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Abstract 

Additive manufacturing (AM) also known as 3D printing/Rapid prototyping is a robust method 

of manufacturing parts with significant improvement in mechanical properties with continuous 

carbon fibre reinforcement. 3D printed parts have greater accuracy and precision with no 

material waste as compared to other traditional manufacturing techniques. The properties of 

the composite materials depend on the constituent matrix and fibre orientation as well as the 

volume of the fibre and the matrix. In this project, mechanical characterization of 3D printed 

polymer composites was carried out using tensile, flexural, fatigue and impact testing along 

with other key issues such as weak interlayer bonding, voids between the layers and low 

volume fraction of carbon fibre in the composite parts. Fibre volume fraction was modified by 

varying the quantity of fibre layer as well as by pressing the large printed plate manufactured 

using Mark forged Two 3D printer using Fused deposition modelling (FDM). Materials used 

were continuous carbon fibre with Nylon.  

In this study in-plane mechanical properties of continuous carbon fibre reinforced 

thermoplastic polyamide composite was evaluated and compared against predicted values from 

classical laminated-plate theory. Strength, stiffness, and Poisson’s ratio of the composite 

specimens were measured using tensile testing both in longitudinal and transverse direction 

and the shear properties were also measured. It was determined that the tensile strength and 

modulus of elasticity values were significantly improved to 603.43 MPa and 85 GPa 

respectively as compared to 31 MPa and 0.94 GPa for unreinforced nylon specimens. 

Furthermore, cross-sectional micrographs of specimens were analysed to observe the 

microstructure and fracture mechanism of the 3D printed composite. Experimentally 

determined values were used to predict the behaviour of the materials in different orientation 

using classical laminated-plate theory on the commercially available LAP (Laminated Analysis 

programme) software.   

The results showed that the strength and stiffness of hot-pressed samples increased with the 

increase in fibre volume content (fraction). Hot pressed samples exhibited the increase in 

tensile strength by about 27 % and elastic modulus by 11 % because of increasing the fibre 

volume fraction from 29 % to 35%. Synergetic effect of both short and continuous carbon fibre 

was also studied, and it was observed that the tensile properties were higher for the samples 

reinforced with short and continuous fibre than only continuous fibre polymer composites. 

Effects of voids on 3D printed continuous carbon fibre-reinforced polymer composites were 
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quantified. A microstructure study of the 3D printed polymer composites was carried out using 

scanning electron microscope (SEM). Fibre volume fraction was calculated using acid 

digestion technique to determine the amount of fibre contents before and after hot pressing 

(compaction). From Micro- Computed Tomography (µCT) it was validated that hot pressing 

reduced the void content which in return increased the strength and modulus.  

Additively manufactured composite specimens exhibit anisotropic properties meaning 

that the elastic response changes with respect to orientation (printing direction). Through 

thickness tensile strength of 3D polymer composites were determined by printing of continuous 

carbon fibre reinforced thermoplastic polyamide based composite samples. Surface behaviour 

was studied using Scanning electron microscopy (SEM) to see the voids and the distribution 

of the fibres in the samples in the through thickness direction. In the through thickness 

direction, rectangular specimens have higher tensile strength and elastic modulus as compared 

to circular specimen due to the lower amount of fibre content. Fatigue analysis of AM samples 

were also carried out at different stress level and the number of cycles recorded as well as the 

fracture type. Lap shear testing of the adhesively bonded samples was also carried. 
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Chapter 1: Introduction 

1.1 Introduction to Additive Manufacturing 

Additive Manufacturing (AM) technologies also known as 3D printing (Rapid Prototyping), is 

a technique of making physical/solid objects by depositing one layer upon the other layer 

sequentially, as opposed to subtractive manufacturing methodologies to achieve the desire 

properties [1]. AM is enhancing constantly and became a powerful tool in creating complex 

geometries in a short time. Objects are created and different properties such as mechanical, 

thermal, optical and electrical properties are measured for specific applications. Parts are 

designed in 3D computer aided software before importing to the printer in surface tessellation 

language (STL) format. 3D printing technology is used in several areas including aerospace, 

automobiles, defence and medical industry [2][3]. 3D printing in the medical field can be used 

to develop artificial scalp, implants, prosthetics hand and crynostpics [4]. Raw data can be 

obtained using CT scan and MRI to create a 3D file for 3D printing which are post process to 

achieve better accuracy and surface finish [5]. AM techniques are normally used for fabricating 

pure thermoplastic 3D prototypes. Various AM practices have been developed including 

Selective laser sintering (SLS), Laminated object manufacturing (LOM), Stereolithography 

(SLA), Fused deposition modelling (FDM).    

Despite great achievement in AM field, there are still some limitations using this technology. 

Currently available 3D printing machines have slow speed are mostly not capable of printing 

large parts, calibration of the machine also need high level of operating skills, limited 

polymeric materials that are compatible with excellent mechanical properties. Voids formation 

in printed parts is the main factor for the mechanical strength reduction. Weak interfacial 

bonding of the polymers with the reinforcement increases the percentage of the porosity. 

Printing parameters therefore need to be optimized to avoid porosity by having good interfacial 

bonding.  

Two important characteristics differentiate AM from other conventional technologies. The first 

one is the cost, while the second one is the tooling. In contrast to other manufacturing methods 

3D printing processes does not require expensive tooling and punches.   
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1.2 Project Aim and objectives 

One of the greatest limitations of fibre filament reinforcement is the failure to link the layers 

printed on x-y plane to the 3rd direction as no pressure is applied during the printing process. 

From the fact that pressure plays a vital role and is directly related to the increase of gap (pores) 

between the layers, and it is one of the main reasons for porosity in 3D printed polymer 

composites as it has no mechanism to apply pressure during the printing process. To evaluate 

the performance in z direction, through thickness test was performed to evaluate the Through-

thickness (tensile strength) between the layers. In the present research on mechanical properties 

characterization of 3D printed parts, there is a gap of investigation on the interlaminar bonding 

performance. Interlaminar bonding performance of continuous fibre reinforced composites was 

evaluated by means of through-thickness testing. Fatigue crack growth analysis are some of 

the areas in which no work has been carried out with polymer composites reinforced continuous 

fibres.  

This project also focuses on the limitations of the 3D printing techniques along with the 

processing of the polymeric materials. Process parameters were varied to evaluate its impact 

on the modulus of elasticity, tensile strength, yield strength, shear strength and elongation at 

break [6]. Improvement of properties of 3D printed parts in z direction is a challenging task 

and needs special testing tools to evaluate the performance, interfacial bonding as the test is 

considered valid only when failure occurs entirely within the composite laminate [7]. The test 

is considered invalid if failure of the bond-line or partial failure of the bond-line and the surface 

layer of the composite occurs. Characterization of the specimens was carried out to evaluate 

the impact of distribution of fibres on the properties of the product.  

