface without damaging the lower solid skin, a support was 

printed with the same C-PEEK filament which was subsequently removed by CNC 

machining.  The 3D printing process parameters for both support and specimen are listed 

in Table 6.7.  

The test method followed the ASTM D7136 standard for measuring the damage 

resistance of a fiber-reinforced polymer matrix composite to a drop-weight impact event. 

The sample dimensions were 150 mm x 100 mm x 15 mm with 2 mm thick skins and 

11mm thick core. Figure 6.14 shows a schematic representation of the sample shape and 

dimensions. For both gyroid infill densities, a set of six specimens was produced. The 

impact energy for the two sets of specimens was different and was chosen by carrying out 

several tests on a sacrificial specimen for each set, until the “Barely Visible Impact 

Damage” (BVID) conditions were reached.  

After the test, non-destructive inspections (NDI) were carried out as follows: 

• the indentation of the impact mark was evaluated using a Mitutoyo Absolute 

comparator (with resolution of 0.01 mm); 

• the extent of damage was evaluated and measured using an Epson Perfection 

V750 PRO scanner; 

• ultrasound inspection was used to verify how the damage spread throughout the 

inside the panel. 

Finally, the Compression After Impact test (CAI) was carried out, using the MTS Insight 

testing machine, to evaluate the residual resistance of the panel according to the ASTM 

D7137 standard procedure.  
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Figure 6.14: Schematic representation of the sandwich structure of the panel: top view (left) and side view (right). 

 

 

 

                         

Support Specimen 

Print speed 30 mm/s Print speed 26 mm/s 

Infill pattern Zig-zag Infill pattern Gyroid 

Infill density 15% Infill density 10% and 20% 

Top layers 4 Top thickness 2 mm 

Bottom layers 4 Bottom thickness 2 mm 

Top/bottom infill 

pattern 
Lines [45, -45] 

Top/bottom infill 

pattern 
Lines [45, -45] 

Layer height 0,1 mm Layer height 0,1 mm 

 
Table 6.7: FFF process parameters for both supports and specimens. 
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6.3.2 Results and Discussion 

 
Low-velocity impact test 

The study of the behavior of sandwich panels in low-velocity impact (LVI) conditions 

was conducted with the drop-weight method according to ASTM D7136 standard. For 

the impact test was used a machine equipped with a free fall weight: the flat panel is 

appropriately clamped along the edges to prevent any slippage during the experiment and 

is hit by an impactor of defined geometry and mass which falls from a given height. In  

Figure 6.15 a photo of the used system is shown. The impact device used was an Instron 

Ceast 9350 with an impactor mass of 5,28 kg. For the two set of specimens the impact 

energy was chosen after various tests on a sacrificial specimen until the BVID conditions 

were reached. It must be specified that the choice of sacrificial specimens was done after 

ultrasonic scans in order to use, for this purpose, the samples that had given a worse 

response and which already had manufacturing defects. The experimental conditions for 

both groups of specimens are collected in Table 6.8.  

 

 

 
Figure 6.15: Schematic representation of the impact device and a photo of the specimen support and clamping. 
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 10% dense gyroid 
20% dense gyroid 

Impact Energy 4 J 6,5 J 

Drop height 77,6 mm 126 mm 

Mass of the impactor 5,277 Kg 5,277 Kg 

Impact speed 1,23 m/s 1,57 m/s 

 
Table 6.8: Impact test conditions. 

 

The history of the collision is reconstructed through the force-time curve, which allows 

to obtain the maximum energy corresponding to the maximum impact force. In Figure 

6.16 all the force-time curves are shown, while the experimental results are reported in 

Table 6.9.  

 

 

Figure 6.16: Impact Force vs Time curves for both sets of specimens.  
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Sample ID 
Fmax 

(N) 

tmax  

(ms) 

Emax  

(J) 

Eaverage 

(J) 
St. dev. (J) 

S1_Gyroid 10% 1485,61 4,89 3,55 

3,49 ±0,08 

S2_Gyroid 10% 1542,54 5,13 3,59 

S3_Gyroid 10% 1322,95 5,06 3,36 

S4_Gyroid 10% 1483,89 4,31 3,50 

S5_Gyroid 10% 1481,91 4,68 3,44 

S1_Gyroid 20% 2673,02 2,89 5,30 

5,74 ±0,25 

S2_Gyroid 20% 2407,34 3,86 5,86 

S3_Gyroid 20% 2662,17 3,75 6,04 

S4_Gyroid 20% 2369,39 3,57 5,65 

S5_Gyroid 20% 2185,04 3,92 5,84 

 
Table 6.9: Impact test results. 

