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Abstract 

The objective of the dissertation is to establish a framework for the 

development of additive manufacturing (AM) technologies toward the fabrication 

of high-quality of carbon fiber reinforced thermoplastic polymer (CFRP) 

composites. AM offers valuable advantages with respect to conventional 

composites fabrication methods, including high design flexibility, near net shape 

processing of complex geometries with no need of moulds, tools or special 

equipment (e.g., autoclave), product customization, small material and energy 

consumption and capability of full automation. In this context, this dissertation 

analyzed the relation between processing, structure and property across the micro 

and meso length scales of both short and continuous fiber reinforced polyamide 

composites fabricated with powder bed fusion (Selective Laser Sintering, SLS) 

and material extrusion (Fused Filament Fabrication, FFF and Continuous Filament 

Fabrication, CFF) AM techniques. To this end, a detailed thermo-physical, 

morphological and mechanical characterization of the materials before and after 

the printing process was performed. Moreover, a novel approach was developed 

to rationalize process parameter optimization in SLS, while the ability to control 

fiber orientation in material extrusion AM methods was used to customize part 

stiffness and strength and mechanical anisotropy by aligning the fibrous 

reinforcements layer by layer in multiple ways. Current models used to predict the 

mechanical behaviour of fiber reinforced composites were also effectively 

adapted to AM parts by taking into account their peculiar microstructural features 

into the models. Overall, the results showed that the integration between 

microstructure control, effective modeling approaches and process optimization 

could drive the application of AM in the composite industry. The current issues 

related to the widespread adoption of composite AM, such as difficulties in void 

suppression, limitations in fiber length and content and other processing defects 

(interlayer bonding and fiber distribution) were also illustrated by comparing the 

microstructure and mechanical properties of 3D printed and conventionally 

manufactured components. Although short fiber reinforcements are preferred due 
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to ease of AM processing, continuous fiber composites exhibited tremendous 

enhancement of mechanical properties, with potential to outperform the 

conventional fabrication methods where complex light-weight structures are 

needed. Finally, suggestions for possible processing and material improvements 

were proposed. 
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Chapter 1 

Introduction  

1.1 Motivation  

Fiber reinforced polymer composites has attracted enormous interest in the last 

decades since their properties are otherwise not achievable with traditional 

materials. Among them, carbon fiber reinforced polymers (CFRP) with short or 

continuous reinforcements offer relevant advantages over polymers (high 

mechanical properties, fatigue resistance and temperature stability) and metal 

alloys (high specific stiffness and strength, corrosion resistance, lightweight and 

non-energy-intensive manufacturing processes) [1]. In addition, they exhibit high 

chemical resistance and a low coefficient of thermal expansion. Owing to this 

unique combination of properties, carbon fiber reinforced polymers has found 

numerous applications in high-performance industries where mass is a significant 

design factor, such as automotive, aerospace, wind energy and sport equipment 

(Figure 1a) [2]. Moreover, the worldwide demand for carbon fiber composites is 

continuously increasing due to government stimulus package for the development 

fuel-efficient transportation vehicles and cleaner energy production (e.g., wind, 

solar) (Figure 1b) [3]. 
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Figure 1: (a) Carbon fiber composite mass consumption by industry in 2016 [2] and 

(b) global demand and forecast (2010-2030) for carbon fiber composite market [3] 

Short fibers are largely employed to enhance the performances of neat 

thermoplastic polymers by creating composites with improved mechanical and 

functional properties without changing the production process (e.g. injection or 

compression moulding) or significantly altering the manufacturing cost and 

productivity. Short carbon fiber reinforced polymer (SCFRP) composites reach 

elastic modulus values in the range from 10 to 20 GPa and can withstand up to 

200 MPa of applied tensile stress. Moreover, the greatest advantage of using 

SCFRP composites over thermoset counterparts and metals is represented by a 

favourable compromise between performances and cost, due to their ease of 

processing, high volume production output, long shelf life and the potential to 

recycle scrap [1,4]. Although short fiber reinforced thermoplastics have been 

continuously improved over the years and have reached a widespread use in 

different industries, the highest mechanical performances and strength to weight 

ratio can be obtained by using continuous fibers and thermosetting epoxy 

matrices. Continuous carbon fiber reinforced polymer (CCFRP) composites has 
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been used in aerospace and sport car industries for decades and the material 

characteristics has been fully optimized in terms of fibers sizing techniques and 

surface treatments and epoxy matrices curing processes. Through these 

developments high interfacial strength between fiber and polymer, high 

mechanical performances and fast curing time (from hours to minutes) were 

achieved [5].  

Today, the evolution of processing technologies, combined with customer 

demands for personalized good and services, are leading to changes in the 

distribution and scale of manufacturing. Three main drivers are widely 

acknowledged as key factors for enabling a significant change in the 

manufacturing landscape: (1) sustainability, (2) automation and (3) product 

customization. For short fiber thermoplastics this new paradigm mostly results in 

the necessity of technological improvements to meet an ever increasing demand 

for customized products. Traditional processes such as injection molding are 

highly automated and well suited for mass production, but customization of the 

objects is costly because dedicated and expensive moulds are needed. By contrast, 

continuous fiber reinforced composites relies on labour intensive and time 

consuming processing methods (e.g., hand layup, vacuum bag-only), which have 

a high cost-per-part and are not suited for high volume output automation. 

Moreover, thermosetting resins show poor end-of-life recyclability and usually 

require sophisticated cure chemistries or prolonged cure cycles that impedes a 

translation to more sustainable and efficient production systems. For these 

reasons, automated processing techniques for continuous fiber reinforced 

thermoplastic composites parts, such as filament winding (FW), automated fiber 

placement (AFP) and automated tape layup (ATL), are increasingly popular as 

alternative to thermosetting resins [5,6].  

In this context, additive manufacturing (AM), a direct manufacturing 

approach that allows the fabrication of 3D objects from a digital design without 

tooling, could play a significant role in the carbon fiber composite industry. 

Firstly, additive manufacturing or 3D printing has some potential benefits that 

stand out to meet the three aforementioned trends for future manufacturing:  

1. it is intrinsically less wasteful in terms of material and energy 

consumption than traditional subtractive production processes [7,8]; 

2. automation technology in software and production workflow can be easily 

implemented to AM, thus adding unprecedented abilities to rapid 

prototyping processes [5,9];  
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3. the high design flexibility coupled with no need for tooling enables low 

volume manufacturing capabilities and product customization without 

additional cost [1,5,6]. 

Moreover, additive manufacturing can effectively address some of the major 

limitations of conventional processing methods for fiber reinforced composites. 

On one side, AM creates complex-shaped and customized composite parts, 

without the need for mould redesign for every product iteration, thus representing 

a resource- and cost-efficient solution for small-scale production of short fiber 

thermoplastics. On the other hand, AM could bridge the gap between CCFRP 

composites and more sustainable, automated and flexible production approaches. 

Continuous fiber reinforced thermoplastics can be produced by using relatively 

simple and affordable AM techniques, able to rapidly translate digital design into 

finished parts with less human labour, shorter cycle times and less material waste. 

This will lead to cost savings and greater process efficiency compared to 

traditional processes [1].  

Although AM offers a variety of unique advantages to composite 

manufacturing, the development of peculiar microstructure, including novel 

defects, interlayer interfaces, polymer crystalline structure and fiber orientation 

distributions, also demands additional research. Most significantly, composite 

parts fabricated by AM exhibit high void content and low polymer crystallinity, 

that contribute to a reduction of the material performances. The poor interlayer 

bonding typical of AM parts can result in peculiar failure morphologies. 

Moreover, the mechanisms underlying the placement and orientation of carbon 

fibers within the polymer matrix differ from traditional methods and between each 

additive techniques too. Finally, there still exist insufficient data on the 

application of mathematical models to predict the mechanical properties of AM 

composites. Therefore, these aspects are widely examined in this thesis to 

improve the current knowledge on the relationship between AM process, 

composite structure and final part property.   

1.2 Dissertation overview 

The present dissertation aims at addressing the characterization, processing and 

modeling of additively manufactured carbon fiber thermoplastic composites. 

Three popular AM techniques for thermoplastic polymers, namely Selective Laser 

Sintering (SLS), Fused Filament Fabrication (FFF) and Continuous Filament 

Fabrication (CFF), are chosen for investigation. SLS and FFF are examples of 
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powder bed fusion and material extrusion AM techniques able to process short 

fiber thermoplastics. CCF is a patented dual extrusion technology that allows the 

addition of continuous reinforcements to neat polymers. Polyamide based 

composites are processed as they are easily accessible and specifically optimized 

for each additive techniques. In addition, these materials are frequently employed 

in both academic research and industrial applications. The main objective of the 

dissertation is to analyse the microstructure and performances of the 3D printed 

composites and to identify the current limitations of AM techniques through a 

comparison with traditional manufacturing methods. In fact, owing to the 

progressive shift of additive manufacturing from prototypes towards end-use parts 

production, the quality standards required for 3D printed parts are such stringent 

as those for traditional components. The PhD thesis is arranged as follows: 

¶ chapter 2 will present the state of the art in additive manufacturing of 

carbon fiber reinforced thermoplastic polymer composites, including both 

short and continuous fiber reinforcements. This chapter covers relevant 

previous works on the three different technologies adopted in this thesis. 

An overview of the main aspects of those technologies and the current 

knowledge of the influence of carbon fibers on processing, structure and 

properties of 3D printed thermoplastic polymers will be presented; 

¶ chapter 3 introduces AM processes and materials, including machines and 

building strategies. The process parameter optimization approach used for 

SLS is also emphasized. The characterization methods adopted to study 

the thermal, physical, microstructural and mechanical properties for raw 

materials and printed parts described along with different models for the 

prediction of the mechanical properties of the composites; 

¶ chapter 4 is divided in three sections, where the experimental results for 

SLS, FFF and CFF printed composites are presented and discussed. A 

detailed analysis of the microstructural defects and fiber orientation 

induced by the printing processes as well as the related tensile behaviour 

and failure mechanism is carried out; 

¶ chapter 5 illustrates an in-depth comparison between the microstructure 

and mechanical performances of short and continuous fiber composites 

produced by AM and traditional technologies. Suggestions on possible 

improvements and application spaces for these technologies are also 

encompassed; 

¶ chapter 6 draws the conclusion of the experimental activity and future 

research outlooks. 
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Chapter 2 

Additive Manufacturing  

2.1 Introduction  

Additive manufacturing (AM), also known as 3D printing, has emerged as a group 

of technologies capable of fabricating a wide range of components and complex 

geometries directly from computer aided design (CAD) files. This technology has 

been developed by Charles Hull in 1984 in a process known as stereolitography 

(SLA), which was followed by subsequent developments such as powder bed 

fusion (PBF), material extrusion, binder jetting and laminated object 

manufacturing (LOM) [10].  

Figure 2 schematically illustrates the common steps involved in AM 

processes. Three-dimensional (3D) model of the part is created by using common 

CAD software. The digitally programmed design is converted to the STL file 

format, referred as "standard tessellation language", and transferred to the slicing 

software of the AM printer. By using the software, the layer slicing operation is 

performed and the whole tool path for the AM printer is created according to user-

defined settings. A ñgcodeò file containing step-by-step instructions of the 

printing process, is exported and the AM printer can thus produce the designed 3D 

object according to a layer-by-layer manufacturing strategy. Finally, post-

processing is frequently required to remove structures of support and improve part 

surface finishing or geometrical accuracy [10,11]. 
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Figure 2: Flow chart illustrating all steps involved in AM file preparation and part 

production [12] 

The additive principle offers higher design freedom compared to traditional 

fabrication methods. This allows the fabrication of complex geometries with high 

precision without the use of special tools and moulds. Therefore, 3D printing has 

been initially used by designers to produce aesthetic and functional prototypes due 

to its fast and cost-effective prototyping capability. The use of 3D printing has 

reduced the time-to-market and the additional cost that are incurred to develop 

new products. However, significant improvements in processing methods, 

materials and equipment over the last years has enabled AM to rapidly moving 

from the rapid prototyping space to production of end-use working parts [10,13]. 

The greatest advantages of AM technologies are the possibility to fabricate 

intricate geometries with high accuracy, unprecedented design flexibility, low 

material wastage, easy product customization as well as significant savings in 

manufacturing time and cost for tools and spare parts. Flexibility in design 

enables engineers to modify the part as many time as required without additional 

cost. The fabrication of components with complex geometry, otherwise 

problematic to be obtained with traditional methods, allows a significant 

improvement of manufacturing and assembly processes by combining multiple 

components into a single part. Moreover, the shape of the parts can be tailored by 

topological optimization in order to reduce weight or meet specific functionalities, 

as frequently happens for airflow or heat dissipation structures. 3D printing is also 
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intrinsically less wasteful compared to subtractive manufacturing methodologies 

as material and energy usage can be minimized during manufacturing and product 

can be more easily repaired. More importantly, personalized products and short 

production runs can be quickly tailored according to specific needs thus making 

the technology ideal for product customization and prototyping. In fact, changes 

in part design can be done using CAD software at negligible extra cost and 

without modifying manufacturing equipment, such as moulds and dies, for each 

design iteration. Spare parts production can be modified with the introduction of 

AM techniques due to the potential of distributed and on-demand manufacturing. 

In fact, parts are fabricated where and when they are needed, thus reducing 

operating downtime and cost as well as inventory stock. In addition, the expiry of 

the first patents has further pushed the development of these technologies by 

giving university, start-up and industry the way to improve existing processes and 

equipment or design entirely new ones. Due to these unique advantages, AM has 

found application in different areas, from biomedical to automotive and aerospace 

[10,12ï16].  

However, several disadvantages, related to the intrinsic nature of AM 

methods, still remains. These drawbacks include high costs of raw materials and 

some types of printing systems, poor process scalability to mass production, 

limited part dimensions and material selection, anisotropic properties and 

geometrical inaccuracies. Entry and production costs are high because specific 

equipment and expertise are required and raw material are more expensive. The 

high costs and long fabrication time of AM methods hinder high volume 

production of any repetitive object (i.e., scalability). Most AM machines have 

small print area which limits the size of parts that can be fabricated [13,15]. The 

constraint of working ñin-the-boxò has inhibited the adoption of these 

technologies for large structures. The average size of an industrial machine is 

about 1 m3, although Oak Ridge National Laboratory has recently developed a 3D 

printer based on material-extrusion technology (referred as Big Area Additive 

Manufacturing) with a build volume of 26 m3 [1]. Moreover, the available 

selection of materials is not exhaustive since various polymers and metals (e.g., 

most thermosetting resins, rubber and not weldable metal alloys) cannot withstand 

the temperature cycles and processing conditions of AM [5,13]. The layer-wise 

process strategy and the consequent consolidation mechanism also lead to 

different microstructures compared to conventional methods. Voids between or 

within layers is one of the major hurdles for AM processes. The residual porosity 

can be high, thus causing a significant reduction of mechanical characteristics of 
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the parts. Moreover, the weak bonding between layers induces anisotropic 

mechanical behavior, expressed by inferior out-of-plane properties [1,5,10,17]. 

Finally, the geometrical accuracy, resolution and surface finish of AM parts are 

strictly related to the manufacturing method adopted. The tessellation concept that 

allows to transform CAD files into 3D printed parts has intrinsic limitations in 

geometrical accuracy, especially for curved surfaces, as the digital design is 

approximated by elements with triangular shape. Material extrusion AM 

techniques, where a filament is deposited through a nozzle with typical diameter 

greater than 0.4 mm, has lower tolerances and printing accuracy compared to 

other processes, such a powder-bed or stereolitography (where fine powders or 

liquid resin are consolidated by a laser beam) [16,17]. For the same reason, the 

former methods are more prone to produce parts with layer-by-layer appearance 

[10]. Thermal stresses developed during the printing process can also negatively 

affect the performance and geometrical accuracy of the final part [10]. Therefore, 

post-processing (by heat, laser, chemicals or sanding) is usually required to meet 

the quality requirements, but it is worth noting that these added manufacturing 

steps increase production time and cost [13,15].  

AM involves various processing methods, materials and printer types. 

Polymers are the most widely used materials in the AM community owing to their 

limited cost and ease of processing with different methods. Several fabrication 

techniques are currently available to print polymers and their composites: 

¶ photo-polymerization, also known as stereolitography (SLA); 

¶ material jetting; 

¶ material extrusion, such as fused filament fabrication (FFF) and 

continuous filament fabrication (CFF) techniques; 

¶ powder bed fusion, including selective laser sintering (SLS) and multi jet 

fusion (MJF); 

¶ laminated object manufacturing (LOM). 