In addition, no research has been conducted to consider the effect of voids within the parts 

using tensile and flexural behaviours of additively manufactured carbon fibre reinforced 

polymer (CFRP) as this is crucial to predict the mechanical properties of the specimen. The 

presence of voids in composite materials reduces the material strength as it cannot be controlled 

while printing [8]. One of the challenges in 3D printed parts is the significant void content in 

the finished parts as the printer unable to print the desired pattern due to the steering of the 

nozzle, thus it causes gaps between the printed beads of continuous fibres. Therefore, 

characterisation of CFRP composites was carried out using optical and scanning electron 

microscopy (SEM) as well as tensile and flexural tests to see the fibre orientation and 

distribution along with the voids between the layers.  
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Followed by mechanical properties such as tensile testing with different fibre orientation and 

fibre volume fraction, these material constants were used for the analytical simulation using 

Laminated analysis programme (LAP). After validating the experimental results, optimization 

was carried out to select the best parameters such as fibre orientation and fibre contents. 

Accurate material properties are not available for 3D printed polymer composites; In this 

project most of the mechanical composite performance data set that are produced will be useful 

for the validation using numerical tool in the future.        

This project was funded by European Union’s INTEREG Programme and managed by Special 

EU programme body (SEUPB) catalyst which involves sixteen projects with more than 50 

researchers and 10 innovative companies. Northwest centre for advanced manufacturing 

(NWCAM) was established in 2017 with cluster focus on bringing new technologies to 

products and processes within life and health sciences sector. NWCAM received €8.7m in 

funding through the European Union’s INTERREG VA Programme, managed by SEUPB.  

1.3 Summary of the Project 

The literature shows that researchers have already done some work using continuous fibre 

reinforcement using different fibres such as carbon, glass and Kevlar by varying the fibre 

volume fraction using tensile, flexural and compression testing. However, full characterization 

needs to be done to predict the properties of 3D printed parts using optimum fibre orientation. 

Also, very little work has been done on interlaminar shear properties of 3D printed polymer 

composites. To achieve this goal different material constants, need to be determined using 

mechanical testing. Mechanical testing was carried out on the 3D printed parts to determine 

different material properties to predict the behaviour using analytical analysis software. Elastic 

modulus, Poisson’s ratio, shear modulus, tensile strength are the main mechanical properties 

required for conducting analytical analysis. One of the limitations of the AM technique is that 

no pressure is applied during the printing process, a novel process was developed so that after 

printing the large plate using Mark forged Two 3D printer, it was pressed using platen press 

which not only increase the fibre volume fraction but also reduced the void content which in 

return improved the mechanical properties significantly. In future, out of plane shear tests will 

be conducted to evaluate the performance of 3D printed parts. The following tests were 

performed in this project.  

• Characterization of printed parts was carried out using tensile testing for different fibre 

orientation by varying the fibre volume fraction. 
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• Scanning electron microscopy was used to analyse fracture behaviour.  

• Fibre volume fraction was determined using experimental technique.  

• Flexural test was carried out to find flexural strength and modulus.  

• Fatigue analysis of printed samples was performed using different loading conditions.  

• Optical microscopy was also performed to see the fibre distribution and voids between 

the layers. 

This PhD project mainly focused on the gap and the existing limitations currently present in 

the literature as discussed, and understand how the fibre type, fibre content and fibre orientation 

improved the mechanical performance (in-plane and out of plane properties) with maximum 

reinforcement where possible.      

Chapter 1 Introduction covered the basic concepts of AM and its types, the problem 

description, and the objective of the present research. Chapter 2 Literature Review: This 

chapter will provide a brief overview relevant to the background of different AM processes 

and their evolution with time. Chapter 3 Methodology and methods: Chapter 3 will give the 

details of the experimental work conducted during this study. This includes the equipment, 

materials used for 3D printing, standard methods, material characterization methods and the 

details of the tests conducted to determine different material properties. Chapter 4 

Experimental Work Experimental results will be presented that will be carried out to 

characterize the 3D printed specimen using tensile, flexural and shear tests and was validated 

by LAP. Chapter 5 characterization of pressed 3D printed parts Results from tensile tests 

in different orientation that was pressed by applying pressure and temperature for a specific 

time and the µCT was used to see the voids before and after pressing using platen press. 

Chapter 6 Through thickness and fatigue behavior will discuss about the through thickness 

and the fatigue behavior of 3D printed polymer composites. Chapter 7 Results and 

Discussion The main findings of this research was summarized and compared with the data 

available in the literature.  Suggestion and further recommendations are given for future 

complementary research.  
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Chapter 2: Literature Review 

2.1 Additive manufacturing techniques  

Additive manufacturing has drawn tremendous attention in different industries to 

fabricate a wide range of products/parts in automotive, prototyping, sports application, textile 

industries and aerospace [9]. Efforts have been made to develop novel material and techniques 

to manufacture 3D structures with high resolution, low material wastage, better physical and 

mechanical properties, multi materials and freedom of design [10][11]. AM technology uses a 

range of materials (Metals, Ceramics, and Polymer) [12] that are deposited in thin layers 

ranging from tens to hundreds of microns thickness and are fused together to complete the 

structure. Based on the standard, AM processes can be classified in to seven categories: (1) 

Direct energy deposition (2) Binder jetting (3) Material jetting (4) Sheet lamination (5) Material 

extrusion (6) powder bed fusion (7) vat photopolymerization. There are several categories of 

AM methods of manufacturing products and are summarized below in Figure 2-1.  

 

Advantages of 3D printing over the other conventional technologies 

• Costly moulds and tools are not needed 

• Waste material can be recycled  

• No sanding or finishing requires 

• No scrap after manufacturing  

• Ease of designing with speed and modifications of the products 

Benefits of AM 

• Prototypes 

• Replacement parts 

• Medical devices/prosthetics applications 

• Aerospace and defence sectors 

Existing limitations of the AM 

• Higher manufacturing cost comparative to injection moulding and other conventional 

technologies 

• Limited strength in the z-direction 

• Moisture absorption and colour stability  
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Figure 2-1 Additive manufacturing processes 

 

2.2 Fused Deposition Modelling 

Fused deposition modelling (FDM) process was initiated by Straysis and was patented in 

1988. FDM is one of the AM techniques widely used to manufacture complex and intricate 

structures using material in filament form due to its comparative low cost, little material 

wastage, flexible material changes and consistent accuracy [13]. The feedstock materials are 

extruded through a nozzle having fixed temperature and deposited on to the print bed; thereafter 

the print bed platform moves downward, or the printer nozzle moves up by a layer thickness 

for following layer deposition until the part is completed. Parts produced by FDM do not 

require any post processing as other 3D printing techniques do and can be handled straight 

away after cooling. Depending on the geometry of the part, it may require some support during 

the building process to hold the sample. Support material can be removed easily from the 

original sample. In Figure 2-2 basic mechanism of FDM has been explained from design stage 

to product along with properties comparison of polymer with different type of reinforcement. 