 

 

Figure 6.17: Average absorbed energy. 

 

In this section, the force-time and energy absorption capability of the 3D printed gyroid-

core sandwich panels were discussed. In particular, the effects of unit cell dimensions on 

energy absorption capabilities were studied. It must be noted that the two types of 

structures with different infill densities, respond differently to the impact both in terms of 

impact energy in BVID conditions and in terms of the time necessary to reach the 

maximum absorbed energy (Emax). Specifically, the specimens with the 10% core 

density underwent impacts with an impact energy of 4 J and reached Emax after 

approximately 5 ms. On the other hand, the specimens with the 20% core density suffered 

impacts with an impact energy of 6,5 J and reached Emax faster, after approximately 3,6 

ms. Furthermore, after the peak force, a more rapid load drop is observed in the case of 
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the 20%-dense core as compared to the 10%-dense core. However, the percentage of 

absorbed energy compared to the provided impact energy was 87,3% for the 10%-dense 

core and 88% for the 20%-dense core with standard deviations in both cases lower than 

5%. After the drop-weight test, all structures showed permanent damage visible to the 

naked eye only on the skin subjected to impact while the opposite skin was intact. The 

damage was studied using indentation measurements, damage dimensions, ultrasonic 

NDI to evaluate the damage propagation within the specimen and CAI tests. All results 

are reported and discussed below. 

 

Non-destructive inspections 

For aeronautical applications the impact behavior of the material is of particular interest 

in relation to its indentation. The imprint left by the blunt object is the first sign of the 

impact visible to the naked eye, and therefore allows to perceive a situation potentially 

critical by simple visual examination. Obviously, the surface alteration must be sufficient 

evident: from this need was born the definition of “Barely Visible Impact Damage” 

(BVID), which generally links the concept of visibility to the depth of the indentation. In 

the aeronautical sector the concept of BVID refers to the measurement of the maximum 

depth of the impact mark (i.e. the indentation) which must be less than 1mm. In these 

conditions, all the imprints left by the impactor were analyzed measuring both the 

indentations and extent (in terms of diameters) by using a Mitutoyo Absolute comparator 

(with a resolution of 0.01 mm) and an Epson Perfection V750 PRO scanner, respectively. 

All the diameter and indentation measures are reported in Table 6.10 and, in Figure 6.18, 

pictures of the comparator setup and damage extent measurement are shown. The damage 

pattern found on the samples was a circle with a cross in the center. It resulted very similar 

to that reported in the ASTM D7136 standard (see Figure 6.18 a), according to which 

large cracks are formed combined with fiber breakage, but, in this case, since it is a FFF 

printed sample, it can only be a case of breakage of the extruded filaments which have a 

similar behavior to the fibers inside a composite material. 



 

141 
 

 

Figure 6.18: Damage Mode according to ASTM D7136 (a); damage extent measurements of the impacted sample: 
radius (b) and indentation (c). 

 

 

Sample ID 
I  

(mm) 

I average 

(mm) 

St. dev.  

(mm) 

d  

(mm) 

daverage 

(mm) 

St. dev. 

(mm) 

S1_Gyroid 10% 0,323 

0,31 ± 0,01 

7,01 

6,98 ±0,13 

S2_Gyroid 10% 0,329 6,79 

S3_Gyroid 10% 0,304 7,19 

S4_Gyroid 10% 0,302 6,89 

S5_Gyroid 10% 0,299 7,02 

S1_Gyroid 20% 0,874 

0,86 

 10,98 

10,44 ±0,52 

S2_Gyroid 20% 0,861  10,41 

S3_Gyroid 20% 0,878 ±0,02 10,78 

S4_Gyroid 20% 0,844  10,53 

S5_Gyroid 20% 0,837  9,50 

 
Table 6.10: Damage extent measurements in terms of indentations (I) and diameters (d). 

 

From Table 6.10 it could be noted that the 10%-dense structures impacted with an energy 

of 4 J had a smaller damage in terms of both indentation and diameters if compared to the 

20%-dense structures impacted with an energy of 6,5 J. In particular, the average 

indentation and the average diameter were about 64% and 33% lower, respectively. 