Raw materials are in the form of thermoset resin, reactive monomers, 

thermoplastic filaments, sheet and powders. Table 1 summarizes the various 

feedstock form and consolidation mechanisms in polymer AM processes by 

dividing in different categories as well as the benefit and drawbacks of each 

method. 
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Table 1: A summary of raw materials, benefits and drawbacks of the polymer 

additive manufacturing methods  

AM 

methods 

Material  Benefits Drawbacks Resolution 

(µm) [17] 

Stereolito-

graphy 

Liquid 

photocurable 

resin 

Fine resolution 

Ability to produce 

complex parts 

Smooth surface 

finish 

Large build area 

Material 

limitation 

High cost 

Poor strength and 

durability 

25-100 

Material 

jetting 

Viscous 

polymer inks 

Good surface 

finish 

High resolution 

Full colour parts 

Multiple material 

Low mechanical 

strength 

Poor interlayer 

adhesion 

Low productivity 

25 

Material 

extrusion 

Thermoplastic 

filament 

Low cost 

Simplicity 

High strength 

Multi material 

capability  

Ability to print 

continuous fibers 

Anisotropy 

Low productivity 

Poor surface 

finish 

Nozzle clogging 

High processing 

temperatures 

100-150 

Powder bed 

fusion 

Thermoplastic 

powders 

High quality 

Part complexity 

No support 

required 

High equipment 

cost 

Powder removal 

 

50-100 

Laminated 

object 

manufac-

turing 

Sheets Low material cost 

High productivity 

Large build area 

Ability to process 

continuous fibers   

Poor surface 

quality and 

dimensional 

accuracy 

Limitation for 

complex shapes 

200-300 
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Polymeric objects created by AM can feature highly complex and customized 

geometries, without expensive and time-consuming mould redesign as it would be 

required for conventional injection molding process. However, the main issue of 

polymer AM techniques is the lack of materials with good structural and 

functional capabilities. 3D printed polymeric parts are considered unreliable for 

several end-user applications due to the intrinsically poor thermal stability, 

rigidity, strength and functionality of most polymers [18,19]. Therefore, their 

applications have been limited to conceptual prototypes and spare parts. Owing to 

these material-specific constraints, the attention has been focused to the 

development of methods and material feedstock for additively manufacturing 

polymer composites with high performances. For example, polymer reinforcement 

with the incorporation of fibers or nanofillers has been proposed with the 

objective of creating end-use products with improved mechanical of functional 

properties. In this context, carbon fiber reinforced polymer (CFRP) composites 

offers a unique combination of mechanical, electrical and thermal properties along 

with low density and relatively ease of processing. The addition of carbon fiber 

reinforcements greatly improves the performances of pure polymers produced via 

AM techniques, thus enabling the fabrication of objects with satisfactory 

properties for various engineering purposes [1,14,18]. 

2.2 Additive manufacturing of carbon fiber reinforced 

polymers 

The interest for the development and characterization of carbon fiber reinforced 

polymer (CFRP) composites has continuously increased in the last years, till it 

became one of the most popular research topics in both the academic and 

industrial AM community (Figure 3). This attention can be attributed to the fact 

that fiber reinforced polymers are particularly suited for this innovative process 

technique. In fact, most AM methods can process polymers (both thermoplastic 

and thermosets) usually employed as matrix in composites. Fibers can be inserted 

into thermoplastic filament for FFF or mixed with plastic powders for SLS, while 

common pre-pregs sheets can be used in LOM [14,18]. 
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Figure 3: Number of publication per year in carbon fiber composites additive 

manufacturing or 3D printing (data from Web of Science, 2019) [1]  

The integration between carbon fiber reinforced polymers and AM technology 

offers unique advantages in composite manufacturing compared to conventional 

methods, such as high precision, complex geometry, customization and less 

material waste. Additive manufacturing has also the potential to overcome one of 

the major hurdles of the composite industry, that is fabricating composites parts 

with high performances in a time and cost effective way. Injection or compression 

molding are able to produce high quality discontinuous fiber composites but they 

require expensive moulds and equipment. Moreover, continuous fiber composites 

are usually manufactured with techniques characterized by high part cost, long 

processing time and human labour as well as dedicate machines (i.e., autoclave). 

New automated techniques, such as filament winding and automated fiber/tape 

placement, can potentially solve these issues, but the high investment cost needed 

to purchase the specialized equipment has limited their application. By contrast, 

AM has the potential to quickly realize fully functional composite parts from a 

digital design without the constraints typical of conventional processing methods 

in terms of material usage, tools design and production, and time-to-market [5,6]. 

Nevertheless, current AM methods for CFRP composites have still 

limitations. The choice of printable material is not wide and processing of high 

performance polymer matrices such high temperature thermoplastics and epoxy 

resins is difficult. The speed and repeatability of AM techniques are inferior to 

conventional ones, especially for short fiber composites. The difficulty in 

controlling manufacturing defects is also one of the major obstacle of these 

techniques. For example, voids are common defects in AM polymer composites 

parts. However, their morphology and amount highly depend on the type of 
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process adopted. In material extrusion processes filaments are deposited on the 

build platform one next to the other without applying external pressure. Therefore, 

voids are always present, resulting in poor mechanical properties [11,14,20] and, 

in some cases, causing delamination between layers [19ï21]. In powder bed 

fusion methods, voids are formed by partial melting or incomplete coalescence of 

the powders after exposure to the heat source (i.e., laser for SLS or continuous IR 

lamps for MJF). However, the amount of pores is lower compared to other 

techniques and it can be limited by optimizing the process parameters [13,22,23].  

In recent years, numerous studies have been conducted to explore the 

processability and overall performances of additively manufactured CFRP 

composites [1,14,18,24]. Various aspects have to be taken into account in the 

development of fiber composites for AM, such as the nature of the matrix and its 

interfacial interaction with the fibers, the volume fraction, length and orientation 

distribution of the fibers and the specific AM process and parameters adopted 

[1,14,18,25]. Similar to conventional composites, carbon fibers enhance modulus 

and strength at the cost of strain-to-failure (ductility). A relevant increase of 

viscosity is also foreseen. Moreover, the addition of such fillers alters the thermo-

physical properties of the polymer feedstock. In fact, an increase in thermal 

conductivity and a decrease of the coefficient of thermal expansion (CTE) with 

increasing fiber loading occurs, as shown in Figure 4 [1].  

 

Figure 4: Variation of thermal conductivity (left) and coefficient of thermal 

expansion (CTE) (right) of a generic carbon fiber reinforced polymer composite as a 

function of fiber volume fraction (ɜ) [1]. Kc and Km denotes the thermal conductivity of 

the composite and neat polymer respectively, while Ŭ1 is the CTE in the fiber direction 

The former phenomenon promotes heat diffusion in the processed material 

(i.e., powder bed and deposited bead in powder bed fusion and material extrusion 
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processes respectively), thus improving part consolidation [26,27]. The decrease 

of CTE has also been proved to reduce part shrinkage during cooling, thus 

minimizing residual stresses and improving dimensional accuracy of the final 

parts. In material extrusion processes this will substantially reduce part distortion, 

especially in large volume prints [26].  

Both short and continuous carbon fibers reinforced polymers can be processed 

by additive technologies. Thermoplastic-based composites are more frequently 

used because their melt processability allows easier processing compared to 

thermosets resins by using well established and accessible AM methods. Short 

fiber reinforced thermoplastic polymer (SCFRP) composites have been produced 

using various AM techniques, including fused filament fabrication (FFF) and 

selective laser sintering (SLS). By contrast, continuous fiber reinforced polymer 

(CCFRP) composites have been fabricated with fewer techniques so far, mainly 

based on material extrusion. 

The below sections are intended to (1) review the characteristic of the AM 

methods used in this experimental work and (2) provide insight into the material 

and processing requirements as well as the composite microstructure and 

performances typical of each technique. In addition, the main processing defects, 

such as void formation and anisotropic behaviour are discussed.  

2.3 Selective Laser Sintering (SLS) 

2.3.1 Technology and materials 

Selective laser sintering (SLS) is widely recognized as one of the most 

consolidated laser powder bed fusion (LPBF) additive manufacturing 

technologies. It allows the production of plastics and composites parts with 

unprecedented geometric complexity without the need of supports structures or 

moulds. Three-dimensional objects can be fabricated from a layer-by-layer fusion 

of fine powders due to the action of laser beam that selectively scans the powder 

bed according to a digitally programmed design (Figure 5).  
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Figure 5: Schematic of selective laser sintering apparatus and operating principle [1] 

The laser sintering process consists essentially of three main phases called 

warm up (A), build (B) and cooling (C) stages, as depicted in Figure 6, where a 

typical temperature profile during the entire fabrication cycle is reported [28] . 

 

Figure 6: Graphical representation of the typical temperature profile of a standard 

SLS process. Adapted from  [28] 

In the warm up stage (A) the build chamber is pre-heated to a temperature in 

between the polymer crystallization and melting point, referred as powder bed 

temperature (Tb), by using continuous IR lamps irradiation or resistance heaters. 

The powder bed is kept at this temperature until the part is finished to avoid out-

of-plane distortion. Therefore, isothermal conditions are almost maintained during 

the entire process. In the build stage (B), the polymeric powders are deposited 

onto the build platform using a roller or a rake, depending on the SLS machine 
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adopted, to form a homogenous powder layer. A CO2 laser beam, placed above 

the building chamber, moves along the powder bed through scanning mirrors 

according to a ñdigitally programmedò pattern in order to melts the powders. 

Therefore, the laser selectively adds the extra energy required for polymer 

particles fusion. After laser exposure, the molten powders coalesce at high 

temperature and slowly solidifies upon cooling to the powder bed temperature. In 

this way, sufficient bonding between adjacent particles is ensured. A new layer of 

powder is then spread after the build platform is lowered by the thickness of one 

layer (i.e., usually between 100 and 200 µm). The layer-wise repetition of 

powders recoating (1), laser energy input or ñpowder meltingò (2) and material 

consolidation above polymer melting point (3) allows the production of 3D 

objects. These three sub-steps take in average between 35 s and 40 s to complete 

for each layer and are sequentially repeated until part fabrication is finished. 

Finally, in the cooling stage (C) the entire building chamber is slowly and evenly 

cooled down under homogeneous conditions to room temperature (Te) [28]. 

Great flexibility in terms of part design, high build resolution and high 

productivity are the main advantages of this technology. SLS has the ability to 

print complex-shaped structures without using supports because the unsintered 

powder functions as a support itself. As a result, the difficulties in removing 

dedicate supporting materials can be surpassed, thus enabling the fabrication of 

lattice structures, scaffolds for biomedical engineering applications and parts with 

overhanging features. Moreover, the printed parts show good mechanical 

performances without significant anisotropy between the different building 

orientations [28,29]. Owing to these advantages, SLS is an effective alternative to 

traditional technologies for functional prototypes and spare parts production in 

different fields, from automotive and aerospace to electronics. 

Although SLS has been used from two decades, only few thermoplastic 

polymers are currently widely adopted. Polyamide based materials represent more 

than 90% of the SLS production [29,30]. Among them, polyamide 12 (PA12), a 

semi-crystalline long chain polyamide, is definitely the most widely used both in 

academia and industry. In fact, most published literature so far has focused on 

pure or reinforced PA12 powders [23,29,30]. Recently, other semi-crystalline 

polymers have been developed and commercialized, including polyamide-11 

(PA11) [31ï33], polyamide-6 (PA6) [34,35], polypropylene (PP) [36ï38], high 

density polyethylene (HDPE) [39,40], polyethylene terephthalate (PET) [41,42], 

polybutylene terephthalate (PBT) [43ï45] and polyoxymethylene (POM) [46]. In 

addition, high performance polymers such as polyphenylene sulphide (PPS) 



Additive Manufacturing 17 

 

[47,48], polyetherketone ketone (PEKK) [49,50] and polyether ether ketone 

(PEEK) [49,51,52] are entering in the SLS market, although specific machines 

capable of achieving high building chamber temperatures are necessary for 

processing [53]. Thermoplastic elastomers such as thermoplastic polyurethane 

(TPU) have also gained great interest from the beginning of the technologies 

development due to ease of processing and peculiar mechanical properties [54ï

58]. Finally, amorphous thermoplastic polymers, such as polycarbonate (PC) [59ï

61] and polystyrene (PS) [62,63], have been studied. However, their use is limited 

to aesthetic prototypes and sacrificial molds for casting due to poor sintering 

quality and high porosity of the final parts [62,64]. An overview of the polymer 

types used in SLS at commercial or academic research level is presented in Figure 

7 [65].  

 

Figure 7: An overview of polymer powders for SLS that are commercially available 

or have been reported in scientific literature. The materials are classified according to the 

ñpolymer pyramidò as commodity, engineering or high-performance amorphous or semi 

crystalline polymers. The abbreviations listed in this figure that are not used in the text 

are: low-density polyethylene (LDPE), polybutylene (PB-1), syndiotactic polystyrene 

(sPS), poly(vinyl chloride) (PVC), styrene-acrylonitrile (SAN), polymethylmethacrylate 

(PMMA), polycaprolactone (PCL), acrylonitrile styrene acrylate (ASA), poly(vinyl 

alcohol) (PVA), polytetrafluoroethylene (PTFE), polyamideimide (PAI), polyvinylidene 

fluoride (PVDF), polyethersulfone (PES), polyimide (PI) and polysulfone (PSU) [65] 
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Although the apparent simplicity, polymer SLS involves complex multi-

physical processes that span over different temporal and spatial scales. Figure 8 

graphically illustrates the thermo-physical phenomena involved in the fabrication 

of three dimensional polymeric parts via SLS. These phenomena, that follows 

each other in a continuous cycle, are: (1) layer spreading, (2) laser motion and 

irradiation, (3) thermal diffusion, (4) particle coalescence and (5) solidification / 

crystallization. This path describes the layer-wise repetition of layer deposition 

and powder melting and consolidation and it is continuously repeated until job 

completion by moving down the part bed in z-direction. 

 

Figure 8: Circle path that describes the different phases and thermo-physical 

phenomena involved in SLS process of polymers 

These thermo-physical phenomena are strictly related to the starting powder 

properties and the processing parameters adopted and, in turn, affect the quality of 

the printed objects in terms of material density, microstructure, geometrical 

accuracy as well as mechanical and functional properties. As it happens for 

traditional manufacturing technologies, the exact nature and characteristic of a 

polymer significantly influence the SLS process. It is widely recognized that the 

processability of polymeric powders and the quality of the printed parts are 

defined by a stringent combination of intrinsic and extrinsic properties [66]. These 

material-specific properties are usually summarized in a fishbone diagram, as 

shown in Figure 9. The morphological and physical properties of the polymeric 

particles (e.g., particle shape, surface structure, size distribution, etc.) mainly 

determine the packing density and the flowing behaviour of the powders during 

layer recoating. The chemical properties are responsible for the ageing behavior of 

the powders, resulting in variation of molecular weight and part properties. 
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Figure 9: Fish-bone diagram that presents the interdependency of the main intrinsic 

and extrinsic properties that define the processability of a SLS material and the quality of 

the printed parts [66] 

The optical properties determine how the laser beam interacts with the powder 

bed as a result of absorption, reflection and transmission phenomena. The thermal 

and rheological characteristics greatly influence how polymer grains melts, how 

the temperature distribution and dimensions of the melt pools change over time 

and how the particles coalesce and solidification proceeds. Most of these 

properties can be quantitatively measured through different experimental 

methods. Microscopy observations, calorimetric techniques, thermal degradation 

analysis and rheometry can be adopted to evaluate these properties for the raw 

powders. Process parameters such as the nature of the laser source and its 

diameter, the energy input supplied by the beam and the layer thickness also affect 

the consolidation mechanism of the material, while powder bed temperature and 

several machine-specific settings (i.e., powder spreading method via roller or 

blade, heating system and gas environment of the build chamber) mainly 

determine the flowing behaviour of the powders, the evolution of polymer 

crystallization and part shrinkage during cooling and material ageing. However, 

apart from these qualitative relations, the definition of a general selection criterion 

to determine if a polymeric powder is suitable for SLS processing is still under 

debate [22].  
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2.3.2 Processing defects 

The most common defects of polymeric parts produced by SLS are showed in 

Figure 10. These defects can be closely related to the properties of the starting 

powders and thermo-physical processes described in Figure 8. 

 

Figure 10: Typical defects observed during laser sintering of polymeric materials 

related to the physical phenomena of the process and the starting material properties: (a) 

inhomogeneous powder layer [67] , (b) curling (out-of-plane deformation of the part 

edges, te=tc) [67], (c) residual porosity [68] and (d) warpage (higher sample thickness in 

the centre (tc) compared to the edge (te) [67]  

Spreading defects  

In SLS equipment the powders are deposited onto the part bed by using 

counter-rotating rollers or translational blades without additional compaction [29]. 

Since this step is a prerequisite for a successful process, polymeric powders for 

SLS have to meet certain requirements in terms of particles morphology and 

flowability in order to be evenly spread in thin layers (usually between 100 and 

200 µm) with high packing density on the build platform [66]. Otherwise, 

inhomogeneous layer spreading and formation of streaks (Figure 10a) could 

appear [54,69,70]. These defects are responsible for a reduction in density and 

mechanical properties of the parts and are frequently observed during new 

material development or when a too high powder bed temperature is set. Similarly 

to other powder bed fusion AM processes, particles with nearly spherical shape, 

suitable size distribution (PDS) and surface structure are highly advised for SLS 

processing. These characteristics favour the occurrence of an almost free flowing 

behaviour, that is essential to obtain homogeneous and dense layers during 
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recoating operations. The morphological properties of the particles strictly depend 

on the powders production method adopted. A number of different approaches are 

used to obtain polymeric powders, with precipitation and mechanical grinding 

representing the most widely employed. Figure 11 shows the morphology of 

commercial SLS powders attained from different manufacturing processes.  