Properties comparison with different reinforcement has been carried out and with conventional 

methods of manufacturing. Poor layer adhesion is one of the issues in 3D printing which is 

highlighted. 

AM/3D printing 

Material 
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Figure 2-2 FDM basic mechanism from design stage to product [14] 

 

One of the main limitations of the FDM is that the material must be in the wire form for 

the extrusion method. Also, it is problematic to scatter reinforcement homogeneously and 

minimize the void formation during the printing process. Another shortcoming of FDM printers 

is that only thermoplastic polymer can be used with appropriate melt viscosity. Nevertheless, 

FDM technique offer advantages including low production price, less material wastage, 

complex geometry and ease of use. Additional benefit of FDM process is its capabilities of 

various materials deposition instantaneously. In FDM printer’s multiple extrusion nozzles have 

been set up to load different materials, so parts can be printed with two different materials with 

designed composition.  

Mark forged Two printer was used to developed 3D printed parts using basic FDM 

principles. Mark forged Two printer has dual extrusion nozzles provides the ability to print 

thermoplastic (Nylon) polymer followed by a fibre (Carbon, glass, Kevlar) reinforced to form 

a composite matrix with enhanced properties. The diameter of the nylon filament nozzle is 0.4 

mm as shown in Figure 2-3. Shape of fibre nozzle is smooth, and it may be deigned to prevent 

abrasion between the fibres and the copper nozzle. The fundamental FDM mechanism include 

print head, material feeding system, liquefier, gantry, and build platform.  
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Figure 2-3 Markforged Two printer nozzles 

The qualities and properties of 3D printed parts mainly depends on three main factors 

such as preparation, production and finishing. Kabir et al. [14] identified and classified all 

probable factors related  with the quality and performance of 3D composite structures available 

in the literature as shown in Figure 2-4. The sample is designed using 3D software before 

production which is saved in specific stl. format for 3D printing compatibility. The second 

most important factor that is associated with the performance of the polymer composites are 

the printing parameters such as nozzles temperature, heating mechanism, and the speed of the 

printer. The final factor is finishing, it means to detach the printed parts from the build platform, 

which needs cautious efforts.  

Mark forged Two 3D printer gave the material cost and print time in Eiger software which can 

be compared to theoretical methods. Layer to layer printing can be optimized by considering 

six different parameters which determine loading conditions, identify critical dimensions, 

maximize bed contact, reduce support, and improve overhangs, and by adding fillets and 

chamfer to the part. Z-layer resolution of Mark forged Two 3D printer ranges from 100µm to 

200 µm. This is the first 3D printer which is capable of printing composite materials with a 

deflection temperature of 140 ˚C for Nylon, and continuous exposure at high temperature 

material will not be able to withstand as deflection temperature is a measure of polymer 

resistance to alteration under a given load at an elevated temperature which can be measured 
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using dynamic mechanical analysis technique. In addition to nylon, it can reinforce 

polycarbonate with continuous carbon fibre.  

 

Figure 2-4 Differernt stages needed for printing 3D polymer composites  

2.3 Selective laser sintering 

Selective laser sintering is a 3D technique used in industrial manufacturing for plastic, metallic 

and ceramic materials. In SLS process, powder is deposited and consolidated layer by layer to 

fabricate complex 3D parts. Energy needed for the consolidation is provided by a focused layer 

beam directed by a series of mirror. 

SLS method can be used to produce models of skulls (craniosynostosis) and femur (used as an 

artificial hip) with great accuracy using Nylon in powder form as it looks like bones and are 

biocompatible [15]. This makes it a good option for pilot models to be pursued in orthopaedics 

and are very close in properties to native bone structure and tissue. These properties lead Nylon 

to be served in a wide variety of tasks in the medical industry including practice dummies, 

anatomical models in health care practices for training and planning purposes [16]. Siddharth 

et al. [17] studied the crystallinity of Nylon -12 reinforced with carbon black with a 4 wt % 

using, Differential Scanning Calorimetry (DSC) and X-ray Diffraction (XRD) that was 

manufactured via selective laser sintering (SLS) technique and the results observed that the 

crystallisation behaviour was not significantly changed upon the addition of carbon black. It 
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was also reported that the flexural modulus was decreased from 1750 MPa to 1450 MPa by 

changing the process parameter like the scan speed and laser power for the nanocomposite due 

to the weak interfacial bonding between the polymer and filler. Electrical conductivity of 

Nylon-12 filled carbon black nanocomposite was increased five fold in magnitude as compared 

to the pure (neat) polymer.  

The properties of the filler base polymers critically depend on the mixing techniques along 

with the process parameters that is used to convert the polymer matrix composite in to finished 

products. Polymers are made conductive by adding different filler materials using melt 

extrusion [18],[19], solution mixing [20], in situ polymerization [21]. Melt extrusion is usually 

carried out using single or twin extruder in which the polymer and the nanocomposites are 

mixed by melting and mixing. This process is the choice of most of the industries because it’s 

economical, easy to operate, flexible as well as environmentally friendly. The polymer-

nanocomposites blend achieved through melt blending can be processed using injection 

moulding to fabricate samples for tensile testing, hardness test and conductivity test etc. 

Parameters in melt extrusion such as screw speed, temperature of the barrel, shear stress and 

residence time, need specifying to achieve uniform dispersion and desired optimum properties. 

Solution mixing as the name suggests, the polymer is dissolved in the solvent using magnetic 

stirring or ultra-sonication and then the solvent is evaporated. Both thermoplastic and 

thermosetting materials are using this technique.    

Many polymeric materials like Polyetheretherketone (PEEK), Polyethylene (PE), Polystyrene 

(PS), polylactic acid (PLA), are available to be used in rapid prototyping [22] . But the most 

preferred material which are in use is Nylon (12) for selective laser sintering. SLS has some 

advantages over the other additive manufacturing techniques as it does not require any type of 

support as the structure is held by the unfused powder around the part, also it does not need 

post-processing. Nylon 12 (PA-12) is preferred due to its ease of processability, intermediate 

handling temperature, low cost, low laser power, high accuracy and better surface finish make 

it a good choice. Researchers are working to improve its mechanical, thermal and electrical 

properties with the addition of carbon-based nanoparticles (fillers) to meet the requirements of 

the specifications needed in aerospace, sports, medical and automobile sector [23].   

2.4 Vat polymerization 

Vat polymerization is an additive manufacturing technique which uses a vat of liquid photo 

polymer resin, from which the model is constructed layer by layer. An ultraviolet (UV) is used 
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to cured (harden) the resin whilst the object moves downwards after the individual layer is 

cured. Liquid resin is used in this process to form the object with no structural support during 

the building phase. After completing the 3D object, the vat is drained of resin and the final part 

is removed. Figure 2-5 shows the process setup of Vat polymerization process.  