Obviously, this is due to both the difference in energy used for the test and to the 

difference in response of the two structures with different gyroid densities. 
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Generally, the failure mechanisms due to impact event in a 3D printed facesheet could 

essentially be intralayer cracks and interlayer delamination. A campaign of ultrasonic 

inspections was carried out aimed at identifying the evolution of the damage within the 

impacted panel. A fundamental problem that arises in ultrasonic non-destructive testing 

is represented by the need to guarantee adequate and constant probe-sample acoustic 

coupling because the flow of ultrasonic energy in emission and reception is transmitted 

through it. For this reason, the squirter-based inspection system was used: the ultrasounds 

are transmitted through a column of water which acts as a coupling agent, wetting the 

sample. In this way, the ultrasounds are initially transmitted into the water and, after 

having traveled in it, reach the liquid-sample interface. Figure 6.19 shows a representative 

image of the operation of the squirter-based ultrasonic testing system: the oscilloscope 

shows an initial peak relating to the emission of the transducer followed by a second peak 

relating to the transmission of the signal through the sample. Attenuation of the signal 

could appear corresponding to the interfaces of defects (having a different acoustic 

impedance). This procedure has the following advantages: 

• The coupling between probe and sample is constant and uniform, guaranteeing 

uniform sensitivity and stability to the signal 

• Pieces even with complex geometry can be tested 

• Automated inspection systems can be used. 

 

Figure 6.19: Schematic representation of squirter-based ultrasonic system: no defect to be detected (a),  
small defect (b), big defect (c). 

 

The ultrasound scans were performed in transmission configuration. In this configuration, 

the ultrasonic signal generated by the emitter passes through the entire thickness of the 

sample and reaches the receiver. Of course, if the signal meets along its path a 
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discontinuity, this will reflect part of the energy and the amount of energy that will 

therefore reach the receiver will be less. In this case, since the samples were not closed 

by external walls in the central part constituted by the gyroid structure, before testing, 

they were covered along the perimeter with adhesive tape, to prevent water from entering 

inside the porosities. The scans were carried out both before the impact in order to identify 

the test parameters for each sample (signal frequency and intensity) to be used for post-

impact scans and verify whether there were defects in the structure, and after the impact 

test to verify how the impact damage was propagated within the samples. All the results 

before and after impact are shown in Figure 6.20. The frequency chosen for the inspection 

of samples at 10% of gyroid density is 2,25 MHz, while for samples at 20% of density it 

is 1 MHz. From Figure 6.20 it could be noted that the samples named with number “6” 

for each set, gave very low signals during ultrasound scans, thus they were used as 

sacrificial specimens to define the impact conditions. Furthermore, it is very evident the 

difference in the propagation of the impact damage within the sample for the two different 

sets of specimens. Specifically, samples number 2, 4 and 5 with 20% of gyroid density 

showed a clear detachment of the upper skin from the trabecular core involving the 40%-

60% of the total skin area, whereas samples 1 and 3 showed more localized damage, 

involving only the 1,7% of the total skin area, with a shape very similar to the mark left 

by the impactor, visible on the external skin. Post-impact scans of the 10% dense samples 

showed a generally lower extent of damage than the 20% samples, with localized damage 

for samples 1, 4 and 5, involving only the 0,3%-0,5% of the total area, somewhat more 

extensive for samples 2 (2,2% of the sample area), with a detachment of the skin from the 

gyroid core more evident in sample 3, involving the 7,5% of the total sample area. From 

these results, the following hypothesis regarding the prevailing damage mechanisms for 

both types of sandwiches panels could be done: 

• For the samples at 10% of core density (tested with an impact energy of 4J), there 

was the onset of intralayer localized cracks within the impacted facesheet, 

probably because of a localized failure of the underlying gyroid structure due to 

vertical cracks and deformations.  

• For the samples at 20% of core density (tested with an energy of 6,5J), interlayer 

delamination/detachment of the impacted skins from the core occurred, probably 

due to a more extensive propagation of stresses between the adjacent unit cells 

following the deformation caused by the impact. 
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Figure 6.20: Ultrasonic C-scans of all samples before (left) and after (right) impact test. 
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Compression After Impact test 

After having pre-damaged the specimen in the drop-weight impact event, evaluating the 

damage by measuring the deformation at the point of impact and determining the extent 

of the damage inside the samples using non-destructive ultrasonic inspections, static 

compression test for determining the residual compressive strength were performed. The 

tests were performed using the electromechanical machine MTS Insight equipped with a 

300kN loadcell, according to the ASTM D7137, at the test speed of 1,25 mm/min. For 

these tests, the specimen is mounted on a special tool which allows it to be kept stable on 

all 4 sides during the execution of the test. Figure 6.21 shows a photo of the sample 

mounted on the CAI test tool according to the ASTM D7137 standard. 

 

 

Figure 6.21: Compression after impact test experimental set-up.  

 

Figure 6.22 shows photos of all the CAI tested samples. The stress-strain curves for both 

sets of samples are shown in  Figure 6.23, while all the results in terms of Residual 

Strength are reported in the Table 6.11.  