 

Figure 11: Morphology of polymeric powders prepared with different manufacturing 

methods: (a) cryogenically ground, rough particles (PA11 powders, PA1101® from EOS 

GmbH) [65]; (b) potato-shaped particles precipitated from ethanol solution at high 

temperature (PA12 powders, PA2200® from EOS GmbH) [65]; (c) cauliflower-like 

particles obtained from direct polymerization of lauryl lactam (Orgasol® PA12 from 

Arkema) [65] and (d) spherical particles produced by means of emulsion polymerization 

(PS powders, PrimeCast® 101 from EOS GmbH) [71] 

Particles obtained from cryogenic milling process are irregular in shape and 

size and reveals sharp edges and a smooth surface structure (Figure 11a). As a 

result, the powders exhibits poor flowing behaviour. This leads to the deposition 

of layers with poor quality (e.g., low packing density, rough surface and defects) 

in the building chamber. Therefore, cryogenically milled powders are inadequate 

in most cases for processing [72]. Potato-shaped particles are usually observed in 

commercial PA12 powders prepared from precipitation processes (Figure 11b). 

The typical production cycle consists in dissolving PA12 pellets produced by 

hydrolytic polymerization in ethanol in a pressurized vessel at temperature up to 

150 °C followed by precipitation under controlled conditions and drying. Through 

this method, powders having tuned particle sizes in the µm range can be obtained 
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[73]. The precipitation process was first developed by Evonik (Marl, Germany) 

and the synthesized PA12 powders (brand name Vestosint®) has been adopted in 

coating technologies for decades [74,75]. As revealed in Figure 11b, these 

powders show a potato-shaped morphology without sharp edges and a slightly 

rough surface structure. Most of the particles exhibits sizes between 40 and 80 

µm, although fine particles (around 10 µm in diameter) are also present [75]. 

PA12 powders can also be obtained from anionic ring-opening polymerization of 

lauryl lactam conducted in suitable solvents (a mixture of ethanol and water) at 

elevated temperature and pressure. As the temperature or pressure is decreased 

below a certain threshold, the coagulation and precipitation of the polymer 

particles occurs. The shape and particle size distribution can be fine-tuned by 

controlling the process parameters and by adding a low content (about 0.1 wt.%) 

of SiO2 or TiO2 as nucleating agent [76]. This manufacturing process is adopted 

by the company Arkema (Colombes, France) in the synthesis of Orgasol® Invent 

Smooth PA12 powders [77] and it generates particles with a cauliflower-like 

morphology, an almost spherical shape and narrow size distribution around 40 µm 

(Figure 11c) [68,75]. Spherical particles can be produced either by means of co-

extrusion of soluble/insoluble materials (e.g., oils droplets in water) or emulsion 

polymerization. Polystyrene (PS) powders PrimeCast® 101 commercialized by 

EOS Gmbh (Krailling, Germany) are an example of the emulsion process (Figure 

11d). Polymeric powders usually contain less than 1% of flowing aids, such as 

nano SiO2 particles, to improve their flowability [78ï82]. In a comparative study 

on PA12 materials for SLS, Dupin et al. [68] found that the highest packing 

density (50%) was achieved by using powders produced by direct polymerization 

(Figure 11c) as they consist of nearly round particles with smaller dimensions and 

narrower PSD with respect to those obtained by precipitation (Figure 11b). 

Moreover, Schmidt et al. [72] suggested that a particle size distribution between 

20 ɛm and 80 ɛm is necessary because flowability issues arises by using powders 

with a high fraction of fine particles (smaller than 10 ɛm) due to the increase of 

inter-particle forces. 

Curling  

Thermal distortion of the parts, also known as curling, is a common issue 

associated to SLS technology and it is defined as a local upward deformation of 

the part edges that appears while the build progresses or during cooling (Figure 

10b). This defect can even lead to process failures when the out of plane 

deformation of the sintered layers exceeds the layer thickness during processing. 

Curl phenomenon is directly related to the crystallization and shrinkage behaviour 
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of the polymer [28,67]. In contrast with amorphous materials, semi crystalline 

polymers experience a significant volumetric change during phase transition upon 

cooling (Figure 12) [64,83]. This may result in poor geometrical accuracy or even 

part distortion because the residual stresses created by phase transition cannot be 

relieved due to the limited chain mobility of the crystalline regions. These stresses 

are then transferred to the subsequent layers, causing a differential shrinkage 

between the upper and lower surface of the part so that its edges lift (Figure 10b). 

 

Figure 12: Comparison of relative volume vs temperature curves between amorphous 

and semicrystalline polymers [83] 

Polymer crystallization is thus considered a key aspect to assess its tendency 

to curl or develop geometrical inaccuracies [28,70,72]. The isothermic laser 

sintering model proposed by Alsher [84] was firstly used to describe the 

solidification conditions in the SLS process. According to the model, after laser 

exposure the polymer melt cools down to the powder bed temperature (Tb), that 

need to be between melting and crystallization temperatures for processing semi 

crystalline polymers. At this point both liquid and solid phases, corresponding to 

the molten material and the surrounding loose powders coexist at the same 

temperature [84,85]. The polymer remains in the liquid phase until the build step 

is concluded (Figure 6) and the crystallization take places uniformly during the 

subsequent cooling stage at low cooling rate (Figure 6). Figure 13 illustrates the 

thermal conditions in the build stage of the SLS process according to this model 

through a differential scanning calorimetry (DSC) diagram. The meta-stable 

region of under-cooled polymer melt marked in Figure 13 is referred as sintering 

window [23,86]. 
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Figure 13: Isothermal crystallization model during the build stage of the SLS process 

highlighted on a DSC thermogram of PEEK powders. Adapted from [86] 

To avoid part distortion, thermoplastic polymers that crystallize slowly upon 

cooling from the melt are generally preferred [39,83]. Empirical evidence on 

PA12 indicates that a large sintering window (higher than 20 °C) is advised to 

inhibit crystallization as long as possible (at least for few layers), thus reducing 

the amount of residual stresses due to material shrinkage and the probability of 

curl [22,23,83]. By contrast, a narrow sintering window is unfavourable for SLS 

processing. In this case, the polymer crystallizes rapidly upon cooling and the 

sintered layers are prone to residual stress accumulation and distortion, as shown 

by evaluating the curl height of the final part [67]. However, the validity of this 

simple criterion has been questioned for high temperature polymers, such as 

PEEK and PPS, were successfully processed although melting and crystallization 

events almost overlap in the DSC curves [48,49].  

Recent studies put in evidence the limitations of the isothermic laser sintering 

model to describe the solidification a multilayer polymeric part [28,70,87ï89]. 

Drummer et al. [85] studied isothermal crystallization of different polymeric 

powders by using DSC analysis. The experiments consists of a heat/cool cycle 

followed by an isothermal step at different temperatures in the sintering window 

range (Figure 13) to simulate the SLS process. It was found that crystallization is 

susceptible to temperature changes with lower rates observed at higher isothermal 

temperatures. Moreover, the crystallization usually starts during the building 

process (and not only during the final cooling stage as assumed in the isothermal 

laser sintering model). Among the investigated materials, PA12 and PP exhibited 
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the lowest activation energy for crystallization, thus indicating a consistent 

processability [85]. In a follow up study, Drummer et al. [28] found that PA12 

powders achieved a degree of crystallization equal to 50% after 33 layer at Tb. In 

addition, rheological tests and stick-drop experiments revealed that the phase 

transition between viscous and solidified material took place about 15 layers after 

laser exposure [28]. Therefore, polymer crystallization and solidification starts at 

the build stage as soon as the melt pools cools to Tb and further develops 

throughout part fabrication in z-direction. Moreover, the analysis of the thermal 

profile during the build stage demonstrates that a single layer experiences 

transient temperature fields owing to repeated laser scanning and deposition of 

new powder layers, followed by a slow cooling (about 0.2 °C/min [70]) as the part 

bed gradually moves down in the z-direction (Figure 14) [88]. Therefore, the 

validity of the isothermic model stands for limited building times (10-15 minutes 

as shown in Figure 14) or, equivalently, to some layers below the surface of the 

powder bed because the temperatures in z-direction gradually diminish (Figure 

14) [28,88].  

 

Figure 14: Temperature evolution in the z-direction during the build stage simulated 

using a FE model validated by IR thermography experiments. The measuring point for 

the temperature is located at the height of the first layer. After 1h of preheating, 20 layers 

were melted by the laser (exposure) and 20 further layers were deposited without melting 

(isolation) while keeping the powder bed temperature at the initial value of 172 °C. The 

simulations were performed on parts with different cross-section [88]  

Other studies [86,88,89] confirmed that crystallization takes place according 

to a sequence of dynamic non-isothermal steps induced by the contact with a fresh 

powder layer and quasi-static isothermal steps at Tb, as visible in the exposure 

region of the temperature profile in Figure 14. Therefore, the crystallization is 

further promoted by the undercooling effect induced by layer recoating (Figure 
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14) [28,86,88,89]. Finally, it is worth noting that the thermal history encountered 

by an individual part is specific because inhomogeneous temperature distributions 

within the build chamber (both at the powder bed surface and along the z-axis) are 

common in most SLS systems [89,90].  

Porosity 

The residual porosity and the quality of the interfaces between layers (Figure 

10d), which cannot be completely avoided in the SLS process (but are not 

involved in conventional ones), depends on powder melting and consolidation. A 

schematic representation of the physical phenomena involved in the formation of 

melt pools are depicted in Figure 15 [91,92]. 

 

Figure 15: Schematic of energy transfer phenomena occurring in SLS [91] 

The laser beam selectively scans the powder bed surface, thus delivering in a 

very short time interval (in the range of a fraction of milliseconds) the energy 

required to fuse the crystalline phase of the polymer particles [93,94]. The optical 

energy of the laser source is mostly converted into heat energy by absorption, 

while a minor amount is reflected or transmitted (Figure 15). The deposited 

thermal energy is then transferred inside the powder bed where the polymer 

particles are melted, thus created a melt pool in the scanned area. Heat transfer 

within the melted zone take places by conduction, while convection and radiation 

occur between the surface of the powder bed and the surrounding environment 

(Figure 15). Heat conduction depends on the thermo-physical properties of the 

polymeric powders and directly determines the thermal history and temperature 

distribution of the melted zones. Other heat sources, such resistance heaters and 

infrared lamps used to warm up the build chamber, are not directly related to the 
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melt pool formation, although they are responsible for the initial temperature of 

the unbound powder (Figure 15). 

CO2 lasers showing a wavelength of 10.6 ɛm are used in standard laser 

sintering machines because polymers have a high absorption capability in the 

mid-infrared (mid-IR) region of the electromagnetic spectrum. In fact, the 

molecular vibrational modes of a polymer are excited by mid-IR lasers, thus 

allowing to convert the optical energy of the radiation into heat. The granular 

nature of the powder bed, that consist of particles with similar size compared to 

the laser wavelength, greatly affects the laser/polymer interaction as well [95]. 

Diffuse reflection of the radiation caused by multiple scattering events at the 

particle/air interfaces occurs in the powder bed, in addition to absorption and 

transmission phenomena [95ï97]. Figure 16 showed a simplified representation of 

these complex interactions according to the model proposed by Laumer et al. [98].  

 

Figure 16: Simplified representation of the interaction between the laser beam and 

the polymeric powder bed in laser sintering, showing multiple reflections and absorption 

events as well as transmission through single particles. For ease of drawing ideal round 

particles are considered. Adapted from [98] 

The laser radiation interacts with the powder bed in three different ways: 

reflection, absorption and transmission. Only a minor part of the incoming 

radiation is absorbed or reflected at the outer surface of the powder bed. The other 

photons are either reflected at the particle/environment interface or transmitted 

through the particle itself. In most cases, these rays repeatedly interact with 

adjacent powder particles along their ways till they are completely absorbed or 

reflected back towards the outer surface. The proportion between the radiation 

absorbed, reflected and transmitted by a single particle is strictly related to the 

chemical nature of the polymer itself because the absorption depends on the 
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vibrational motion of the macromolecules. For PA12 strong stretching vibration 

of the carboxyl groups (O-C=C) ensure high absorption coefficient at CO2 laser 

wavelength (10.6 µm). Moreover, it should be noted that the numerous scattering 

events described in Figure 16 increase the probability of absorption. Owing to this 

model, Laumer et al. [98] explain why PA12 powders has higher absorption 

coefficient (0.94) compared to the bulk material (0.75) and to other polymers, 

such as polyethylene (0.67). Moreover, modeling studies based on ray tracing 

algorithms [95,99,100] proved that the laser beam propagates into the powder bed 

(along the z-direction) according to the Beer-Lambert attenuation law: 

Q(z)=Q
o
e-Ŭz  (1) 

where Q0 is the initial intensity (or heat flux) of the radiation at the sample 

surface (W/m2). The term e(-Ŭz) represents the exponential decay of laser power as 

a function of depth, where z denotes the position along the radiation path and Ŭ is 

the attenuation coefficient at CO2 laser wavelength (m-1). Ŭ is defined 1/OPD, 

where OPD is the optical penetration depth that corresponds to the distance at 

which the laser intensity is reduced to 1/e compared to its initial value [99]. 

Different studies [100,101] found that the attenuation coefficient is essential to 

determine the thermal energy distribution within the powder bed, thus confirming 

the strong relation between the physical processes sketched in Figure 8. 

Conduction phenomena that govern heat diffusion in the powder bed and thus 

the thermal cycles generated by laser exposure can be physically described using 

equation (2):  

ɟCP
ÖT

Öt
=ɳ kɳT+Q   (2) 

where ɟ, Cp and k represents the density, specific heat capacity and thermal 

conductivity of the polymer respectively and Q is the volumetric heat energy 

deposited by the laser source (W/m3). The thermo-physical properties of the 

powder bed, usually evaluated by thermomechanical and calorimetric techniques, 

changes in relation to the polymer phase, temperature and porosity [102ï104]. 

Various authors [101ï105] reported that heat capacity, conductivity and density 

are linearly dependent from temperature, although a sharp peak due to the latent 

heat of melting for Cp and a step-like variation for k and ɟ occurs at the solid-

molten phase transition. Different literature studies investigated the spatial and 

temperature evolution of the melt pools as well as the effect of process parameters 
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through heat transfer models and experimental analysis. Riedlbauer et al. [103] 

studied the evolution of the melt pool on laser sintered PA12 powders carried out 

to measure the melt pools size by stereomicroscopy (Figure 17), while the surface 

temperature distribution was recorded via infrared camera. Numerical simulations 

based on the resolution of the heat transfer equation (equation (2)) using finite 

element (FE) method were developed to model the process (Figure 17). Both 

experimental and numerical analysis revealed that the temperature, width and 

depth of the melt pools increases when the energy density delivered by the laser is 

raised (test case 1 to 7) [103]. This corresponds to an increase in laser power 

and/or a reduction in scan speed.  

 

Figure 17: Example of experimental and numerical melting width for PA12 single 

lines produced with laser power of 3.3 W and scan speed of 1 m/s [103]  

A similar behaviour was found for single scan track on polycarbonate [102], 

PA12 [92,101], PA6 [106] and PEEK [101] polymers as well as by heat transfer 

modeling of multiple laser tracks on carbon nanotubes (CNT) coated PA12 [104] 

and polyurethane powders [107]. Quantitative relationship between melt pools 

characteristics and laser energy density (ED) were also drawn [94,106,107]. The 

maximum surface temperature and melting depth are approximately a linear 

function of Ed, while the melt pool width tends to reach a plateau as ED increases 

according to a logarithm function [94,107]. Since melt pool size and temperature 

distribution affect the densification of the material, constraints conditions were 

identified for successful processing [104,106,107]. The melting depth should be 

between one and two times the layer thickness to avoid lack of fusion or excess of 

the re-melted material respectively. The melting width, related to the spatial 

distribution of the thermal energy deposited by the beam, should ensure sufficient 

overlapping between adjacent laser tracks in relation to the hatch spacing adopted 

(defined as the distance between two adjacent tracks). Moreover, the temperature 

should stay between polymer melting offset and thermal degradation onset [107]. 

This temperature interval, referred as ñstable sintering regionò (SSR) by Vasquez 
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et al. [108], can be determined by calorimetry and thermogravimetry analysis. 

Figure 18 graphically shown the stable sintering region for PA12.  

 

Figure 18: Graphical representation of the ñstable sintering regionò of polyamide 12 

obtained from differential scanning calorimetry (DSC, right vertical axis) and 

thermogravimetric (TGA, left vertical axis) curves [108] 

SLS experiments confirmed that the optimized parameters for CNT/PA12 and 

TPU parts lie within the energy density range determined by the constraint 

conditions [104,107]. Moreover, the tensile strength of TPU samples printed in 

the xy plane and along z direction are found to be proportional to the depth and 

width of the melt pool respectively [107]. These experimental and modeling 

results showed that the mechanical properties greatly depends on the laser-

induced microstructure and consequently on process parameters, specifically on 

the energy density supplied by the laser beam to the polymer. This parameter has 

been used by researchers as a first attempt to optimize SLS processing conditions 

on PA12 material [109ï113]. In fact, the increase in energy supply supports the 

melting polymer powders and minimizes void content, thus leading to denser parts 

with better mechanical performances. The amount of energy deposited by the 

laser beam in the powder bed can be expresses either as area energy density 

(known as the Andrews Number, J/mm2) [109ï112] or volume energy density 

(J/mm3) [113]. The volume energy density is defined as follows: 

ED=
P

vSz
   (3) 

where P is the laser power, v is the laser speed, S is the hatch spacing and h is 

the layer thickness. This parameter is a more general method of relating process 
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conditions to microstructure, void content and mechanical properties because it 

takes account of layer thickness contribution too. However, when the thickness of 

a powder layer is constant, both energy densities provide comparable positive 

correlation with mechanical properties of PA12 polymer [113]. Caulfield et al. 