 

Figure 2-5 Vat polymerization process setup  

 

2.5 Material Jetting 

Material jetting is also a 3D printing technique which creates object in a similar fashion to the 

ink jet printer. Material is jetted on a build platform or print bed using a continuous or drop on 

demand (DOD) approach where the material solidify, and the model is built layer by layer. 

Further layers are built up as before on top of the previous which are allowed to cool and 

harden. Postprocessing involves removal of support material using Sodium hydroxide. 

Materials used in material jetting are polypropylene, high density polyethylene (HDPE), 

polycarbonate (PC), and Acro butadiene styrene (ABS). One of the main advantages of this 

technique is high accuracy with low wastage of material. This process also allows multiple 
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material parts and colours in one process as shown in Figure 2-6. The limitation of this process 

is that only polymer and waxes can be used and need support material during construction.   

 

Figure 2-6 Material jetting process steps 

2.6 Binder jetting 

The binder jetting as evident from its name is the process of joining two materials: a powder 

and binding agent. The binder acts as adhesive between the powder layers which is normally 

in the liquid form. After printing the layer, selectively joined, and then followed by the 

densification process, the object is lowered on the build platform. Binder jetting use a wide 

range of material that are metals (stainless steel), polymers (ABS, PA, PC), ceramics (glass). 

This process is generally faster than other techniques while it is not suitable for the structural 

parts and need post processing. Figure 2-7 shows the binder jetting steps process.  

Binder jetting is the only powder bed AM process that the manufactured parts have no residual 

stresses. It can be adopted to produce small and large metallic parts for specific applications 

including biomedical and energy sector with lower cost and less lead time.  Binder Jett process 

include seven steps which are printing, curing, de-powdering, sintering, infiltration, annealing 

and finishing. Parameters that affect the final part properties include design features, feedstock 

properties, powder and binder properties, printing parameters and post processing parameters. 

Mechanical properties are also affected by powder shape and particle size distribution.  

 

Figure 2-7 Binder jetting process steps  
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2.7 Polymeric material for FDM 3D printing 

The most common material used in 3D printing is polymer via fused filament fabrication (FFF) 

are Polyamide (PA), Polylactic acid (PLA), Acrylonitrile Butadiene Styrene (ABS), 

polyethylene (PE) and polycarbonate (PC) [24]. The typical strength of these materials is from 

25 to 120 MPa and modulus of elasticity in the range of 1.2-3.5 GPa [25]. PLA is an 

environmentally friendly material derived from corn starch, and ABS, derived from fossil fuels. 

Nylon (Polyamide) is an alternative material for 3D printing and receives plenty of attention 

due to its desirable properties in comparison to ABS and PLA. Polyamide (PA) displays decent 

biocompatibility with the human muscles, improved mechanical properties (toughness); due to 

these characteristic PA is the most widely used polymer in the biomedical applications. 

In general, the polymers are in the form of filament fabricated from virgin resins. 

Thermoplastic is the most suitable option for application of FDM. Polymer materials with low 

melting point are extensively used in additive manufacturing due to its lower molecular weight, 

low cost, and ease of processability. Most of the 3D printed polymer parts lack mechanical 

strength in the printed direction because of the poor adhesion between the layers. In recent 

years, this problem has been addressed by developing composite materials that can be printed 

with the current technologies. Composite polymer material has shown tremendous 

improvement in strength and modulus as compared to neat polymer.   

Efforts have been done by researchers to enhance the mechanical properties of the additively 

manufactured products by the addition of short fibre or by reinforcing continuous fibre. Zhong 

[26] studied the behavior of short chopped glass fibre, plasticizer and compatibilizer that was 

incorporated with ABS using twin extruder. Significant improvement in tensile strength of 

ABS polymer reinforced with glass fibre was observed due to bridging of fibre across the 

layers. The increase in the strength was at the cost of reduction in flexibility. In another research 

by Ning et al. [27], it was investigated that by the addition carbon fibre with different contents 

and length in to ABS polymer can improve the mechanical properties of parts fabricated 

through FDM technique. Tensile strength and elastic modulus of carbon fibre reinforced 

specimen increased in comparison to pure plastic specimen but toughness, ultimate yield 

strength and ductility was decreased.  

2.7.1 Polylactic acid (PLA) 

PLA is used widely as compared to ABS as it is biodegradable thermoplastic, and its monomer 

is derived from the natural sources such as corn starch or sugar cane. Cooling rate is high so 
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there is need for the heated bed. Due to the rigid nature, the printed parts are brittle with melting 

range is 180 ℃ - 230 ℃ and density range within 1.20 – 1.43 g/cm3. Some of the properties 

that make it more usable is its durability, flexibility, user friendly and impact resistance. It can 

withstand with a heat resistance of 110 ˚C. Beside 3D printing, PLA can be used in injection 

molding, casting, and in extrusion. PLA can be recycled either chemically or mechanically at 

the end of life. Typical applications of PLA are in consumer goods, agriculture, and in medical 

industry. PLA is soluble in a wide range of organic solvents such as Ethyl acetate, propylene 

carbonate, benzene, tetrahydrofuran, and dioxane.         

 

2.7.2 Acrylonitrile Butadiene Styrene (ABS) 

ABS is the most popular material after PLA with a long history in 3D printing. It is a 

thermoplastic material which is cheap, durable, and slightly flexible. Some properties for ABS 

include its durability, solubility in acetone, good strength, and impact resistance. ABS with a 

glass transition temperature of 105 ˚C with a tensile strength of about 43 MPa and Young’s 

modulus of 2.3 GPa. ABS is extruded into a filament which can be used in 3D printing. ABS 

is a terpolymer with 25%-35 % of acrylonitrile, 5% – 30 % of butadiene, and 40% -60 % of 

styrene and due to different proportion, it can be made in different grades.   

Final properties of ABS depend on how it has been processed, for example molding at high 

temperature improves the heat resistance. ABS are resistant to acids, and aromatic 

hydrocarbons and it flammable when exposed to high temperature. One of the common issues 

with ABS is warping during 3D printing as the previous layer cool down to room temperature 

and this change in temperature causes the plastic to shrink. This issue can be minimized by 

setting the extruder temperature 10 - 20 ℃ higher for the first few layers and also by adding 

brims, support structure or maximizing the contact of the sample with the print bed. 

 

2.8 Polymer composites  

Composites are normally a combination of two or more materials with different properties to 

produce a new material with better performance and properties compared to the original 

material. Composite material exists in nature as well as it is man made for certain application. 