From the evaluation of the responses to the CAI test of the various panels both in terms 

of residual strength and failure modes, it is possible to note that: 

• All the samples broke due to compression either in the upper or lower part of the 

specimen, only one (sample 4 with 20% infill density) broke in the center in 

correspondence with the damage induced by the impact. This allows us to 

hypothesize that the impact event only affects the impacted skin and its interface 
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with the trabecular core but does not affect the remaining part of the specimen 

whose properties remain unchanged. This confirms that the gyroid is a trabecular 

structure that allows good absorption of impact energy, preventing breakage of 

the sandwich panel. 

• Panels with a 20% dense core exhibited a higher compression strength than panels 

with a 10% dense core, on average they obtained a 25,7% higher residual 

resistance. This means that the gyroid core contributes to the compressive 

resistance of the panel. This assumption is confirmed by the fact that the breakage 

of the skin occurred after the compression failure of the gyroid structure and 

therefore by the loss of adhesion at the contact points between the gyroid and the 

facesheet. 

• There is a clear correlation with the results obtained from non-destructive 

inspections. In fact, the samples that in the ultrasound scans showed a greater 

extension of the damage (such as samples 2 and 3 for the 10% dense panels and 

samples 2,4,5 for the 20% dense panels), had a lower compressive strength 

compared to the panels having a more localized impact damage (such as samples 

1 and 4 for the 10% dense panels and 1 and 3 for the 20% dense panels). 
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Figure 6.22: Upper and lower sides of CAI-tested samples. 
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Figure 6.23: CAI stress-strain curves. 

 

Sample ID 
Residual Strength 

(MPa) 

R.S. average 

(MPa) 

St. dev.  

(MPa) 

S1_Gyroid 10% 22,7 

17,5 ± 5,6 

S2_Gyroid 10% 14,8 

S3_Gyroid 10% 12,6 

S4_Gyroid 10% 24,4 

S5_Gyroid 10% 13,3 

S1_Gyroid 20% 28,0 

22,0 ±4,6 

S2_Gyroid 20% 18,1 

S3_Gyroid 20% 25,8 

S4_Gyroid 20% 18,5 

S5_Gyroid 20% 19,6 

 
Table 6.11: CAI test results. 
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The present preliminary study aimed to understand the mechanical behavior of C-PEEK 

3D printed sandwich structures with a gyroid core under a low-velocity impact test and 

evaluate the influence of the core infill density on the panel mechanical properties. Both 

non-destructive and destructive experimental studies were performed in order to 

determine the panels energy absorption capability and failure mechanisms. The results 

revealed that the infill density has a strong influence on the mechanical properties and 

failure mechanism of the panel. Specifically, by increasing the core density from 10% to 

20%, it was possible to increase the impact energy by 37,5% (from 4 J to 6,5 J), the 

average absorbed energy by 64,5% and the average residual resistance by 25,7%. 

Regarding the failure mechanisms of the panels, from the results obtained through 

ultrasound tests, the panels with the 10% dense core have suffered a more localized 

failure, probably due to a local failure or deflection in the unit cells of the gyroid 

immediately underlying the point of impact on the upper skin. This made it possible to 

limit the spread of the damage to the rest of the structure. Instead, for panels with a 20% 

dense core, the tensions generated by the deflection of the unit cells below the point of 

impact have propagated horizontally along the adjacent cells, causing a larger detachment 

zone between the skin and the core. These findings are still embryonic, it is necessary to 

test and study the properties of panels with the same geometry but different cores in terms 

of both density and trabecular structure to understand even better how the properties 

related to impact resistance vary. Furthermore, with the current solution, where the entire 

sandwich is 3D printed, it was found that the upper skin gets damaged first, indicating 

that the impact absorption effect given by the porous structure is not fully exploited. For 

this reason, to better evaluate the effect given by the gyroid core, it is planned to test it in 

sandwich panels with skins made of another material, for example panels of cured 

composite material or aluminum plates. However, this study paves the way for the 

development of innovative 3D printed sandwich panels in materials and geometries to 

obtain more resilient and energy-absorbing structures with a higher stiffness-to-weight 

ratio. 