[111] revealed that porous parts with poor mechanical properties and strong 

anisotropy were produced by using low ED value. Solid, stronger and more 

isotropic samples were instead obtained when ED is greater than 0.012 J/mm2.. 

Similarly, Dupin et al. [68] reported a strong correlation between open and closed 

porosity and the energy delivered by the laser radiation due to improved particle 

melting. However, differences in pore morphology, size and distribution were 

observed due to the diverse morphologies and chemical structure of precipitated 

(Duraform PA) or directly polymerized (Innov PA) PA12 powders [68]. Starr et 

al. [113] found that elastic modulus and yield strength of PA12 parts sharply 

increased with ED up to 0.12 J/mm3 where a plateau is reached. However, the 

elongation at break still increases because it is more sensitive to small number of 

defects in the interlayer regions [114]. A similar improvement of mechanical 

properties with increasing ED was observed for several polymers, including 

polyamides [91,115ï117], polypropylene [36,37,118], polyurethane [54,55,107], 

polycarbonate [110] and polystyrene [63]. However, in most studies the process 

parameter optimization is based on trial and error printing jobs varying one laser 

parameter at a time. Although various methods, such as design of experiments 

(DOE) [37,116,117] and response surface methodology (RSM) [119ï121], can be 

applied to explore the relation between process parameter and part performances, 

this operating way is costly, time and material-consuming and, mostly, neglect the 

properties of the polymeric powders. The ñenergy melt ratioò (EMR), defined as 

the ratio between the energy density applied by the laser (ED) and theoretical 

energy required to fuse a single powder layer (Em), was then proposed in [113] to 

compare in a more comprehensive way the process parameters, including the 

effect of build temperature. The material thermo-physical properties as well as 

powder bed temperature and packing density were considered to calculate Em. 

Vasquez et al. [122] extended the use of EMR on the basis of the stable sintering 

region concept (Figure 18). A convenient processing window was then established 

between the energy to melt and degrade the polymer respectively. Mechanical 

testing showed that the tensile strength and elongation at break of PA12 parts 

gradually improved at increasing ED values up to the polymer degradation limit. 

Amado [70] confirmed that high energy density can induce the thermal 

decomposition of the material, leaving pores generated from gas evolution in the 

printed sample. Values between 0.20 and 0.25 J/mm3 were suggested for common 
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thermoplastic polymers in order to achieve density above 95% [70]. Berretta et al. 

[49] employed the SSR method proposed in [122] for predicting the process 

conditions for SLS of high temperature polymer (PEEK) from powders 

characteristics. As usual, a positive correlation between tensile strength and ED 

was reported. However, it seems that the predicted thermal decomposition point 

does not capture the degradation of the part mechanical performances. The 

authors suggested that the discrepancies between the fast thermal cycles due to 

laser scanning and thermogravimetry test (heating rate at 10 °C/min) can 

explained the results [49]. Yuan et al. [123] improved the method by considering 

the temperature-depended density and heat capacity of the powders. As shown in 

Figure 19a, the tensile strength of sintered 0.5 wt.% CNT/PA12 composites tend 

to saturate above a critical ED value. This threshold has been related to the 

material densification as higher strength are reached when the particles are fully 

coalesced so that no voids or un-molted powders in the interlayer regions appears 

(Figure 19b and 19c). The author also stated that polymer decomposition is not an 

issue since the optimized ED is well before this limit [123]. 

 

Figure 19: (a) Effect of energy density on tensile strength of CNT/PA12 samples 

printed in the XY plane and microstructure of parts produced using energy density (b) 

below (0.271 J/mm2) and (c) above (0.417 J/mm2) the threshold value [123] 

Apart from polymer melting, full coalescence of the adjacent particles should 

happen to ensure bonding between them and reduce porosity [83]. Since no 

external forces, except gravity, are applied to the polymer melt during the process, 

the driving forces for particle coalescence are the viscous flow of the molten 

polymer at zero shear conditions and the temperature history of the melt pools. 

The simplest model to describe the coalescence between two perfectly spherical 

particles was proposed by Frenkel et al. [124]. The model relates the coalescence 



Additive Manufacturing 33 

 

rate dɗ/dt at a given temperature to the surface tension and zero shear-rate 

viscosity of the polymer melt: 

dɗ

dt
=
x

r
=

3ɔ

2ɖ0r

1/2

t1/2    (4) 

where x corresponds to the neck radius between the adjacent particles, r is the 

initial radius of the particles and t is the sintering time. A simple representation of 

the various step of the coalescence process is displayed in Figure 20 [125]. 

 

Figure 20: Schematic representation of particle coalescence according to Frenkelôs 

model [125] 

The function dɗ/dt is proportional to the surface tension (ɔ) and inversely 

proportional to the zero shear viscosity in molten phase (ɖ0) and particle size (r). 

Surface tension is almost independent from both temperature and polymer nature 

(35 mN/m for PA12 powders [126]). Therefore, viscosity is the main factor that 

affect powders coalescence. Since ɖ0 decreases exponentially with an increase of 

temperature, the particle neck growth is faster at high temperatures. Conversely, at 

lower temperatures longer sintering time is needed to achieve the same extent of 

particle coalescence. Therefore, the degree of polymer densification in the SLS 

process is mainly affected by the thermal history of the powders in the molten 

phase, which in turn is influenced by the process conditions (e.g., laser exposure 

parameters, scanning strategy, etc.) [22,105]. For a better picture of particle neck 

growth during sintering hot stage microscopy (HSM) is used [55,57,127ï130]. 

Typical images are shown in Figure 21, where the dynamic evolution of powder 

coalescence at increasing temperature can be observed on a hot stage. The 

sequence, recorded through time-lapse photography, shows how the contact areas 

between two distinct particles gradually expands and the neck start to grow up to 

the creation of a single particle.  
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Figure 21: Coalescence of PA12 particles at high temperature observed by Hot Stage 

Microscopy [55]  

Warpage 

Another issue concerns the thermal distortion of the parts due to excessive 

energy inputs. This may reduces the geometric accuracy of the sintered objects 

and even lead to sever distorsion such as warpage (Figure 10d). Shen et al. [104] 

proposed from empirical observation an upper temperature limit of 300 °C for 

CNT/PA12 melt pools, otherwise the particles surrounding the parts may be also 

melted and the part lose in dimensional accuracy. In some cases, the high thermal 

stresses induced by overheating of the melt pools has been reported to induce 

warpage deformation (Figure 10d) and low dimensional accuracy, mainly in the z-

direction [75,91,131].  

2.3.3 Carbon fiber reinforced polymer composites processed by 

SLS 

Since SLS relies on powder bed technology, short carbon fiber can be easily 

added to form powder mixtures with a polymer matrix. Goodridge et al. [132] 

processed carbon nanofibers/PA12 powders, produced by melt mixing and 

cryogenically fracturing, using EOS P100 Formiga SLS machine. Although 

uniform fiber dispersion and modest improvement of storage modulus was 

achieved, the powder production technique adopted was considered not suitable 

for SLS feedstock. In fact, particle with irregular morphology, leading to a rough 

powder bed surface, were produced. Therefore, short fibers are usually added to 

polymeric powders that were previously synthesized (the most widely used is 

PA12) using simple mechanical mixing by means of powder dry blenders. Before 

blending fibers are usually chemically treated to modified their surface 

characteristics in order to achieve improved interfacial adhesion with the matrix. 

Dry mechanical mixing usually results in fiber average lengths of about one 

hundred micron or less [1]. The addition of carbon fibers has an important effect 

on the physical phenomena involved in the SLS process (Figure 8) because their 
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morphological and thermo-physical properties highly differ from those of the 

polymer matrix. The geometry of the fibers and their high aspect ratio is expected 

to lower the flowability of the powders, as it happens by using graphite platelets 

[133]. However, this effect does not compromise the processability of carbon 

fiber reinforced polymeric powders as homogeneous and smooth powder layers 

were observed in literature [134,135].  

When a IR radiation, such as CO2 lasers used in SLS systems, irradiated a 

fiber polymer composite the optical energy supplied by the radiation is strongly 

absorbed by the carbon fibers, that are more rapidly heated with respect to the 

matrix [136]. As a result, the absorption coefficient of fiber reinforced PA12 

powders is even higher (0,96 as proposed by Shen et al. [104] for CNT/PA12 

powders) compared to the neat polymer. Various studies [27,82,133,137,138] 

indicated that the addition of absorbing fillers, such as carbon fibers, decreases the 

penetration depth of the CO2 laser because the incoming beam is mostly absorbed 

closed to the powder bed surface, without further propagation into deeper 

positions along the z-direction. Tian et al. [27] used a modified numerical model 

of heat transfer integrated by experimental analysis to investigate the laser 

sintering process of different PA12 composites powders. The variation of the 

transmitted laser power (P) across a powder layer, performed via the experimental 

device sketched in Figure 22a, showed that the optical properties and the laser 

attenuation behaviour with depth for PA12 powders reinforced with 40 wt.% 

carbon fibers is similar compared to the neat polymer.  

 

Figure 22: (a) Graphical illustration of the experimental device used by Tian et al. 

[27] to determine the transmitted laser power across a powder layer with variable 

thickness; (b) comparison between the laser power transmission of PA12, PA12/CF and 

PA12/NaCl powder bed. The continuous lines put in evidence the Beer-Lambert law 

fitting performed to calculate the attenuation coefficient. Adapted from [27] 
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The exponential decay of the transmitted power along the z-direction, 

modelled using equation (1), revealed only a small difference in the attenuation 

coefficient between PA12/CF (8247 m-1) and PA12 (8784 m-1) (Figure 22b). 

Conversely, the addition of sodium chloride (NaCl) highly impact on the laser 

energy attenuation since this filler is almost transparent to the laser radiation 

(Figure 22b) [27]. However, the simulated thermal profile of a single scan track 

revealed that the melt pool dimensions and maximum temperature (Tmax) are 

higher for the fiber reinforced material. For example, melting depth increases 

from 112.5 µm for neat PA12 to 130 µm for PA12/CF when a laser power of 10 

W is used [27]. The lower melting enthalpy and higher thermal conductivity 

attained of the composite powders were accounted for this difference. Melt pool 

size and temperature remarkably increase with laser power, thus leading to a 

better interlayer adhesion and fiber/matrix impregnation, that are key factors to 

obtain the highest performances for SLS composite parts. The maximum flexural 

properties were obtained using very high laser power (21 W) with an overall 

enhancement of modulus and strength of 360% and 100% respectively compared 

to PA12 parts [27]. Comparable findings were also reported in [139] by modeling 

heat transfer phenomena during single laser scan in PA12/CNT powder bed. The 

improved heat conductivity of the material result in higher density. Similarly, 

Flodberg et al. [140] attributed the reduction in void content (from 4.7% to 0.7%) 

and their size distribution between pure PA12 and fiber reinforced PA12 parts 

printed by SLS to the higher laser absorption and heat conductivity of the mixed 

powders. Consequently, the incorporation of fibers greatly improves the strength 

of pure nylon 12 samples in both horizontal (x-axis) and vertical (z-axis) printing 

directions [140]. 

Apart from flowability, optical and heat transfer properties, the incorporation 

of fibrous reinforcements to neat polymers causes an increment of the melt 

viscosity. This phenomenon arises from the interaction between fibers and 

polymer macromolecules, as the former hamper the motion of the polymer chains. 

Yan et al. [141] found that adding carbon fiber to polyether ether ketone (PEEK) 

powders gradually increases the zero-shear viscosity of the polymer. The same 

numerical model developed in [27,104] was employed to assess the temperature 

distribution after laser scanning. The authors coupled rheological measurements 

(ɖ0 values of the neat and carbon fiber reinforced PEEK powders at different 

temperatures) with heat transfer simulations to define high and low viscosity 

regions inside the melt pools (Figure 23a). These regions take into account the 

different dynamic of coalescence as the higher viscosities slow the coalescence 
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rate, as described in equation (4). A threshold ɖ0 value (105 Pa s) was chosen to 

delimit the low viscosity area, also referred as ñeffective melting zoneò since 

particle coalescence is favoured, because it is considered the upper bound for 

injection molding of polymer composites [141] (Figure 23a).  

 

Figure 23: (a) Zero shear viscosity versus temperature of PEEK/CF composites and 

pure PEEK powders and FESEM images of the fracture surface of the composites with 

(b) 10 wt.% and (c) 15 wt.% fiber content, showing the different material microstructure. 

The isoviscous line at 105 Pa s, delimiting high and low coalescence rate zones, is 

outlined in Figure 23a [141]  

It was found that the features of the effective melting zone, where the 

temperature is higher than the isoviscous threshold (Figure 23a), are highly 

significant for achieving high density and mechanical properties. In particular, a 

melting depth 20% higher than the layer thickness ensures optimal interlayer 

bonding because partial re-melting of the previous layer occurs [141]. Since the 

effective melting zone depth decrease from 200 µm for the neat polymer to 135 

µm upon adding 5 wt.% and 10 wt.% of fibers, higher laser energy is required to 

process PEEK/CF powders. Dense composite parts with elastic modulus and 

tensile strength equal to 7.36 GPa and of 109 MPa respectively (corresponding to 

62% and 22% improvement over neat PEEK) were produced by increasing laser 

power to 18.5 W and decreasing layer thickness to 100 µm (that is 20% lower 

than the effective melting zone depth) (Figure 23b). However, higher fiber content 

yields to parts with large voids and poor interlayer bonding (Figure 23c) [141]. A 

comparable trend has been reported for 5 wt.% carbon black/PA12 powders, as 
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the final composite parts displayed lower mechanical properties compared to pure 

PA12 ones using the same process conditions [138]. 

Crystallization is the less studied physical aspect of fiber reinforced 

composites produced by SLS. Although the presence of carbon fibers has been 

proved to promote polymer crystallization by reducing the energy barrier for 

nucleation, their effect on the overall crystallization kinetics is still to be 

understood. Lanzl et al. [142] reported that the crystallization rates of PA12 

powders at Tb are increased by adding glass fibers (GF) as the they act as 

heterogeneous nucleation sites for polymer lamellae. By contrast, Arai et al. [143] 

found only small differences in crystallization behaviour by adding short GF to 

polybutylene terephthalate powders. Nevertheless, Yan et al. [134] demonstrated 

that the processability of PA12/CF composites is still adequate up to 50 wt.% 

fiber addition as no part distortion and homogeneous powder spreading occur. In 

this work, uniform fiber distribution as well as proper powder morphology and 

fiber/matrix interfacial adhesion was obtained using a dissolutionïprecipitation 

process where carbon fibers are functionalized with acid surface treatment and 

then coated with PA12 [134]. PA12/CF samples showed a great improvement of 

both flexural strength and modulus (44% and 93% respectively for 30 wt.% 

fibers) with respect to the pure polymer counterpart (Figure 24a). The surface 

fracture morphology also revealed that dense microstructure (relative density up 

to 95% for complex structures with 0.6 mm thin walls) and high interfacial shear 

strength owing to the presence of pulled-out fibers coated with the matrix were 

achieved (Figure 24b) [134]. 

 

Figure 24: (a) Effect of carbon fiber content on the flexural properties of PA12/CF 

parts produced by SLS and (b) complex thin walled parts made with 30 wt.% fibers 

composite with detailed microstructural characteristic [134]  
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A similar approach was used by Jing et al. [144] to improve the wettability 

between carbon fibers and polyamide 12 matrix. Nitric acid (HNO3) treatments 

were performed to modify the surface of the fibers by adding oxygen groups and 

causing additional roughness. However, considerable porosity (38%) and low part 

strength was observed after SLS because these functional groups partly 

decomposed at the process temperatures. The released gas remains entrapped in 

the microstructure thus forming large pores. To surpass this drawback, the fibers 

were further heated to 400 °C for 2 h in N2 atmosphere before mixing with PA12 

particles. In this way, the void content was significantly reduced (4.7%) and the 

elastic and strength properties were improved by 11% and 5% in both tensile and 

bending load cases compared to the untreated CF/PA12 composites [144].  

It is worth noting that carbon fiber reinforced polymers produced via SLS 

frequently exhibit high anisotropy in mechanical properties in relation to the build 

orientation. Jansson and Pejryd [145] analysed the microstructure and tensile 

behaviour of PA12/CF parts fabricated in six different directions within the build 

chamber. The highest mechanical properties (66.7 MPa of strength and 6.3 GPa of 

elastic modulus) were achieved for the sample printed in the x-direction (i.e., 

moving path of the rake used to spread the powders). In fact, the fibers tend to be 

oriented along this direction by the interaction with the recoating system. Thus, 

the fiber alignment is tough to be responsible for the differences in material 

properties in the build plane, while the pores between the layers negatively affect 

the properties of the samples in the z-direction [145]. Similar results were 

reported in other studies on SLS-processed carbon fiber reinforced polyamide 12, 

where strong anisotropic behaviour was observed in the printed parts due to the 

fiber orientation and interlayer interfaces characteristic [140,146,147]. In 

particular, tensile strength and modulus are almost halved in the vertical direction 

(z-axis) compared to the horizontally printed parts (x-axis) [140,146,147]. 