Composites are widely used in engineering applications to meet the need with the required 

properties. Strength, weight, electrical conductivity, thermal conductivity, wear resistance, 



15 

 

corrosion resistance, impact and fatigue are the properties that need to be kept in mind while 

designing a part for a specific application. Some of the limitations of composites materials are 

that it is brittle and non-homogeneous. Figure 2-8 shows the classification of the engineering 

composites in different categories. Overall, the properties of composites are determined by 

properties of fibre and resin, the ratio of fibre to resin, and the geometry along with the 

orientation of the fibre. In general, the mechanical property of fibre is much higher than the 

properties of resins. Higher fibre volume fraction will result an increase of the strength of the 

composite material. In practice, there is no limit for FVF, but it needs to be coated with resin 

to be effective.  

As composite is the combination fibre and resin, fibre determine the overall properties of the 

structure, while the resin determines the overall physical properties of the structure. The resin 

tranfers the applied load to the fibre which resist the formation and propagation of cracks. Table 

2-1 show the improvent in properties of polymer composite fabricated using different AM 

techniques. 

 

 

 

 

 

 

 

 

Figure 2-8 Different classifications of the composite material 
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Table 2-1 Summary of the 3D printing using different techniques 

Reinforcement 

type 

Technique Materials Properties Improved Reference 

Continuous 

carbon fibre 

with Nylon 

FDM Polyamide (PA) Strength and modulus of 

3D printed samples 

increased to 667 MPa and 

53.3 GPa from 53 MPa and 

0.94 GPa respectively.  

[28] 

Short and 

continuous 

carbon fibre 

FDM Polyamide (PA) Results showed that the 

synergistic reinforcement 

tensile strength property 

was superior to the 

individual reinforcement, 

but synergistic 

reinforcement did not 

increase the Young ‘s 

modulus.  

[29] 

Continuous fibre 

(carbon, glass, 

Kevlar)  

FDM Nylon Carbon fibre reinforced 

samples showed the 

highest resistance to failure 

and the highest fibre 

packing density. 

[30] 

Carbon black SLS Polyamide 12 Laser speed and scan speed 

were optimized to achieve 

the maximum flexural 

modulus. Electrical 

conductivity of the 

nanocomposites was 

increases five times than 

that of the neat polymer.  

[17] 

Multi walled 

carbon 

nanotubes 

(MWCNTs) 

Injection 

moulding 

Polyamide 6 From the thermogeometric 

analysis it was noticed that 

by incorporating the CNT 

delay the onset of thermal 

degradation by 70 °C, thus 

[31] 
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increases the thermal 

stability of the composites.   

Titania and 

graphite 

SLA Nylon 12 Tensile modulus was 

improved with the addition 

of nanofillers with the cost 

of reduction in elongation 

at break 

[32] 

Carbon fibre FDM PLA Tensile and flexural 

mechanical properties were 

improved as compared to 

pure PLA samples. 

[7] 

 

2.9 Voids in Polymeric material fabricated using AM technique 

Voids also referred as porosity can appear as induced defects at multiple length in 3D printed 

parts (a) micro voids within fibre and matrix filament, (b) macro voids between the layers (c) 

meso voids between fibre bundle after deposited with in a layer. Voids are formed primarily 

due to entrapment of air and due to moisture absorption during the material storage and 

processing. Porosity and bond quality between the layers are the main concern areas for 

researchers in fibre reinforced composite parts fabricated through AM. This issue has been 

addressed by researchers through the addition of fillers, flake, particle reinforcement. Some of 

these procedures have been effective in reduction of the porosity by 10 % or less than 10%. 

Tekinalp et al. [1] revealed from his Microstructure-Mechanical property relationship that a 

relative high porosity (20%) is observed in 3D printed composites as compared to the parts 

fabricated through compression moulding. The tensile strength and Young’s modulus of 3D-

printed samples increased ∼115% and ∼700%, respectively. 3D-printing yielded samples with 

very high fiber orientation in the printing direction (up to 91.5%), whereas, compression 

molding process yielded samples with significantly lower fiber orientation. The higher results 

obtained with the compression moulding specimens show the dominant effect of porosity on 

tensile properties over fiber orientation. The difference in strength of the two types of fibre 

reinforced samples was marginal, with fibre placement at 0-90° in samples developed through 

FDM, versus the samples in which fibre orientation was random prepared through compression 

moulding, compensating for some of the strength loss from porosity. Strength and stiffness of 

the 3D printed parts as lower as compared to other conventional manufacturing techniques due 
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to lower amount of fibre contents as the fibre volume fraction was reported to be 34.5 % by 

Van Der Klift [33]. Hou et al. [34] studied that porosity has a great influence on the mechanical 

properties of 3D printed parts and observed pore distribution  under different fibre contents 

from the experimental data. It was observed that the porosity increases with the increase in 

fibre contents which leads to the creation of larger pores which affect the mechanical 

properties. Another study by Hui et al. [35] investigated the influence of hot press and mixed 

fibre angles on the mechanical properties of 3D printed composites with varying pressure, 

temperature and time. It was concluded that hot pressing considerably increases the mechanical 

properties of 3D printed carbon fibre composites. The hot-pressed composite samples at 200 

°C exhibits higher tensile strength and elastic modulus than non-heated samples. Also, at a 

pressure of 200 kPa and 30 minutes holding time shows the highest strength and modulus due 

to strong interface bonding by removing the air gaps induced during printing of the hot-pressed 

composite. Another study by Masahito et al. [36] reports the 3D hot compaction with a roller 

of continuous carbon fibre reinforced thermoplastic composite against the printer build 

platform immediately after the printing to reduce voids and improve adhesion between the 

layers. The hot compacted tensile and bending specimens showed superior properties than non-

compacted samples. The void content fractions for compacted samples were reduced to 3% 

from 10 % for non-compact samples, indicating that the voids were discharged by hot 

compaction during 3D printing.  

2.10 Rule of mixture (composite material properties predictions) 

In composites material, the volume of fibre has been directly correlated to the mechanical 

strength and stiffness of the composite. Techniques used to calculate the fibre volume amount 

(content) for composite materials include the burn off method [37][38], microscope image 

processing technique [39] or the evaporation process [33]. In evaporation process, destruction 

of the specimens is required to eliminate the matrix material. Though, the fibre volume fraction 

can be calculated using a geometric approach as stated by Melenka et al. [40]. 

One of the most significant parameters that governs the mechanical behaviour of a composite 

material is the percentage of the matrix and the fibres that can be expressed either by their 

volume or weight fraction. Gibson et al. [41] proposed analytical model for calculating the 

elastic modulus as follows: 
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𝐸𝑐 = ɳ𝐸𝑓𝑉𝑓 + 𝐸𝑚𝑉𝑚 

 

Where,  

𝐸𝑐 = modulus of elasticity of the composite, 𝐸𝑓 = modulus of elasticity of the fibre 

𝐸𝑚 = modulus of elasticity of the matrix, 𝑉𝑓 = fibre percent of the fibre  

𝑉𝑚= volume percentage of the matrix,  

ɳ is the composite efficiency factor and it can be used to predict the fibre orientation on 

stiffness, its value is 1 for the fibre with zero-degree orientation, 0.25 for 45 degree and 0 for 

the fibre with 90° orientation as shown in Figure 2-9.  