  



 

150 
 

7 Conclusions and future developments 
 

In the present research work, the initial study of the process parameters with the aim of 

optimizing the properties of PEEK 3D printed via FFF served to understand the 

phenomena that most influence the properties of the material, mainly linked to the 

formation of crystallites, the adhesion between the filament being extruded and the 

previous one which has already solidified. In this sense, high temperatures and low nozzle 

movement speeds play a fundamental role in lowering the polymer cooling rate, 

guaranteeing better mechanical properties. Considering the limits of the technology 

which do not allow total optimization of the process, and knowing the need of industry to 

reduce the production times of printed parts as much as possible, it was decided to test a 

surface treatment via cold atmospheric plasma. The aim was to increase interlayer 

adhesion using for example higher printing speeds and lower temperatures instead of the 

optimized ones. For this research, an in-depth study of the characterization of plasma-

treated surfaces was undertaken as the treatment parameters varied: time and distance of 

the torch from the surface to be treated. In particular, the characterization involved 

thermal imaging to verify the temperature reached during the treatment, FTIR 

spectroscopy to understand the changes in the chemical composition of the material 

induced by the plasma, contact angle measurements to evaluate the increase in wettability 

and therefore in surface energy , and SEM imaging to highlight any changes in surface 

morphology. Among the most interesting results of this preliminary characterization, the 

appearance of polar functional groups was found which allow the formation of hydrogen 

bonds with the subsequently deposited polymer, strengthening the chemical bond at the 

interface, and the formation of crystallites on the surface which improve the mechanical 

interlocking. To demonstrate what was hypothesized, mechanical shear tests were carried 

out which revealed an increase of even more than 30% in resistance for the treated 

samples compared to the untreated ones. This study deserves to be further explored, but 

it paves the way for a new vision of industrial production using FFF, faster but more 

effective thanks to an almost instantaneous treatment of surfaces. The plasma treatment 

used in this study, in addition to being effective in a few seconds, adds the advantage of 

being a green chemical treatment, not making use of solvents and/or toxic precursor gases 

but using ambient air, and requiring low power consumption for the activation energies 

involved.  
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Subsequently, a characterization study of 3D printed C-PEEK gyroid structures was 

carried out, interesting from an industrial point of view because gyroid structures bring 

several advantages including: having a high strength-to-weight ratio and being isotropic. 

In fact, with this study it was demonstrated that the use of gyroid infill pattern for 3D 

printed parts, in addition to the possibility to make them lighter with unchanged 

mechanical resistance (resulting in savings in both material costs and production times), 

can mitigate the mechanical anisotropy caused by the technology and the use of 

anisotropic materials. The research was conducted starting from a study on the variation 

in the compressive strength of the structures as the infill density varied, subsequently 

compression tests along the x and y axes served to evaluate their potential isotropy. The 

results showed that: i) the compression behavior follows the trend of bending-dominated 

structures according to the Gibson-Ashby model, ii) with 70% of infill it was obtained 

the same strength-to-weight ratio that would be obtained with the 100% full structure, 

saving 30% of time and material, iii) at 25% of infill density the gyroid structure shows 

mechanical isotropy in all directions. Starting from these results, it was decided to test the 

low-velocity impact absorption properties of 3D printed sandwich structures having a 

gyroid core with 10% and 20% infill. This preliminary research showed that the impact 

energy that the panel could withstand increases as the density of the filling increases but 

that the damage found propagated less in panels with lower density. However, further 

investigations are necessary to better investigate the propagation of the damage within 

the core and on the lower skin of the sandwich. In this regard, Computed Tomography 

(CT scan) and pulse-echo ultrasound methods could provide more specific and accurate 

information. In addition to this, an optimization study of the panel design can be very 

useful in making the most of the advantages of the gyroid structure in energy absorption. 

Overall, this thesis study served to better understand the behavior of high-performance 

polymeric materials such as PEEK and its composite C-PEEK when processed by FFF, 

and how to best exploit its properties to bring the use of this Additive Manufacturing 

technology within industrial production processes of aeronautical interest. Future 

developments will include the study and design of 3D printed PEEK and C-PEEK parts 

for aeronautical use, for example for the production of molds, tools or end-use products. 

The aims are to make the production of these objects smarter and more flexible both from 

a geometric and mechanical properties point of view, as well as to promote the  

sustainability and circular economy of the company. The latter is an increasingly 
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important objective for modern companies and, in the production of components in 

composite material, thermoplastic matrices certainly have the great advantage of being 

able to be more easily recycled, reused, repaired and remodeled almost infinite times 

without compromising the properties of the material. 

Other future developments could be: 

• The development of a predictive model for the mechanical performance of printed 

parts knowing the printing parameters, material and geometry 

• The formulation of a thermoplastic matrix material filled with fibers recovered 

from the recycling of production waste 

• The investigation of other surface treatment methods that can increase interlayer 

adhesion or reduce voids as much as possible, making the part mechanically more 

resistant.  
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