Khudiakova et al. [147] further investigated the anisotropy of this material by a 

comprehensive evaluation of tensile behaviour, microstructure and fiber 

orientation using microscopy and x-ray computed tomography techniques. A 

reduction of mechanical properties was observed at increasing divergence from 

the x-axis (moving direction of the recoating system) and at increasing z-axis 

components (printing orientation normal to the build plane) (Figure 25). These 

findings are supported by the preferential fiber alignment along the build plane 

(and here in the recoater moving direction) captured by the analysis of fiber 

orientation tensors and the typical failure mechanisms of the samples printed in 

different spatial directions. The fracture of xz-0° parts (fiber/load alignment) is 
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controlled by fiber-matrix interfacial shear strength as extensive fiber pull-out was 

observed. By contrast in xz-90° parts, the load was mainly bore by the matrix 

since the fibers are perpendicular to the applied stresses and matrix failure 

favoured by the weak interlayer bonding occurred [147].  

 

Figure 25: (a) Graphic representation of the spatial orientation of the tensile 

specimens in the SLS build chamber and (b) resultant stress-strain curves. The recoater 

moves in the x-direction [147] 

The importance of fiber alignment as well as fiber content on the mechanical 

properties of SLS-processed fiber reinforced polymers was confirmed in [148], 

where a computational model based on finite element and homogenization 

methods was developed to characterize the structure-property relationship in 

PA12/CF parts. The numerical framework, that takes account of fiber orientation 

and voids and is based on the constitutive models for each composite phase, 

accurately simulates the mechanical properties and failure processes (i.e., crack 

propagation) of the printed parts. However, since anisotropy is undesirable in 

most applications, a novel type of PEEK/CF powders was developed in [149,150] 

by encapsulating the fibers in the polymer matrix via ball milling. This method 

granted a homogeneous fiber distribution throughout all spatial directions and 

improved mechanical isotropy compared to the parts fabricated from commercial 

dry-mixed powders. Moreover, flowability test revealed that milled powders has 

good behaviour even when compared to commercial PEEK [149]. 

The influence of individual process parameters on the quality of carbon fiber 

reinforced PA12 parts fabricated by SLS was studied in Czelusniak et al.ôs work 

[151]. Design of experiments was applied to systematically investigate the 

relationship between these factors and selected responses, such as density, 

mechanical and dimensional properties of the final parts as well as manufacturing 
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time. Response surface modeling shows a complex interdependency between the 

process parameters. Dimensional accuracy was found to mainly depends on laser 

speed and scan spacing. Improved density and mechanical properties were 

achieved in the direction of higher laser power and lower scan speed and scan 

spacing. However, if too much energy is transferred to the powders, density and 

dimensional accuracy are reduced due to polymer thermal decomposition and 

undesired consolidation of the particles surrounding the scanned region 

respectively. The author stated that all parameters are important for determining 

part properties. Moreover, multi-objective optimization showed that the choice of 

process parameters depends on the criteria adopted. For example, high values of 

laser power and medium to high scan speed and scan spacing are required to 

obtain the best trade-off between mechanical performances and dimensional 

accuracy [151]. 

2.4 Fused Filament Fabrication (FFF) 

2.4.1 Technology and materials 

Fused Filament Fabrication (FFF) is one of the most extensively used AM 

techniques for polymers; it offers many advantages such as low-cost, high speed, 

convenient and fast operation, and large availability of raw materials (i.e., 

thermoplastic polymers and polymer-based filaments). Through FFF process, it is 

possible to manufacture three-dimensional (3D) parts directly from a digitally 

programmed design via extrusion and deposition of a thermoplastic polymer 

filament in a layer-wise manner (Figure 26).  

 

Figure 26: Schematic representation of fused filament fabrication technology. The 

printing head moves across the build platform to create the part layer-by-layer [152]  
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The polymeric thread is heated inside the printing head by resistance heaters 

in order to reach a predefine temperature and then extruded using a steel or brass 

nozzle. The extrusion temperature is usually set slightly above the polymer 

melting point to achieve the ideal viscosity for polymer extrusion. The printing 

head moves along the xy plane to deposit the molten thread onto the build 

platform in a raster pattern according to the CAD geometry and the ñgcodeò file 

settings. In this manner, each layer is created (Figure 26). The build platform then 

lowers along the z axis by the selected layer thickness, thus allowing the 

fabrication of the final object one layer at a time [1]. 

Amorphous and semi crystalline thermoplastic polymers, such as acrylonitrile 

butadiene styrene (ABS), polycarbonate (PC), acrylonitrile styrene acrylate 

(ASA), Polylactic Acid (PLA) and polyamides (PA6 and PA12) are the most 

employed feedstock filaments for FFF technique (Figure 27) [152].  

 

Figure 27: An overview of polymer filaments for FFF that are commercially 

available or have been reported in scientific literature. The materials are classified 

according to the ñpolymer pyramidò as commodity, engineering or high-performance 

amorphous or semi crystalline polymers. The abbreviations listed in this figure that are 

not already cited in the text are: polyethylene vinyl acetate (PEVA) and poly(lactic-co-

glycolic acid) (PLGA) [65]  
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Low material and printer cost, simplicity of use and the ability to fabricate 

parts with good mechanical properties are the main advantages of FFF process. 

Typical strength values between 40-60 MPa and Young modulus of 1-3 GPa can 

be obtained by using engineering polymers such as polyamides [152]. On the 

other hand, strong anisotropic behavior, poor surface quality and relatively low 

productivity represent the major drawbacks of this technology, whose application 

is mostly restricted to prototyping and tooling [17,19,20]. In recent years, high 

performance thermoplastics, such as polyphenylene sulphide (PPS), polyether 

imide (PEI) and polyether ether ketone (PEEK), were successfully printed via FFF 

for aerospace and tooling applications, aiming at reducing fabrication costs and 

times (Figure 27) [18,20]. However, these filaments usually require specific 

machines, equipped with high temperatures printing heads and enclosed chambers 

heated at relatively high temperatures (above 100 °C) to be processed [20,53]. 

FFF technology has the potential for the development of multifunctional parts 

coming from the deposition of several materials simultaneously through multiple 

extrusion nozzles [1,18]. Moreover, this technique can be easily employed for the 

fabrication of thermoplastic polymer composites filled with fiber or particulate 

reinforcements. Ceramic, metallic or carbon based fillers are added to FFF 

feedstock by single screw extrusion in order to obtain homogeneous dispersion 

and distribution into the polymer matrix, thus allowing an enhancement of the 

overall properties of the printed polymeric parts [14,18,20] 

To improve the mechanical and functional properties of the final parts, the 

influence of the key physical phenomena that characterized the printing process 

on the part quality need to be explained. Figure 28 illustrates these physical 

phenomena, from filament feeding and pressure-driven polymer flow inside the 

liquefier to coalescence between the deposited filaments (also known as beads or 

roads) and material solidification [26]. 

Viscosity, surface energy and extrusion temperature are the most important 

parameters that govern polymer flow inside the liquefier. Generally, polymers 

with high viscosity at low shear rates (i.e., yield stress characteristics) followed by 

a shear thinning behaviour, that correspond to a reduction of melt viscosity at 

increasing applied stresses, are advised for FFF processing [153,154]. On one 

side, high yield stress values prevent undesired polymer flow by gravity before 

the pressure is applied, as it happens during print preparation or when the extruder 

moves across the build platform without printing [153]. On the other hand, shear 

thinning behaviour will decrease polymer viscosity to ideal values without overly 

varying the temperature, as typical shear rate values inside the nozzle are about 
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102 and 104 s-1 [153,155]. Excessive temperatures may degrade the polymer and 

hamper the formation of beads with stable geometry and supporting abilities for 

the subsequent layers (inset of Figure 28), while high viscosity values will lead to 

flow instability due to filament buckling (Figure 28) or even process failure.  

 

Figure 28: Detailed illustration of the key physical phenomena of the FFF process of 

polymeric filaments. Material and process parameters influencing these phenomena are 

also highlighted in red colour. Beads coalescence dynamic is sketched in magnified view 

to highlight surface contact between beads. Adapted from [156]   

The thermo-physical properties of the polymer, such as thermal conductivity 

(k) and heat capacity (Cp) are also relevant to determine how the coalescence 

between extruded beads develops. Since filament deposition occurs only for 

gravity forces, the bond between beads, both side by side and layer by layer, is 

created solely by thermal-driven viscous flow and molecular diffusion of polymer 

chains [25,26]. Therefore, surface energy, viscosity at zero shear rate and 

temperature profile at the inter-bead interface are critical factors for coalescence 

dynamics. Several studies [157ï162] clearly showed that elevated temperature 

and long exposure time to these temperatures favour  wetting and coalescence 

between the deposited filament and coalescence with the adjacent beads though 

diffusion of the polymer chains across the interface (inset of Figure 28). High 

values of k and Cp would enhance heat transfer, thus improving coalescence as the 

previously laid material is heated up rapidly by the filament that has just exited 

the nozzle [25,26,156]. Moreover, a low glass transition temperature (Tg) and a 

large separation between melting and crystallization events (for semi crystalline 

polymers) are foreseen to enhance the mobility of the macro molecular chains and 

enhance interlayer adhesion. However, the strong variation of polymer viscosity 

with temperature and shear rate restricts the temperature and time intervals ideal 
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for achieving optimal coalescence between beads and successive layers. In fact, 

the convective heat losses to the surrounding environment (at the build chamber 

or ambient temperature) promote rapid heat dissipation and high cooling rate 

during part fabrication [26].  

Coefficient of thermal expansion (CTE) and volumetric shrinkage play also a 

role in the development of residual stresses during solidification, that could 

eventually alter the shape and dimensional accuracy of the final parts [20,26]. FFF 

process is particularly prone to the accumulation of thermally-induced residual 

stress owing to the high CTE of thermoplastic polymers (between 40 and 120 

ɛm/m/ÁC [154]) and large temperature gradients that develop among layers. In 

fact, upon cooling the material gradually start shrinking. As a result, internal 

stresses are generated by the continuous changes in material stiffness upon 

solidification and the constraint represented by the bonds between the beads. If 

the value of residual stresses surpasses either the stiffness of the printed layers or 

the adhesion force between the bottom layer and the build platform, the part bends 

upward [154,163] as showed by the large scale distortion of neat PP samples in 

Figure 29a [164]. The high value of CTE and the semi-crystalline structure of PP 

was deemed as the main driving factors for shrinkage and residual stress 

accumulation [164ï166]. However, the addition of fillers, such as natural fibers, 

minimizes residual stress built-up by reducing the orientation of the molecular 

chains and inhibits, up to a certain degree, the polymer shrinking [153,164,166]. 

This will lead to a significant decrease of part distortion (Figure 29b). 

 

Figure 29: a) Distortion of FFF printed neat polypropylene part and (b) reduction of 

shrinkage and distortion by adding 30 wt.% hemp fiber to PP [164] 

Apart from the previously cited process parameters, a major manufacturing 

variable is the raster angle, defined as the angle between the deposited bead and 

the x-axis (Figure 30), which leads to different features on the meso-scale for the 

printed parts.  
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Figure 30: Schematic showing the definition of raster angle, that determine the 

orientation of the extruded beads in the FFF process [156] 

A detailed view of the surface fracture of ABS sample produced using 

different raster angle values (Figure 31) clearly showed that orientation of the 

beads have a strong effect on the microstructural features as well as on the 

mechanical properties and failure morphologies of the fabricated specimens 

[152,167]. As a result, FFF parts behaves similarly to orthotropic fiber reinforced 

laminates with significant variation of stiffness and tensile strength in the 

transverse (y-axis) and out-of-plane (z-axis) direction compared to the bulk 

polymer. The former direction suffers from poorer performances because the 

interfaces between layers are weaker [19,20,26,156].  

 

Figure 31: Scanning electron microscopy (SEM) micrograph of the fracture surfaces 

of ABS specimen printed with different raster angle orientation: (a) [0] and (b) [45/-45]. 

The images revealed the typical mesostructure of neat polymeric parts manufactured via 

FFF (inter-beads and inter-layer interfaces) and the effect of raster angle on the 

microstructure and failure behaviour of the printed parts [167].  
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Moreover, it is worth noting that several interfaces are present in the fracture 

surfaces (Figure 31). Inside each layer beads are contiguously laid down, thus 

creating inter-bead interfaces. Each layer is deposited on top on the previous, 

forming successive interlayer interfaces. Owing to these interfaces and the 

consolidation mechanism previously described, voids cannot be avoided (Figure 

31). The presence of inter-bead and inter-layer voids is widely recognized as one 

of the most important defect related to material extrusion AM processes and it 

ultimately leads to inferior structural performances and anisotropic mechanical 

behaviour [19,20,26,156].  

2.4.2 Carbon fiber reinforced polymer composites 

processed by FFF 

Fused filament fabrication is well suitable for processing short carbon fiber 

reinforced thermoplastic polymer composites. In fact, reinforced filaments can be 

manufactured with well-established techniques such as single or twin screw 

extrusion by mixing chopped or milled fibers with polymer pellets. The composite 

shreds are then processed in the FFF machine to create 3D components. The 

printers need only minimal hardware modification such as the usage of hardened 

steel extrusion nozzles due to abrasiveness of the fibers [168]. Several short 

carbon fiber reinforced filaments based on thermoplastics matrices including 

ABS, PLA, PC, PETG, PEI, PEEK and different polyamide grades are today 

commercially available and printable using both desktop or industrial 3D printers 

[169].  

Discontinuous fiber reinforcements in FFF filaments has been widely 

investigated since the early years of this century. Shofner et al. [170] fabricated 

ABS composites with vapour-grown carbon fibers by Banbury mixing, filament 

extrusion and FFF printing. The authors found that this manufacturing sequence 

was able to produce parts with an uniform fibers distribution and alignment, low 

pore content and increased tensile properties, at the expense of flexibility. In the 

next years, several research works have presented relevant enhancements of the 

mechanical performances and geometrical accuracy of various polymers produced 

using FFF technology by adding short carbon fibers into the feedstock filament 

[11,20,25,26]. In fact, carbon fibers (CF) play an important role not only to 

enhance the stiffness and strength characteristics of the neat polymer but also to 

improve the dimensional accuracy of the printed parts, as reported by Duty et al. 

[171]. For example, an increase between 3 and 4 times of tensile strength and 

Youngôs modulus along the printing direction by incorporating 13 wt.% carbon 
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fibers to an ABS polymer matrix can be achieved [171]. Moreover, the thermal 

properties of the printed specimens were also altered by the incorporation of the 

reinforcement. Specifically, the coefficient of thermal expansion of the filament 

was reduced from 87 ɛm/mÖK of neat ABS to 10 ɛm/mÖK for the composite 

material [171]. Conversely, a 3-fold increase of thermal conductivity along the 

printing direction was achieved (0.177 W/mÖK and 0.397 W/mÖK for neat and 

reinforced filament respectively) [171]. These differences in the thermo-physical 

properties of the starting filament could limit the occurrence of dimensional 

inaccuracies and distortion in the final object and concurrently the risk of print 

failure. However, Compton et al. [172] found that the temperature of the top layer 

needs to remain above the polymer glass transition point (Tg) in order to avoid, or 

at least reduce, distortion in ABS/CF parts processed using BAAM printer. If  this 

temperature approaches or falls below Tg during the deposition of the following 

layer, the printed part exhibited significant out-of-plane deformation and, in some 

cases, layer delamination [172].  

A detailed review on the FFF process of SCFRP composites was carried out 

by Brenken et al. [26]. The authors found that most of the published literature is 

focused on PLA and ABS composites [25,26]. A significant increase of tensile 

modulus and strength was frequently achieved for these materials compared to the 

pure polymers. Strength at break values usually ranges from 30 to 70 MPa 

depending on the length and volume fraction of fibers in the feedstock filaments 

[25,26]. However, typical average lengths of the carbon fibers employed within 

the feedstock are limited to 100 ɛm or less because the fibers are broken by the 

severe shear conditions experienced during filament manufacturing by using 

common extrusion processes [1]. Moreover, long fibers are not advised as they are 

more prone to clog the orifice of the extruder during printing [25]. The best 

mechanical performances were observed for high performance polymer 

composites based on PEEK and PEI matrices. The highest tensile modulus for 

short carbon fiber composites (24.5 GPa) was obtained to date by DeNardo [173] 

by using polyphenylene sulphide (PPS) reinforced with 50 wt.% carbon fibers. 

This weight proportion between reinforcement and matrix, which is the highest 

reported until now for this technology, is reasonably expected to be responsible 

for the tremendous increase in modulus with respect to the neat polymer. The 

highest tensile strength (135 MPa) was instead achieved by Yang et al. [174] by 

annealing at high temperature (300 °C) a 10 wt.% CF/PEEK composite processed 

by means of a common FFF printer (without heated chamber). The authors 

suggested that high crystallinity (35% against 21% of the as-printed material) and 
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the limited amount of porosity have contributed to these performances. By 

contrast, the elongation at break suffers from a significant reduction (50x) 

compared to the unreinforced polymer [174]. Therefore, it can be concluded that 

the addition of carbon fibers in thermoplastics FFF filament has significantly 

strengthened the mechanical behaviour of the printed parts at the expense of 

toughness and ductility [1,11,25,26].  