 

For calculating the tensile strength, the following relation was proposed. 

𝜎𝑐 = 𝜎𝑓𝑉𝑓 + 𝜎𝑚𝑉𝑚 

Where  

𝜎𝑐= tensile strength of the composite 

𝜎𝑓= tensile strength of the fibre 

𝜎𝑚= tensile strength of the matrix at the strain at which fibre fails.  

As composite material is a mixture of two (or more) materials, the rule of mixture can be used 

to predict Young’s modulus, density, Poisson’s ratio and Ultimate tensile strength (UTS) but 

strength is difficult to predict due to numerous reasons.  
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Figure 2-9 Efficiency (Krenchel) factor for different fibre orientation 

 

Anisotropic materials have different properties in different direction. Main examples of 

anisotropic materials are wood, fibre, oriented amorphous polymer, injection moulded 

specimens, and crystalline polymer.  Anisotropic materials are much more common than 

isotropic ones. Generally, it has 5-6 independent moduli which depends on the symmetry in 

the system. Anisotropy is one of the main limitations in the design of 3D printed parts which 

need expensive and tedious experiments to evaluate parameters in different orientations. While 

designing a laminate it is important to consider the stacking sequence of plies, symmetry, and 

balance of the stack. The stack shown in Figure 2-10 is both symmetric (about the mid plane) 

and balanced meaning that there is equal number of +45 and -45 plies, which reduces shear 

coupling.    

Somireddy et al.  [42] studied the anisotropic material nature of 3D printed polymer composites 

prepared using material extrusion method. From the experimental results, it was revealed that 

build orientation has a significant influence on the final properties. It was also concluded that 

one of the limitations of the classical laminated theory is that it does not take into account the 

effect of the build orientation. Different failure modes were notices for the samples 

manufactured with different orientation.  
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Figure 2-10 Stacking sequence example (0/+45/-45/90/-45/+45/0) 

 

2.11 Fatigue analysis of polymer composites 

Once a component becomes operational, not only the fundamental properties such as strength 

and stiffness must be taken into consideration as well the question that how long the component 

will last in operation. According to research more than 50-90 % of the failures are due to 

fatigue. Henceforth, it is significant to know that how a part would respond under recurring 

loading. In homogeneous material such as metals, failure mechanism is easy to understand due 

to its isotropic nature. The fatigue behaviour of polymer composites is more complicated due 

to the internal microstructure, and the anisotropic characteristics in their strength and stiffness. 

Due to the complexity in the predication of the fatigue life assessment for the polymer 

composites, the components are often overdesigned. Recently Imeri et al. [43] studied the 

fatigue properties of continuous fibre composite reinforced specimen fabricated through 

additive manufacturing. Specimen with a stress ratio, R=0.1 were used for testing by varying 

the test parameters such as fibre positioning, infill type, and material compositions using a 3D 

printer which can reinforce carbon fibre, glass fibre and Kevlar. Tests were performed until 

they broke and completely separated. Specimens having isotropic infill type with fibre 

orientation at zero degree and 1 concentric ring show maximum resistance to failure.  It was 

also concluded that that there is a correlation between filler material type and the pattern of the 

reinforcing material. Furthermore, it was observed that the performance of the parts can get 
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better by adding conferential rings, besides the conventional method of changing the angle of 

fibre only. Failure mode for all the specimens was due to fibre pull-out. Before failure, nylon 

specimens reinforced with fibreglass and Kevlar deflect more than carbon fibre with Nylon.    

Another study conducted by Imeri et al. [44] evaluated the fatigue properties of fibre reinforced 

specimens with a load ratio of 0.1 by changing the fibre pattern and infill type. Two types of 

fibre orientations pattern were selected i.e., “concentric” and “isotropic”. From the 

experimental results, it was concluded that the most resistant to failure was that of carbon fibre 

reinforced nylon specimens with isotropic infill type with no rings. Further, it was observed 

that by placing more concentric rings increase the fatigue life which means more cyclic loading 

will be needed for the failure to occur, while for isotropic infill fatigue life decreases with the 

increase in the number of rings. In addition, it was concluded that there is a direct relation 

between the reinforcement material and the pattern type.  

Jose et al. [45] investigated the mechanical properties such as tensile strength, flexural strength, 

and impact energy of 3D printed samples by varying infill density and layer thickness 

fabricated with FDM technology using PLA-graphene as raw material. From the experimental 

results, it was observed that the mechanical properties improve as the linear layer thickness 

increases. In case of direct infill parameter, the behaviour was different. Tensile strength, and 

flexural strength increases with the increase of infill, while the impact energy decreases as infill 

increases.  

2.12 Interlaminar Shear strength of CFRP 

It has been found that the 3D printed parts strength as well as the dimensional stability 

has substantially improved by the addition of fibre in the matrix. Although the determination 

of mechanical strength in the printing direction is still a challenge there exist many international 

standards describing test methods to obtain this property. The interlaminar shear strength 

(ILSS) can be described as the matrix shear strength between two adjacent layers in a composite 

material.   Iragi et.al [46] studied the strand and interlaminar behaviour of polyamide based 

composite laminates and were widely characterized to determine the strength, Young’s 

modulus and the fracture behaviour. Delamination for short beam specimens happened 

between the load and support points in the region where interlaminar shear stress (ILSS) was 

maximum. In this work average value for the ILSS was 34.7 MPa. 
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The load-deflection curves are linear in the elastic region, with a marginal deviation just ahead 

for the crack to start propagation. The fracture toughness for mode I was 2 kJ/m2 for a crack 

length of 80 mm. Irregularities had been observed on the fracture surface. Debonding and fibres 

breakage can be observed, which possibly formed bonds between the crack.  Dickson et al. [47] 

observed the diameter of carbon fibre of about 8 µm under scanning electron microscope 

(SEM), each having a bundle of approximately 1000 fibres. In another study by Naranjo et al. 

[48] examined the fracture behaviour and it was noted that the failure was brittle and the 

average diameter of the carbon fibre was approximately 7.5 µm as shown in the Figure 2-11.  

 

Figure 2-11 Carbon fibre measurement after fracture 

2.13 In-plane mechanical characterization 

Fibre placement pattern and the fibre volume fraction has a great influence on the strength of 

the additively manufactured samples reinforced with continuous carbon fibre.  3D printing of 

composites material using FDM technique is categorized in two categories: 1) short fibre 

reinforced thermoplastic and 2) continuous fibre reinforced thermoplastic (CFRT) composite. 

Continuous fibre reinforcement composite is an FDM based AM technique becomes an 

alternative manufacturing technique due to exceptional mechanical properties, reprocessing, 

and probable uses in light weight structure. Recently Chacon et al. [49] studied the consequence 

of process parameters such as printing direction, layer height and fibre volume fraction on the 

mechanical properties of reinforced fibre thermoplastic composites using fused deposition 

modelling. Tensile and 3-point bending tests were performed to find the mechanical response 

and it was observed that the increase in strength and stiffness of the continuous fibre reinforced 
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samples for the flat samples were significant than unreinforced samples over the on-edge 

samples. Also, the strength and stiffness increased with the increase in fibre layers. Effects of 

process parameters on failure modes were evaluated by examining fracture surfaces using 

scanning electron microscope (SEM).   

Another study carried out by  Blok et al. [39], in which 3D composite parts were printed with 

two different printers, one with a standard open source FDM printer by reinforcing short fibre 

(0.1 mm) with Nylon filament, while the second one was that of Mark forged that can print 

with continuous fibre and Nylon through separate nozzles. The tensile strength and elastic 

modulus of the composite printed specimen were 985 MPa and 64.1 GPa respectively while 

these values were much lower for the specimen printed with short carbon fibre reinforced with 

Nylon (33 and 1.9 GPa). One of the restrictions of continuous fibre printer is limited control 

over the placement of the fibre as it cannot deposit fibre through small radii and sharp angles 

and voids formation when printing complex shapes.  

Thiago et al. [50] investigated the mechanical properties of the composite specimens 

(continuous carbon fibre reinforced), using Markforged printer to experimentally characterized 

through tensile, compression strength and in-plane shear tests according to ASTM procedures. 

Another main contribution of his work was the prediction of the elastic mechanical properties 

of the reinforced laminae based on the constituent properties. A consistent and strong scientific 

technique, namely asymptotic homogenization was used to predict the longitudinal, transverse 

and in-plane shear moduli of carbon reinforced laminae. The use of this method provided the 

first indication of considering Nylon mechanical properties and addressing it as the 

thermoplastic matrix inserting the continuous fibre, leads to significantly miscalculated 

transverse and in-plane shear elastic properties.  

Hui et al. [51] studied the tensile mechanical behaviour of diverse concentric fibre rings and 

fibre layers by reinforcing carbon fibre, glass fibre and Kevlar. Also, the influence of complex 

filled structure of Nylon on different fibre type printed polymer composites were evaluated. 

3D printed polymer composites were characterized by tensile testing and scanning electron 

microscopy. Experimental results show that the specimen reinforced with carbon fibre exhibits 

the higher tensile strength of 110 MPa and Young’s modulus of 3941 MPa as compared to 

glass and Kevlar reinforced specimens.  

Usan et al. [52] studied the mechanical performance of the 3D printed composites reinforced 

with continuous carbon fibre filament that was impregnated with polymer material with 



25 

 

different fibre contents. Tensile and three-point bending testing was carried out and a maximum 

of 544 MPa tensile strength and maximum flexural strength of 310 MPa were achieved with 

40% of fibre volume content. Scanning electron and optical microscopy was employed to 

perform microstructural analysis and the inspection showed quite homogenous impregnation 

in both the filament and the printed specimens. Experimental results showed that the fibre 

contents are one of the dominating parameters dominating mechanical performance along with 

the homogeneity of fibre in the filament. It was also noted that the mechanical properties can 

be further increased by applying pressure during printing, hot pressing or microwave treating.   

2.14 Post processing of 3D printed polymer composites 

Polymer composites fabricated using FDM technique present relatively poor interlaminar 

bonding and high void content in comparison to conventional methods. To reduce the void 

content and increase interlaminar bonding between layers, researchers have proposed different 

post processing technique. In a recent research, Pascual et al. [53] studied the effect of post 

processing of continuous carbon fibre reinforced with 3D printed polymer composites on 

microstructure, interlaminar and thermal properties. CCFR coupons were post proceeds at 

different temperature for 15 minutes applying pressure of 1 MPa. From the experimental 

results, at a temperature of 150 ℃ a reduction in porosity by about 87% and improvement of 

interlaminar strength by 145% without modifying the nominal dimension was observed. Yan 

et al. [54] worked on two types of unidirectional carbon reinforced plastic with identical filler 

but with different matrix system. The results showed that the mechanical performance of the 

of the 3D printed parts in the printing (longitudinal) direction is equivalent to the properties 

that are obtained for composites manufactured using traditional techniques. Carbon fibre 

impregnated with polyamide 6 exhibited higher interfacial shear strength compared to carbon 

fibre along with thermosetting epoxy resin. 

Papon et al. [55] focused on the effect of functionalization and annealing to enhance the 

interfacial bonding and mechanical properties of 3D printed fibre reinforced composites. Post 

manufacturing vacuum annealing effect on microstructure and inter-bead bonding was also 

studied. Tensile strength and tensile modulus of the unidirectional printed parts increased by 

20.58 % and 73 % respectively. However, there was marginal increase in short beam strength 

by about 7 %. Degree of crystallinity was increased to almost double due to vacuum annealing 

which gave rise to the chain rearrangement in the polymer crystalline phase. Zhang et al. [56] 

investigated a low cost manufacturing method for fibre reinforced composites which uses a 
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consolidation roller and an autoclave process to improve the quality of the part. The tensile 

strength and bending strength of the model increased to 644 MPa and 401 MPa from the 110 

MPa and 163 MPa respectively with the pressure. It was concluded that the excessive pressure 

will destroy the path of the fibre and the quality of the part and might lead to the failure of the 

printing.    

In one study by Zhang et al. [57] 3D printing was combined with low cost post processing 

treatments. Composite preforms were printed with reinforced continuous carbon fibre and after 

that post processing was carried out with vacuum bagging in which thermosetting epoxy 

powders were sprinkled on to the preforms with ab open hole to fill the gap and was compared 

to the drilled hole samples. Uniaxial tensile tests were conducted along with FEA analysis to 

understand the mechanism behind various fibre placement method.  In the open hole tensile 

tests, the strength with fibre paths along maximum path trajectories was improved by 166% in 

comparison to unidirectional fibre placement with traditional method of drilling. This method 

effectively transferred the stress concentration from the periphery of the hole to other regions 

and the crack path was altered which postponed the crack initiation.   

Haoqi et al. [58] developed a manufacturing technique to fabricate curved continuous carbon 

fibre reinforced composites by combining 3D printing with epoxy infusion treatment. After 3D 

printed composite preforms, powder thermoset epoxy was added to the preforms to fill the gaps 

and remove air voids through vacuum bagging and oven curing process to enhance the 

interfacial bonding. From the experimental results, it is cleared that the stiffness and strength 

of the printed composites increased by 29.3% and 22.1% respectively compared to the 

thermoplastic-based specimens.  The main reason for the increase in strength and stiffness was 

the placement of continuous carbon fibre along the principal stress trajectories.   