It is well known that the mechanical performances of SCFRP composite parts 

build via FFF strongly depends on several factors, including fiber-related 

properties (i.e., length, loading and alignment), process parameters and 

fiber/matrix interfacial adhesion. Ning et al. [175] studied the influence of carbon 

fibers content on the mechanical properties of ABS/CF composites produced via 

FFF technique. Short fibers (100 and 150 ɛm) were added to the base polymer in 

different volume fractions, from 3 to 15 wt.%. The highest performances in terms 

of tensile strength and elastic modulus were reached at 5 wt.% and 7.5 wt.% 

carbon fiber loadings respectively [175]. However, a further increase in the fiber 

volume fraction negatively impacted on the mechanical properties of the printed 

samples because of a higher void content. Moreover, it was found that longer 

fibers (150 ɛm) yields higher strength values compared to the shorter ones (100 

ɛm) at the expense of elongation [175].  

Tekinalp et al. [176] investigated the mechanical behavior of ABS/CF 

composites produced via FFF by adding different amount of short carbon fiber to 

the neat polymer. The effect of porosity as well as that of fiber orientation was 

also studied. It was found that FFF process yielded very high fiber alignment in 

the printing direction (i.e., corresponding to the direction of the deposited bead). 

The analysis of fiber orientation tensor revealed that about 91% of fibers are well 

aligned due to the high shear stresses encountered in the filament extrusion step. 

Consequently, an improvement of mechanical properties and a reduction of 

distortion were reported for the composite parts. Particularly, the addition of 30 

wt.% carbon fibers to the polymer matrix enhanced the modulus and strength by 

700% and 115% respectively [176]. A comparison between FFF and compression 

moulded (CM) samples showed that the microstructure of traditionally fabricated 

composites highly differs from the additively manufactured ones in terms of both 

fiber orientation as well as void content and distribution (Figure 32) [176]. The 

adoption of the FFF process causes an increase in the void content for both neat 

ABS (Figure 32e) and fiber reinforced samples (Figure 32f-h) with respect to 

compression molded specimens (Figure 32a-d).  
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Figure 32: Comparison between the microstructure of short fiber ABS composites 

produced by compression molding and additively manufactured via FFF. Cross-sectional 

micrographs of CM samples with (a) 0% carbon fibers (CF), b) 10% CF, c) 20% CF, d) 

30% CF and optical images of FFF printed parts with (e) 0% CF, f) 10% CF, g) 20% CF 

and h) 30% CF [176] 

Moreover, the addition of fibers to the polymer filaments modifies the size 

and distribution of the voids in the printed parts. The triangular pores between the 

beads present in the neat ABS microstructure (Figure 32e) decrease in size 

because carbon fibers reduce extrudate swelling and coefficient of thermal 

expansion, while increasing thermal conductivity (Figure 32f-h). The inclusion of 

only 10 wt.% CF is sufficient to inhibit filament swelling after nozzle exit, thus 

leading to smaller inter-beads pores (Figure 32f). Therefore, the authors suggested 

that the presence of fibers promotes a stronger bonding between adjacent beads 

[176]. Consequently, the strength values increased with fiber content. However, 

only a minor improvement was obtained by rising the amount of fibers up to 30 

wt.% due to a significant increase in both void content and size (Figure 32h) 

[176]. 
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It is worth noting that short fiber reinforced composites manufactured by FFF 

display a strong fiber alignment (Figure 32f-h), that result in a peculiar tendency 

to have better material properties along the printing direction [25,26,156]. This 

behaviour was not observed for compression molded parts (Figure 32b-d) [176]. 

However, the higher strength reported by Tekinalp et al. [176] for compression 

molded samples suggested that the mechanical behaviour of the composites is 

more affected by porosity than fiber alignment, thus revealing the main challenge 

associated with FFF processing of fiber reinforced composites. Hofstätter et al. 

[177] suggested that a two-step process is responsible for the strong fiber 

orientation observed trough SEM and computer tomography analysis on PLA/CF 

composites processed by FFF. The fibers are firstly aligned during the extrusion 

of the raw filament. This preferential orientation is further strengthened when the 

filament is forced through the extruder's nozzle of the 3D printer. Brenken et al. 

[26] deeply investigated how material flow in the printing head affect fiber 

orientation. Through a detailed review of several modeling studies the authors 

concluded that the flow fields inside the extruder determines a strong alignment of 

the fibers in the deposited bead mostly due to the action of shear forces as well as 

on the convergent geometry typical of the extruder nozzle (Figure 33). Overall, 

the degree of fiber orientation, that influences the anisotropic characteristics of the 

printed composites, is defined by the interaction between these flow fields and 

extrudate swelling, that could slightly reduce fiber alignment when the filament 

leaves the nozzle [26]. 

 

Figure 33: (a) Schematic representation of short fibers alignment due to the shear 

forces encountered in the nozzle and SEM images of the fracture surfaces of carbon fiber 

reinforced PLA samples fabricated in different directions: (b) longitudinal (0° raster 

angle) and (c) transverse (90° raster angle). These images highlighted the high orientation 

degree of the fibers along the bead deposition direction [65] 
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Liao et al. [178] studied the mechanical and thermal properties of short carbon 

fiber polyamide 12 composites fabricated by FFF. Filaments were fabricated by 

twin screw extrusion at 240 °C from PA12 pellets (trade name Vestamid L1670) 

and different content of carbon fibers (up to 10 wt.%) with diameter of 7 ɛm. 

Calorimetric and rheological analysis of the filament showed that the fibers lower 

the nucleation barrier for polymer crystallization as well as the melt flow index 

value. The printed samples revealed a great improvement of tensile and flexural 

properties as well as impact strength and storage modulus. For example, an 

enhancement up to 265% and 102% for the elastic modulus and tensile strength 

respectively for the formulation with 10 wt.% fibers. Similarly, the thermal 

conductivity of PA12/CF parts also increased up to 278% with respect to the pure 

polymer. The authors pointed out that this excellent mechanical and thermal 

behaviour is due to the good dispersion and preferential alignment of the fibers in 

the bead deposition direction [178].  

Owing to the alignment of fibers, the bead orientation, defined by the raster 

angle parameter (Figure 30), was proved by different authors [179ï183] to have a 

great influence on the overall behaviour of fiber reinforced polymers. In fact, 

strong anisotropy of properties with higher mechanical performances when the 

printed beads are parallel to the applied tensile loads is frequently reported 

[26,179ï183]. Jiang et al. [179] investigated the effect of beads orientation on 

different carbon fibers reinforced polymer composites printed via FFF, including 

commercially available reinforced filaments based on ABS, PLA, PETG and a 

copolyester-based polymer with brand name Amphora. The authors reported a 

significant improvement in stiffness and tensile strength at 0° print orientation at 

the expense of the elongation at failure. However, all the mechanical properties in 

the transverse direction (which is perpendicular to the applied load) decreased 

with the addition of carbon fiber. Ferreira et al. [180] revealed a high degree of 

carbon fiber alignment in the bead direction by analysing PLA composites with 15 

wt.% of fibers through computer tomography. This yielded to the highest 

improvement of stiffness in the 0° print direction. Zhang et al. [181] compared the 

microstructure and tensile properties of short carbon fibers ABS composites (fiber 

content of 14 wt.%) with different bead orientation or architecture (0, ±45° and 

90°). It was found that the highest mechanical performances were obtained for 0° 

printing orientation (where the bead are oriented in the loading direction), 

followed by ±45° and 90° architectures respectively. Not only the mechanical 

behaviour but also the microstructure and void content were affected by the bead 

orientation, with the highest porosity for ±45° architecture. The authors also found 
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that the interfacial bonding strength of the reinforced samples, obtained by double 

notch testing, drops with the variation of layer thickness and extrusion speed 

[181]. In a follow-up work on ABS/CF composites, Ning et al. [182] found higher 

tensile properties for samples produced with [0/90] raster angle combination 

compared to [45/-45]. This was attributed to a better translation of the applied 

tensile load from the polymer to the fibers. Moreover, other printing parameters 

were found to play a major role on the microstructure of the printed composites. 

In fact, the inter-beads and inter-layer bond quality was improved by decreasing 

the printing speed and increasing the extrusion temperature and layer thickness, 

thus granting for better mechanical properties [182]. Spoerk et al. [183] also found 

a strong anisotropy in the flexural properties of PP/CF composites as a function of 

the bead orientation. Figure 34a graphically shows that the flexural stiffness and 

strength diminishes from 0° to 0°/90°, ±45° and 90° printing orientations, while 

neat PP samples has an isotropic mechanical behaviour.  

 

Figure 34: (a) Flexural stress-strain curves and (b) thermal conductivity of neat PP 

and PP/CF (with 10 wt.% carbon fibers) specimens built by FFF with different printing 

orientations. The thermal conductivity in the axial (ɚaxial) and radial (ɚradial) direction are 

measured along the y-axis and in the xz-plane respectively, as displayed in the right part 

of Figure 34b. Note that the build direction of the specimens corresponds to the z-

direction. Adapted from [183] 

Besides the widely known effect on mechanical performances, fiber 

alignment along the bead deposition direction directly influences the thermal 

properties of the material as well [26]. Generally, the thermal conductivity along 

the fiber orientation axis is much higher with respect to the transverse direction 
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[178]. This behaviour is evidenced in Figure 34b by comparing axial and radial 

thermal conductivity of PP/CF sample fabricated with 90° printing orientation 

[183]. The shrinkage of the polymer during cooling is constrained by the presence 

of the fibers, but with a different amount between the bead deposition and the 

lateral direction [26]. Fiber orientation has also a great effect on the polymer 

viscosity [184]. In fact, the extensional viscosity increases by orders of magnitude 

from the transverse to the parallel direction with respect to fiber alignment [26]. In 

addition, the presence of fibers modifies the flow fields acting on the material 

during the extrusion step by increasing the viscosity and reducing the flexibility of 

the molten filament. In some cases, this poor rheological behaviour hinders the 

coalescence between beads, thus leaving more voids in the final parts (Figure 32h) 

[176,181]. For example, Ajinjeru et al. [185] found that the addition of carbon 

fibers to polyphenylene sulfone (PPSU) and ABS matrices, greatly increased the 

viscosity (about 3 times for 20 wt.% fiber loading).  

Apart from void content and mechanical anisotropy, another common issue of 

fiber reinforced polymers produced by FFF is a weak interfacial adhesion between 

the polymer matrix and the carbon fibers. This characteristic has a negative 

impact on the matrix capability to effectively transfer the stresses to the 

reinforcing fiber, as revealed by the analysis of common failure modes of the 

printed composites. In fact, high degree of fibers pull-out and interfacial 

debonding at fiber/matrix interfaces are clearly visible in the SEM micrographs of 

the fracture surfaces of different short fiber reinforced composites (Figure 35) 

[180,183]. The pulled out fibers frequently showed clean surfaces with little 

polymer residue on it (inset of Figure 35a). This indicates a poor interfacial 

adhesion between thermoplastic matrices and carbon fibers [180,183] .  

 

Figure 35: SEM images typical fracture surfaces of carbon fiber reinforced polymer 

composites printed by FFF: (a) PP/CF (15 wt.%) [183] and (b) PLA/CF (10 wt.%) [180]. 

In the inset of Figure 35a the fiber surface is magnified 
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2.5 Continuous Filament Fabrication (CFF) 

2.5.1 Technology overview 

Although different techniques have been studied in recent years, continuous 

carbon fiber reinforced polymers are mostly produced with material extrusion 

technology. In fact, this additive technique is quite similar to well-established 

processing methods for composite laminates such as automated fiber placement 

(AFP) or filament winding, albeit the maximum printing size is smaller. In fact, 

both material extrusion and traditional automated composite technologies are 

based on the same feedstock (i.e., fibers pre-pregs) and creates laminates with less 

or more complex layups in a layer-by-layer manner [6,186]. Nonetheless, material 

extrusion technology was continuously adapted from the initial attempts of 

continuous fiber printing made in 2001 by Zhong et al. [187] till its maturation in 

the following decades [21]. This evolution resulted in two different methods for 

additively manufactured thermoplastic polymers with continuous fibers: 

¶ incorporating the continuous fiber and the thermoplastic filament inside 

the printing head via a co-extrusion process (also referred as ñin-situ 

fusionò or ñin-nozzle impregnationò) (Figure 36a) [152,188]; 

¶ embedding the continuous fibers directly in the thermoplastic parts using 

two separate printing heads for the neat polymer filaments and the pre-

impregnated fibers strands (also known as ñex-situ prepregò) (Figure 36b) 

[152,188]. 

 

Figure 36: Schematic representation of the methods available for 3D print continuous 

fiber reinforced polymer (CFRP) composite parts through material extrusion: (a) in-

nozzle impregnation process using a co-extrusion 3D printer and (b) ex-situ prepreg 

process using a dual-extrusion 3D printer for CFRP composites [152]  
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In -nozzle impregnation process 

Figure 36a shows a schematic illustration of in-nozzle impregnation process 

where a traditional FFF system is updated with a specific printing head to allow 

for continuous fibers deposition. The system uses two distinct printing spools, for 

polymer matrix and reinforcement respectively. The technological approach relies 

on directly embedding the fibers inside the printing head. The matrix is supplied 

in the liquefiers as filament at a selected temperature chosen as a function of the 

thermal and rheological properties of the polymer itself. The fibrous 

reinforcement (usually fiber bundles with more than one thousand individual 

fibers) is then pushed through the core of heated nozzle to be continuously 

impregnated by the molten polymer. As soon as the composite filament is laid 

down, it quickly solidifies and adheres to the previously deposited layers (Figure 

36a) [152]. Although this method provides high flexibility in terms of fiber/matrix 

proportion and even though a great enhancement of tensile and flexural properties 

compared to unreinforced thermoplastics has been reported in various studies 

[189ï192], some problems were found. Proper wetting and impregnation of 

carbon fibers with a thermoplastic polymer is difficult to achieve and defects may 

arise in the printed material, including voids between layers, poor fiber/matrix 

bonding and incomplete fiber impregnation [191]. This is an inherent problem of 

in-nozzle impregnation since the pressure applied by the system is not as high as 

in other processes, such as pultrusion. Another issue is related to fiber feeding, 

which can either be broken in the extrusion head owing to their low compression 

strength or clog the orifice [168].  

Ex-situ prepreg process  

A major stride for CFRP composites 3D printing has been perceived with the 

development of a patented ex situ prepreg process by the company MarkForged 

Inc. (Massachusetts, USA), that was the first manufacturer of a commercial 

desktop 3D printer for continuous fiber reinforced materials in 2014 [1,21]. This 

technology, named Continuous Filament Fabrication (CFF) [193], utilizes a 

printing head equipped with two separate extruders, for the plastic matrix and 

continuous fiber filaments respectively, and a motor to feed them inside the 

printing head (Figure 36b and Figure 37a). The materials are laid down at 

different times during single layer fabrication and a fiber cutting mechanism is 

adopted to stop fiber feeding before starting the deposition of the following layer. 

The printers can process neat polyamide (PA) or short carbon fiber reinforced PA 

conventional filaments (diameter of 1.75 mm) as "matrix materials" and a 

continuous fiber filled polyamide tow (diameter of 0.36 mm) as "reinforcement" 
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(Figure 37a). The reinforcing filaments can be Kevlar, glass or carbon fibers 

(about 35% volume fraction) pre-impregnated in a thermoplastic resin. Owing to 

the use of pre-impregnated filament, the problems related to fiber/matrix adhesion 

that accompany in-nozzle impregnation processes are thus surpassed [194].  

 

Figure 37: (a) Simplified representation of the working principle of MarkForged 

CCF printers [194] and (b) sketch of possible fibre path design (isotropic and concentric) 

where the blue lines represent possible fiber paths [186]  

This technology allows more flexibility in terms of part design compared to 

co-extrusion systems, because the reinforcement can be placed using isotropic or 

concentric fill pattern, as showed by the blue lines in Figure 37b. In the former 

case, the fibers are deposited unidirectionally until the part edges are reached, 

where sharp turning is done to complete layer filling (Figure 37b). The latter 

enables the deposition of the fibers in concentric ring following the outer 

perimeter or inner geometrical features (such as holes or fillet) of the part (Figure 

37b) [186]. Moreover, only individual layers or some regions inside a layer can be 

produced using the pre-impregnated fiber reinforced filament, thus allowing 

reinforcement in selected areas to obtain specific performances whilst minimizing 

cost [186]. The mechanical performances achievable are significantly higher with 

respect to AM parts made of neat polymers or short fibers reinforcement. The 

company declares tensile strength of 700 MPa and elastic modulus 54 GPa for its 

continuous carbon fiber reinforced parts [195]. Anisoprint LLC (Moscow, Russia) 

has developed a similar printing system, called Prom IS 500 [196]. Differently 

from MarkForged, the printer uses a continuous carbon fiber filament coated by 

thermosets in order to enhance the adhesion to different polymer matrices [197] 
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and an open source software allowing more control in fibre deposition paths. 

Moreover, the machine is featured with a high temperature extrusion head (up to 

410 °C nozzle temperature) to print high performance thermoplastics such as 

PEEK and PEI. A wide choice of polymer matrices (e.g., PC, PA, PEEK, PEI, 

PSU) and fiber reinforcement (glass or carbon) is available [196]. However, little 

data are available to date on the mechanical properties of the printed parts [1]. 

Another system for CCFRP composites printing was developed by CEAD 

company [198]. The system consists of an industrial size machine (build volume 

4x2x1.5 m) based on a gantry system capable of extruding polymer matrix and 

reinforcing filaments (40% fiber weight fraction) simultaneously [198]. 

The ex-situ prepreg technology relies on the production of pre-impregnated 

filaments with continuous fibers. An example of this process is given by Hu et al. 

[199] that designed a specific extrusion device for manufacturing continuous 

carbon fiber filaments pre-impregnated with PLA (Figure 38a). The filaments 

were obtained by single screw extrusion using a coaxial extrusion mould with a 

special nozzle for preventing fiber clogging. The 1K carbon fiber bundle (Toray 

T-300) was passed into a heated pipe before entering the single screw extruder. 

The thermoplastic polymer pellets (NatureWorks 4043 PLA) were then fed into 

the extruded. The action of the screw is able to properly impregnate the fibers, 

thus creating a good interfacial adhesion. The extruded filaments were then cooled 

down into a water bath at a controlled cooling rate and dried (Figure 38a).  

 

Figure 38: Schematic illustration of the manufacturing process 3D printable CCF 

prepreg filament [199] 

Printing tests using an home-made FFF printer show that the PLA/CCF 

samples achieved a higher strength (541.6 MPa) similar composites produced by 

solution casting and hot pressing (248 MPa) when fabricated using optimized 

extrusion temperature, speed and layer thickness are used [199]. In this way, the 
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drawbacks of in-situ processes (i.e., poor interfacial bonding between fiber and 

polymer matrix) are surpassed.  

The physical phenomena involved in CCF process resembles traditional 

material extrusion AM technology for polymers (Figure 28). However, the shear 

conditions and nozzle temperature are adjusted to achieve a viscosity range that 

allows the pre-impregnated filament to pass through the extruder without clogging 

the nozzle or leading to flow inconsistency [199]. Amorphous or semi crystalline 

polymers showing low crystallinity are used to embed the continuous fibers as it 

helps in improving bead shape stability and printing accuracy [21,196,200]. For 

example, pre-preg filaments manufactured by MarkForged has amorphous semi 

aromatic polyamides as matrix materials [193]. Finally, the coalescence between 

adjacent beads and the adhesion between layers is hindered owing to the absence 

of compaction forces and the marked differences in the thermo-physical properties 

of the reinforced filament between the longitudinal and transverse directions. 

Thus, the printed parts usually exhibit considerable void contents [1].  

2.5.2 Carbon fiber reinfo rced polymer composites processed by 

CFF 

As already mentioned in the previous paragraph, polyamides are the preferred 

matrix system for 3D printing continuous carbon fiber reinforced polymer 

(CCFRP) composites. The achievement of high modulus and strength components 

is the main objective of AM continuous fiber reinforced polymers. In fact, this 

type of reinforcement is specifically used to obtain mechanical performances far 

beyond the limits of standard 3D printed polymers. In this context, extensive 

studies have been carried out in recent years to characterize the microstructure and 

mechanical performances of polyamide composites reinforced with continuous 

carbon fiber (PA/CCF) produced using CFF via MarkForged® printing systems 

[1,21,186]. Several studies [156,202ï206] examined the morphology of the pre-

impregnated carbon fiber filament, revealing that it consists of 1k fiber bundles 

(meaning that each bundle contains about 1000 fibres) coated with an amorphous 

polyamide resin. The fiber content was estimated to be between 33% and 36% 

using different techniques, such as pyrolysis, thermo gravimetric analysis in air 

environment, optical microscopy image analysis or matrix acid digestion [203ï

206]. Moreover, some morphological defects were also highlighted, such as voids 

due to incomplete impregnation and a sub-optimal fiber distribution (Figure 39). 
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In fact, the reinforcing phase is arranged into separate bundles surrounded by 

large areas filled by the polymer matrix only (Figure 39a) [156,204ï206].  

 

Figure 39: (a) Cross-sectional optical images of as received carbon fiber filaments 

(average diameter of 380 µm) and (b) magnified view of poorly impregnated areas [204]  

Van Der Klift et al. [202] produced PA/CCF composites with the Mark One 

printer by adding concentric rings of carbon fibers in the middle region of printed 

specimens. The tensile tests evidenced a significant improvement of strength at 

break up to 464.4 MPa by increasing the fiber content. From the results obtained 

by using the inverse rule of mixture (RoM), the authors suggested that Toray 

T300 standard modulus carbon fibers bundles are used in the pre-impregnated 

filaments supplied by Markforged [202]. Dickson et al. [207] noticed that the 

increase in tensile strength was gradually diluted upon a continued increment of 

fiber loading. This behaviour was attributed to a meagre bonding between fiber 

and pure nylon layers and, more importantly, to the increased amount of voids at 

high fiber loading. Blok et al. [156] performed different experiments to evaluate 

the printing quality and mechanical properties of PA/CCF composites fabricated 

using MarkOne printer in comparison with a short fiber reinforced counterpart. 

Albeit continuous fibers grant a 10-fold improvement of tensile properties (e.g. 

strength at break equal to 726 MPa and 83.5 MPa for long and short fiber 3D 

printed part), the printing method has inherent limitation in design flexibility. In 

fact, the stiff fiber reinforced filament cannot fill small turning radii as well as 

sharp angles, thus creating fibreless areas (Figure 40a) [156]. Moreover, optical 

microscopy analyses of the XY cross-section of a longitudinal part (i.e., fibers 

unidirectionally oriented at 0°) unveiled the presence of other manufacturing 

defects, such as voids between beads and inhomogeneous distribution of matrix 

and fibers (Figure 40b and 40c) [156]. The formation mechanisms of the porosity 



Additive Manufacturing 61 

 

were related to both processing conditions and continuous fibers. In fact, the rapid 

cooling of the deposited bead below polymer matrix glass transition impedes the 

growth of contact interfaces and the extent of molecular diffusion between layers 

[208]. In addition, the high anisotropic viscosity typical of continuous fiber 

prepregs limits filament squeeze flow in the transverse direction, thus leaving air 

gaps between beads [206]. These defects are deemed to be responsible for a poor 

shear response of the material.  

 

Figure 40: (a) Geometrical details (corner radii, sharp edges) of benchmark parts 

obtained using MarkOne printer and (b, c) optical micrographs of the cross section of the 

printed part revealing the typical layered structure and distribution of voids [156] 

Justo et al. [209] characterized the plane mechanical properties of fully 

reinforced PA/CCF coupons in both tensile and compression mode. The coupons 

were extracted from the printed samples to overcome the design limitations of 

Mark One printer. A detailed comparison between the experimental data and the 

properties of a conventional epoxy laminates (AS4 carbon fiber/epoxy) clearly 

showed that the mechanical performances of AM parts are far inferior in all load 

conditions (i.e., tension, compression, in-plane shear in both longitudinal and 

transverse direction) [209]. This is due to the presence of defects, such as pores 

(Ḑ12%) and region with high matrix concentration), the low amount of fibers 

(about half compared to traditional laminates) and weaker mechanical strength of 

polyamides compared to epoxy resins [209]. Goh et al. [203] systematically 

studied the fracture modes of longitudinal PA/CCF samples under tension and 
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bending loadings. The failure mechanism of the tensile samples was controlled by 

fiber breakage (tensile rupture) and delamination between layers (shear rupture), 

giving rise to a step-like fracture surface (Figure 41a and 41b). Differently, in the 

flexural sample the failure starts in the top surface due to compressive stresses and 

propagates till final rupture due to fiber breakage at the opposite side that is 

subjected to a tensile stress state (Figure 41c and 41d) [203].  

 

Figure 41: Schematic illustration of fracture mechanism of additively manufactured 

PA/CCF samples under (a) tension and (c) bending load case; (b) visual observation of 

the fracture mode of a tensile specimen showing cracking and delamination and (d) image 

sequence of the three point bending test captured using high speed camera [203] 

The influence of build orientation, fiber volume percentage and infill pattern 

(isotropic or concentric, as shown in Figure 37b) on the mechanical performances 

of longitudinal composites were also investigated [204,207,210ï212]. It was 

found that flat samples exhibited higher performances due to a lower amount of 

layer-to-layer interfaces compared to on-edge counterparts [210]. As expected, 

tensile and flexural properties showed significant improvements by increasing the 
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fiber loading for both isotropic [204] and concentric infill [211,212]. However, 

the elastic modulus varies almost linearly with fiber content, while the increase in 

strength drops at high reinforcement volume fraction (Figure 42a) due to the 

occurrence of mixed fiber breakage/delamination failure [212]. Values as high as 

436 MPa for tensile and 423.5 MPa for three point bending tests were reported for 

a fiber volume fraction of 27% [210]. Insufficient fiber/matrix bonding due to 

poor interfacial adhesion, revealed by extensive fiber pull-out the fracture surfaces 

(Figure 42b), uneven fiber distribution and a large amount of voids were 

considered the reasons for the lower values of mechanical properties compared to 

those expected for composites produced using conventional fabrication methods 

[204,210ï212]. Moreover, the initial deposition point of the fiber reinforced 

filament in a layer and fiber curvatures at the part edges lead to additional stress 

concentration and multi-axial stress state that will ultimately result in premature 

failure [211,212]. 

 

Figure 42: (a) Tensile strength and Young modulus of PA/CCF samples printed with 

a concentric infill pattern as a function of ɡCF (% of the sample cross-section reinforced 

with carbon fiber filaments). Printing pattern for each specimen is schematically sketched 

in inset figures to indicate the differences in fiber reinforced filaments arrangement. 

Please note that the real carbon fiber volume fraction is lower than ɡCF since the raw 

filament has 34% of fibers [212]; (b) SEM image of a typical fracture surface showing 

fiber pull-out [210]  

Several authors focused on the characterization of the intra-laminar and inter-

laminar properties of PA/CCF composites by analyzing the tensile response in the 

principal material direction, including longitudinal (0°), transverse (90°) and in-

plane shear (±45°) as well as interlaminar shear strength and fracture toughness 
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[206,208,213ï215]. These comprehensive characterizations aimed at determining 

the elastic constant and strength features of the individual ply, interfaces strength 

and fracture mechanisms that are needed to design continuous fiber laminates for 

structural applications. It was reported that elastic modulus and strength changed 

up to an order of magnitude from [0] to [±45] and [90] layup [206,208,213ï215]. 

Moreover, Caminero et al. [216] showed that the interlaminar shear strength 

(ILSS) of 3D printed composites reinforced with continuous carbon fibers are 

higher compared to those obtained by using glass and Kevlar fibers. As already 

observed for tensile and flexural strength, the increase in ILSS was limited at high 

fiber loading [216]. However, both ILSS and fracture toughness under mode I 

(GIC) and mode II (GIIC) interlaminar fracture tests were found to be 50% lower 

compared to hot compression molded polyamides composites with identical fiber 

content [206,208,216]. The authors agreed that the transverse and interlaminar 

properties represent a major limiting factor for the development of continuous 

fiber composites by AM techniques. In fact, 3D printed parts are more prone to 

delamination and matrix cracking under mechanical loading owing to the defects 

induced by the printing process [206,208,216]. These observations pointed out 

that AM parts display highly different mechanical responses in relation to the 

orientation of stresses due to the anisotropic characteristics of the printing process 

and continuous reinforcement. Therefore, a careful optimization of the laminae 

stacking sequence is required to 3D print continuous fiber composites with good 

structural capabilities. Saeed et al. [215] reported that a quasi-isotropic layup, 

such as [0/45/90]s, has an intermediate behaviour between the longitudinal and 

transverse ply properties. A reduction by one third in elastic modulus and by half 

in strength with respect to the longitudinal composites was observed. Mei et al. 

[217] examined the mechanical behaviour of 3D printed PA/CCF with different 

quasi-isotropic layups. It was reported that [0/45/90]2 laminate has higher tensile 

strength at break, stiffness and ductility compared to [30/45/60]2, [15/45/75]2 

because the fibers in [0] plies bear the tensile load more effectively. In addition, 

the study showed that a post-treatment by hot pressing improved the mechanical 

properties of the laminates. In particular, strongest interface bonding are created 

by enhancing the fiber/matrix interface wettability and by removing the air gaps 

induced during printing as a result of higher treatment temperature and time 

respectively [217]. Apart from structural performances, fiber orientation was also 

found to influence the thermal conductivity [218] as well as the temperature 

profiles during the printing process [219].  
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Overall, several processing issues such as weak adhesion between stacked 

layers, high pores content and poor fiber distribution in the printable filament, 

were identified in literature [203,204,206ï212,216]. To address these challenges 

and improve the mechanical properties of AM composite parts, Peng et al. 

[220,221] suggested that a careful design of the laminate structures, by alternating 

continuous and short fiber reinforced plies (referred as ñseparate distributionò in 

the papers) helps to improve the tensile strength (but not the stiffness) of the 3D 

printed components. This synergistic reinforcement effect was attributed to an 

improved interfacial strength and better interface quality between layers, that 

hamper crack propagation during mechanical loading [220,221]. Moreover, the 

introduction of plies oriented at 45° into the 3D printed parts almost doubled its 

energy absorption during flexural tests, up to 1613 MJ/mm [221]. He et al. [206] 

demonstrated the adverse effects of porosity (ḗ12%) on PA/CCF performances 

by analyzing the effect of post-processing the printed samples using compression 

molding (CM). A reduction of porosity down to 5% and an improvement of the 

interfacial bonding between matrix and fiber was obtained by compression 

molding, leading to a substantial improvement of mechanical properties (up to 

78% for transverse tensile strength and 90% for flexural strength and interlaminar 

fracture toughness) and failure modes [206]. This study indicated the importance 

of reducing the void percentage in the printed parts. In this context, the company 

9T Labs (Zurich, Switzerland) has recently designed and commercialized a novel 

two-step process, named Additive Fusion Technology (AFT) [222], to produce 

continuous fiber composites based on PA12 or PEEK matrix. The feedstock 

material is firstly 3D printed using a material extrusion-based system and then a 

compression molding treatments inside a heated oven is performed. This post-

processing step is able to reduce the void content to 2-3% and improve the 

interlayer bonding [222]. Due to this hybrid method and the high fiber content in 

the raw filaments (60 vol.%), the company claimed that the final parts display 

elastic and strength properties similar to those of conventional laminates [222].  

2.6 Modeling and analytical techniques 

Fiber reinforced polymers are traditionally modelled to predict their mechanical 

response to tensile loading using different analytical approaches based at the 

micro and macro-mechanical level. The former is based on the properties of 

individual composite constituent (fiber and matrix) and includes rule of mixture 

(RoM), shear lag model, Halpin-Tsai equations, Mori-Tanaka model and many 

others [14,20]. The latter is based on the properties of individual plies within a 
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laminated composites and include classical laminate theory (CLT) and volume 

averaging method [14,20]. These modeling approaches can be applied to both 

short and continuous reinforcement, although macro-mechanical models are more 

suitable for analyzing the behaviour of long fiber reinforced material. 

2.6.1 Short fiber composites 

As already mentioned, several theories have been proposed to estimate the 

mechanical properties of short carbon fiber reinforced polymer (SCFRP) 

composites. The modified rule of mixture and the Halpin-Tsai model are the 

simplest analytical approaches to estimate the elastic modulus of SCFRP 

composites. Both models assume a perfect fiber/matrix interfacial bonding and 

takes into account fiber geometry effect in terms of length and aspect ratio. The 

formulation of the modified rule of mixture is expressed in equation (5) [14,20]: 

E=ɢ
1
ɢ
2
EfVf+EmVm  (5) 

where E is the elastic modulus of the composite, ɢ1 and ɢ2 are factors that describe 

the effect of fiber orientation, length and aspect ratio and, finally, Vf, Ef, Vm and 

Em denote the volume fraction and elastic modulus of the fiber and matrix 

respectively. Alternatively, Halpin-Tsai equations, originally developed for 

unidirectional composites, derived the longitudinal and transverse elastic moduli, 

E11 and E22, from the general expression of equation (6) [14,20]: 

E

Em
=
1+ɠɖVf

1ɖVf
   (6) 

where the shape parameter ɠ depends on fiber aspect ratio while ɖ is determined 

by fiber geometry as well as fiber and matrix moduli, that in turn depends on 

loading conditions. Lanzl et al. [142] applied the Halpin-Tsai model to predict the 

elastic modulus of short glass fiber reinforced PA12 composites fabricated by 

SLS. A good agreement was found up to 10% fiber loading by volume. At higher 

fiber percentage the discrepancy between the theoretical tensile moduli and those 

obtained experimentally for SLS composites greatly increased owing to the 

presence of voids in the printed samples [142]. The contribution of voids is 

usually modelled in conventional composites by adding a correction factor for 

porosity as follow [223]: 

Ec=E(1ű)
n
  (7) 
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where Ec is the elastic modulus of a void-containing composite and ű is the void 

content. The void efficiency exponent n described how voids induces stress 

concentrations during mechanical loading [223]. As 3D printing processes are 

frequently associated with large void formation, Rodriguez et al. [224] proposed 

to treat additively manufactured parts (in this case neat ABS part processed by 

FFF) as a material-void composites using the simple rule of mixture, implying a 

porosity exponent equal to 1 for longitudinal properties and 0.5 for transverse 

properties. More complex models, such as Mori-Tanaka theory for non-diluted 

composites and classical laminate theory [225ï227], are also used in short fiber 

composites stiffness predictions.  Both approaches were proved to be valid for 3D 

printed parts too, as the estimation of elastic modulus for short fiber composites 

fabricated by FFF with different values of layer thickness [227] or different bead 

orientation [225,226] was found to match the theoretical values with an average 

error between 5% and 10%. The modified rule of mixture is also applied to 

predict the tensile strength of SCFRP composites. Zhu et al. [228] reported 

modeling error lower than 10% by using this approach in ternary carbon 

fiber/polyamide 12/epoxy composites produced by SLS and post-infiltration of 

the thermoset resin.  

A comprehensive model based on the modified rule of mixture and a laminate 

analogy approach was developed by Van de Werken et al. [1] to predict tensile 

strength and stiffness respectively of a general SCFRP composites processed by 

AM technologies. The model was validated against the experimental data of 

ABS/CF composites from [176]. The variation of tensile properties with fiber 

aspect ratio is shown in Figure 43. Strength and stiffness values were normalized 

with respect to the respective properties predicted for a composite material with 

fibers with infinite length and perfect alignment in the loading direction. In the 

calculations, fibers were considered as mostly aligned to determine the highest 

bound for mechanical properties. Moreover, this assumption is quite realistic for 

some AM techniques, for example FFF, that are able to produce a selective 

alignment of fibers in the printed components [26]. Moreover, a typical critical 

fiber length for a short fiber thermoplastic composites (0.5 mm) was used to 

simulate the effective reinforcing effect of fibers [1]. 
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Figure 43: Effect of fiber aspect ratio (diameter of carbon fibers equal to 7µm) on 

AM short fiber composite tensile strength and elastic modulus. The green rectangle 

defines the region of the normalized strength/stiffness vs fiber aspect ratio graph covered 

by AM short fiber composites [1] 

The trend reported in Figure 43 display that high performance short fiber 

composites, with strength and Youngôs modulus higher than 80% of their 

maximum theoretical values can be obtained when the aspect ratio of the fibers is 

at least 1000. Considering the typical diameter of carbon fibers (7 ɛm), the 

average fiber length is required to be 7 mm [1]. However, the length of the carbon 

fibers commonly used in AM feedstock is well below this value (i.e., usually 

lower than 200 µm) due to processing constraints and an increment of defects 

content [1]. It is also important to stress out that the model proposed by Van de 

Werken et al. [1] neglects fiber end effects, thus leading to an overestimation of 

strength values by almost 20 %. Therefore, it can be concluded that the potential 

increase of mechanical performances using short fiber reinforcement is restricted 

to a small region of the graph (green rectangle in Figure 43). 

2.6.2 Continuous fiber composites 

The prediction of tensile properties of continuous carbon fiber reinforced polymer 

(CCFRP) covers high significance in the composite industry since these materials 

were specifically developed for structural applications. Moreover, their properties 

can be easily optimized without modifying material composition in view of the 

orthotropic mechanical behaviour of individual plies and the infinite layups (i.e., 

sequence of ply orientations) that can be chosen to form a laminate. At this 

purpose, both micromechanical and laminate based models were used for both 
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conventionally manufactured parts, although classical laminate theory (CLT) has 

the largest accuracy and flexibility.  

The modified rule of mixture (MRoM) was also employed in numerous 

studies [204,206,211,212,220] to forecast the tensile properties of additively 

manufactured PA/CCF composite printed with longitudinal fiber orientation. 

However, a good consistency between modeling and experimental results were 

only found for fiber content below 11% [211]. Conversely, at high fiber volume 

fraction MRoM predictions significantly deviate from the experimental values, 

with failure strengths between 30 and 50% lower than those theoretically 

predicted [204,206,211,212,220]. These relevant discrepancies were attributed to 

the adverse contribution of voids, poor interlayer and fiber/matrix interfacial 

adhesion and non-homogenous fiber distribution [204,206,212]. Melenka et al. 

[229] firstly proposed the Volume Average Stiffness (VAS) method to estimate 

the elastic properties of continuous Kevlar fibers reinforced composites produced 

using CCF technique. The printed composite is considered as made of different 

regions, namely solid, infill e shell, each showing specific elastic properties as a 

function of the filament material and toolpath adopted (Figure 44).  

 

Figure 44: Schematic illustration of the structure of the Kevlar fiber reinforced 

tensile dog-bone produced by using CFF technique: top view (left) and cross-sectional 

view (Section A-A) (right) of the printed samples. Solid regions are sketched as solid 

white rectangles, infill regions are represented a hatch pattern and Kevlar reinforced 

regions are sketched in yellow colour [229]  
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The method involves a volume averaging of the stiffness matrices of these 

regions. The volume of each region can be simply estimated from geometrical 

observations. The void model developed by Rodriguez et al. [224] was used the 

determine the micromechanical properties of solid, infill e shell regions. The 

method offered accurate predictions of the elastic modulus with an error of 6.2% 

and 0.1% for composites containing 8% and 10% of Kevlar fibers respectively 

[229]. The VAS method was also adopted by Al Abadi et al. [230] and Yu et al. 

[231] for modeling PA/CCF parts. The results revealed that the elastic properties 

(elastic modulus and Poissonôs ratio) can be estimated with good correspondence 

for different laminate characteristics in terms of fiber content, fiber infill pattern 

and ply orientation as well as load scenario. Modeling errors lower than 10% and 

20% were reported for tensile and flexural moduli respectively [231]. These 

discrepancies were explained by considering that the fiber deposition path 

embedded in material extrusion AM process (e.g., sharp turn at the part edges 

shown in Figure 40a) significantly affects the failure mechanism, mainly for 

complex loading conditions such as those caused by three-point bending tests 

[231]. Classical Laminate Theory (CLT), whose detailed formulation is described 

in the following (section 3.3.2), was used by Saeed et al. [215] to predict the 

mechanical properties of PA/CCF composites. CLT predictions were found to 

accurately evaluate longitudinal and transverse moduli, while a higher error was 

reported for shear modulus. Moreover, Polyzos et al. [232] found that the 

prediction of the elastic modulus of 3D printed composite reinforced with carbon, 

glass and Kevlar fibers by using CLT coupled with different micromechanical and 

void models results in low modeling error (less than 10%). Therefore, this study 

confirmed the potential of CLT to simulate the properties of CCFRP composites 

produced by AM. However, it is important to note that most modelling studies are 

focused on elastic properties [215,230ï232] and longitudinal parts were mainly 

characterized [230,231].  
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Chapter 3 

Materials and method 

3.1 Material processing 

3.1.1 Selective Laser Sintering 

Polyamide 12 powders reinforced with 20 wt.% carbon fibers (PA12/CF) were 

purchased from Advand3D Materials GmbH (Hamburg, Germany). The powders 

were processed using Sharebot SnowWhite direct laser sintering machine 

(Sharebot S.r.l., Nibionno, Italy) for microstructural and mechanical properties 

characterization. Neat polyamide 12 (PA12) purchased from the same supplier 

was also processed for sake of comparison. Sharebot SnowWhite printer (Figure 

45) uses a continuous wave CO2 laser with an emitting wavelength of 10.6 ɛm to 

selectively fuse the polymeric powders. The laser diameter is equal to 200 ɛm 

while the maximum power is 14 W. The build chamber consists of a build plate, 

two powder tanks and two overflow bins for material recycling. The build area 

(10x10x10 cm) is significantly smaller compared to standard industrial SLS 

machines (Figure 45). The heating system is composed by four halogen lamps 

(Haloline, Osram, LEDVANCE GmbH, Augsburg, Germany) placed on top of the 

build plate in the shape of a square. The power of the lamps is 120 W or 230 W 

depending on their position. The temperature of the powder bed is measured 

through an IR sensor. The machine operates in air environment and it is equipped 

with a translational recoating blade to spread a layer of powders over the build 

plate (Figure 45b) [233].   
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Figure 45: Sharebot SnowWhite SLS machine: external view (left image) and 

internal view of the build chamber (right image) 

As discussed in Chapter 2, the optimization of process parameters is of great 

concern for improving the properties of the SLS parts. In this thesis, a new 

approach based on the isothermal crystallization kinetics was adopted to choose 

the appropriate powder bed temperature (Tb) while the laser exposure parameters 

(e.g. laser power, scan speed) were optimized according to the stable sintering 

region (SSR) approach proposed by Vasquez et al. [122]. 

Optimization of powder bed temperature 

According to literature, the powder bed temperature (Tb) has to be selected 

between the melting and crystallization onsets of the material obtained using a 

standard heat/cool DSC cycle (sintering window in Figure 13) to avoid out of 

plane deformation of the part or curling [28,72,108]. This curl deformation is 

usually evaluated experimentally by measuring the degree of curvature of the 

bottom surface (curl angle) or the height of the upward edges (curl height) of a 

benchmark part [234ï238]. Soe [238] demonstrated that the curl phenomenon is 

highly dependent on temperature, sample geometry and position in the part bed, 

with Tb having the highest impact. In fact, experiments with cross-shaped parts on 

EOS P700 machine showed that a variation of powder bed temperature of 1/2 °C 

has a relevant influence on the curl height [238]. Therefore, the author suggested 

to print cross-shape samples and set a Tb value 2/3 °C higher than temperature at 

which the parts stop curling. However, the proposed approach is time consuming 

and does not consider the quasi-isothermal solidification conditions typical of the 

SLS process (Figure 6).  

A new criteria based on the analysis of the isothermal crystallization kinetics 

obtained through DSC is then proposed. The DSC program consists of a rapid 
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heating up to a temperature 30 °C higher than polymer melting peak to completely 

fuse the powders, followed a rapid cooling down to a temperature selected in 

between the sintering window. This temperature (Tiso) is hold isothermally for 120 

min to measure the heat flow variation induced by the crystallization process. A 

set of 13 different isothermal temperatures chosen within the sintering window 

(from 160 to 172°C) were used. Details about the test procedures are given in the 

"Experimental techniques" section of this chapter. The experimental data, that 

describes the crystallization kinetics, were compared to the amount of curl 

measured on SLS parts produced using powder bed temperature values equal to 

Tiso. This comparison is useful to understand how phase transition influence curl 

development and select the optimal processing condition. To this end, four 

rectangular flat plates (80x10x1 mm) were printed for each Tb value. This 

geometry was already adopted as a benchmark by previous studies [234ï237] to 

measure the amount of curl in SLS parts. The deformation of the plates is 

described by measuring the curl height from the bottom length of the curled 

samples from stereomicroscopy images taken at low magnification (8x). Figure 46 

shows a sketch and some images of the out of plane deformation of a printed part 

as well as the measuring principle adopted for the evaluation of the curl height. 

Table 2 summarizes the experimental and validation protocol used for powder bed 

temperature optimization. 

 

Figure 46: (a) Sketch of the out of plane deformation of a curled rectangular plate 

produced by SLS showing the method adopted for the evaluation of the curl height, (b) 

photographic image of a curled samples and (c) example of a typical stereomicroscopy 

image used to measure the curl height 
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Table 2: Summary of the experimental approach used in the optimization of 

the powder bed temperature. The strategy combines isothermal DSC tests and curl 

height measurements at different temperatures within the sintering window 

Experimental 

test 

Temperature 

(°C) 

Output 

parameters 

Isothermal 

crystallization 

kinetics from 160 °C to 

172 °C, every  

1 °C 

Crystallization 

halftime (t1/2) 

Curl 

experiments 

Curl height 

Optimization of laser exposure parameters 

Laser exposure process parameters were optimized with the aim of obtaining 

the highest possible density and mechanical properties of the printed parts. To this 

purpose the SSR method proposed in Vasquez et al. [122] was adopted. This 

method is based on the hypothesis that the laser beam should heat the powder bed 

to a temperature sufficiently high to fully melt the polymer without leading to 

thermal degradation. This condition is met when the temperature of the melt pool 

remains between the offset of the melting peak and the onset of thermal 

degradation of the powders, obtained by DSC and TGA experiments. This 

temperature interval is referred as Stable Sintering Region (SSR). However, for 

simplicity of use the SSR is usually expressed in terms of energy density rather 

than temperature [122].  

The energy required to melt a powder layer (Em) and the energy needed for 

thermal degradation (Edeg) could be quantitatively determined from the thermal 

and physical properties of the raw powders evaluated with common experimental 

techniques (DSC, TGA, tap density test, etc.). Em (J/mm3) is defined as the sum 

between the energy required to preheat the material from Tb up to its melting point 

and to fully melt the polymer grains themselves: 

Em=Cp
powder

Tm Tb+hfɟū  (8) 

where Cp 
powder is the specific heat capacity at the bed temperature, Tm is the 

melting peak temperature, hf corresponds to the melting enthalpy, ɟ and ū denotes 

the true density and the packing factor of the powders respectively. Edeg (J/mm3) is 
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calculated from the energy needed to heat the powders to the degradation onset 

and plus the energy needed to exceed the energy activation barrier as follow:  

Edeg= Em + Cp
melt
TdegTm +

EA

MW
ɟ  (9) 

where Cp 
melt is the specific heat capacity of the powder melt (i.e., mean value 

from 190 °C and 260 °C), Tdeg and EA are the onset degradation temperature and 

activation energy respectively and Mw denotes the molecular weight of the 

polymer. All parameters were evaluated experimentally by thermal and physical 

characterization of the PA12/CF powders, except Mw. As Sharebot SnowWhite 

machine does not operates in inert environments, thermal degradation of the 

powders in air was studied. The energy density supplied by the laser per unit 

volume is defined as: 

ED=
P

vSz
  (10) 

where P is the laser power, v is the scan speed, S denotes the hatch spacing, 

corresponding to the distance between two consecutive laser scans and z is the 

layer height. The Energy Melt Ratio (EMR) parameter is then introduced as a 

metric to correlate powder properties (Em) and machine setting (i.e., the 

volumetric laser energy density that summarizes the effect of laser powder, scan 

speed, hatch spacing and layer height): 

EMR=
ED

Em
  (11) 

Therefore, an energy-based processing window can be defined to predict the 

laser parameters that could induce sufficient energy for melting whilst keeping the 

temperature within the stable sintering region defined from powder properties.  

To evaluate the accuracy of the method a series of specimens were printed 

using different values of laser energy density chosen in between the limits of the 

SSR. For this purpose, laser power and scan speed were varied one at a time. 

Table 3 listed the experimental design adopted. Flat dog-bones with dimensions 

complying geometry 1BA of ISO 527-2 standard were manufactured to evaluate 

the tensile properties of the composite material, while cuboid samples (10x5x5 

mm in size) were used to characterize the microstructure induced by the SLS 

process as well as the density and dimensional accuracy of the parts. Four dog-

bone and two cuboid samples were produced for each set of parameters (Table 3). 
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Table 3: Summary of the process parameter combinations used to produce 

PA12/CF samples by exploring the SSR region as these parameters leads to 

different laser energy density values. Layer height and hatch spacing were always 

set at 100 ɛm. Tb was set at 170 °C according the results of the optimization 

process previously described  

Laser power P 

(W) 

Scan speed s 

(mm/s) 

Volume energy 

density ED (J/mm3) 

2.8 2400 0.117 

2.8 1440 0.194 

2.8 960 0.292 

3.5 2400 0.146 

3.5 1140 0.243 

3.5 960 0.365 

4.2 2400 0.175 

4.9 3000 0.163 

4.9 2400 0.204 

4.9 2600 0.314 

5.6 3120 0.179 

5.6 2400 0.233 

5.6 1680 0.333 

6.3 2400 0.263 

7  2400 0.292 
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All samples were built in the xy plane using a flat orientation (Figure 47a). A 

bidirectional scanning strategy with 90° rotation of the laser scans between layers 

was employed (Figure 47b). A shrinkage correction factor equal to 3.5% was used 

to compensate the volume contraction of the parts resulting from cooling and 

crystallization.  

 

Figure 47: Schematic representation of (a) building orientation and (b) scanning 

strategy adopted for printing dog-bone and cuboid samples by SLS. The building plate is 

on xy plane and the recoater moves along the x-axis. The laser rotates 90° every layer 

3.1.2 Fused Filament Fabrication 

A short carbon fibers reinforced polyamide 6 filament (PA6/CF) with trade name 

ñCarbon PAò was purchased from Roboze SpA (Bari, Italy). The filament has a 

diameter of 1.75 mm and it was processed through a Roboze One FFF machine, 

also supplied by Roboze SpA (Bari, Italy) (Figure 48).  

 

Figure 48: Roboze One FFF printer 

The printer is equipped with a heated build plate with dimensions 

280x220x200 mm and a print head able to reach temperature as high as 300 °C. A 

beltless system is adopted to control the print head movements, thus enabling 






































































































































































































































