2.15 Out of plane (through thickness) characterization   

Measuring of through thickness properties of composite is difficult and there are limited 

number of standards are available. Thick composites are used in various application such as 

big ships for mounting engine block and attachment of landing gear in airplanes. Due to the 

nature of loading that these blocks are subjected to, there is need to understand the out of plane 

properties of these thick blocks of composites. There are several problems that arises in trying 

to analyse TT properties of thick composites sections. Some of the key issues are material 

anisotropy, stress concentration, load introduction and competing failure modes.  
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FDM is one of the most widely 3D printing technology for fabricating complex 

geometry with the capacity to compete in strength and stiffness with conventional processing 

techniques [59]. Due to the low strength for functional engineering parts, the use of 

thermoplastic polymer is low [60]. This issue has been addressed by researchers by adding 

reinforcement such as fibre to the polymer matrix to produce a composite structure with 

improved mechanical properties [61]. Reinforcing fibre can be either short fibre or continuous 

fibre, polymer composites fabricated using short fibres are attractive because of its economical 

and superior mechanical properties compared to pure thermoplastic polymer. As the short fibre 

increase the strength marginally, therefore researchers are moving towards incorporating 

continuous fibre in the matrix material to transfer load between the fibres. Currently, polymer 

composites reinforced with continuous fibre are one of the largest focus area in 3D printing 

research due to its exceptional mechanical properties [62], but in all the methods examined, the 

fibres are laid in the in-plane x-y orientation with no reinforcing fibres in the z-direction. Figure 

2-12 the sample used for characterization of out of plane tensile strength which are further 

discussed in chapter 6.  

 

Figure 2-12 Out of plane sample for through thickness test 

Fibre based polymer composites are increasing their use for several applications in the 

transportation industry, construction industry and in the medical field as they are light weight 
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with favourable strength and stiffness properties. Normally, the fibres in the composite 

materials are positioned so that it can resist the applied loads. Normal stresses developed from 

axial loads are resisted by the resin and fibre. Several researchers studied the in-plane 

mechanical properties (tensile, flexural) using continuous reinforced polymer composites [47]. 

In-plane test standards are developed for testing composite materials in tension or compression 

for 3D printed polymer composites reinforced with continuous carbon fibre.  Caminero et al. 

[63] studied the impact damage resistance of 3D printed thermoplastic composites fabricated 

using fused deposition modelling. However, out of plane properties are not often considered in 

designing a structure. Currently, there are very limited number of studies on developing the 

test method, sample designing, and test result analysis of 3D printed polymer composites to 

measure strength and modulus. One of the greatest limitations of continues fibre filament 

reinforcement is the failure to link the layers printed on x-y plane to the 3rd direction as no 

pressure is applied during the printing process. From the fact that pressure plays a vital role 

and is directly related to the increase of gap (pores) between the layers. To evaluate the 

performance in z-direction, through thickness testing was performed to evaluate the strength in 

the z-direction. Through thickness (flat wise tensile strength) is a mechanical assessment 

property in which a tensile force is applied perpendicular to the reinforcement plane. The main 

purpose of this type of force is to measure the resistance to lamellar tearing which is notoriously 

weaker in laminar composite materials. Bitar et al. [64] studied the through thickness properties 

of the samples fabricated using AM technique by reinforcing Nylon with carbon fibre. Fibre 

volume fraction was varied to study the effect on the interlaminar property of the composite 

samples. Hoffmann et al. [65] worked on the modified test geometry and test setup to measure 

the through thickness tensile strength. Experimentally measured failure load was validated 

numerically using Abaqus by the application Puck’s 3D failure criteria. In many applications, 

such as lugs and the hull of the ship need proper attention as failure normally occur due to 

delamination and out of plane properties; therefore, through thickness design allowable are 

required. Delamination damage in composite materials has been widely studied because of the 

weakness in out of plane direction, but little work had been conducted on 3D printed 

composites.  

Zhang et al. [66] studied the misalignment of fibre that formed during fabrication 

process and breakage of fibre in polymer composites using reinforced continuous carbon fibre 

in 3D printing. It was noticed that with the increase in turning angle and curvature, lots of 

printing defects and aggravate occurred due to the excessive tensile force from the nozzle. Also, 
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the increase in fibre volume fraction had a great influence on the defect formation. Chen et al. 

[67] investigated the effect of carbon fibre reinforcement on mechanical performance and 

negative Poisson’s ratio. The results showed that the effective elastic modulus and compression 

strength of the composite specimen could be enhanced almost linearly by adding a small 

amount (0.23%) of continuous carbon fibre up to 59% with greater value of negative Poisson 

’s ratio. Yu et al. [68] conducted the study to examine the anisotropic microstructure of 3D 

printed composites reinforced with short carbon fibre to determine the effect of anisotropy on 

mechanical properties. It was evident from the experiments that the microstructural anisotropy 

significantly varied depending on the printing direction.  

2.16 Literature Conclusion 

Researchers worked on the characterization of 3D printed polymer composites reinforced with 

continuous carbon fibre, glass fibre and Kevlar with unidirectional orientation. Process 

parameters such as layer thickness, bed temperature, build orientation, nozzle temperature was 

varied to see the effect on the mechanical properties. Tensile tests were also carried out on the 

single filament of the continuous fibre to obtain the strength and microscopic analysis was also 

performed to see the fibre amount and its distribution through the filament. Flame redundancy, 

thermal properties and impact resistance are also studied. Tensile samples with central hole are 

also studied in the literature and it is obvious from the results that the tensile strength of these 

kind of specimens are higher than the drilled hole specimens using traditional methods.   

However, there was lack of the complete characterization of continuous carbon fibre reinforced 

polymer composites using a series of tensile testing with different fibre orientation along with 

in-plane shear test. Data from these tensile tests was utilized and validated using LAP software. 

Also, there was very limited study on the out of plane and fatigue analysis of 3D printed 

structure. One of the key issues of 3D printing is that there is no pressure applied during the 

process which mainly accounts for the lower strength, and this was addressed by compacting 

the large plate in the press machine and the samples were extracted using water jet machine 

and there was significant improvement in the tensile strength and stiffness. 
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Chapter 3: Materials and methods 

This chapter discusses the techniques used for manufacturing the composite samples and 

testing the material properties. Process parameters that affect the mechanical properties of the 

final structure will be discussed. Polymeric material (Nylon) properties and the carbon fibre 

that was used as a continuous reinforcement will be elaborated in detail. Mark forged Two 3D 

printer that was used to fabricate the samples is discussed along with the limitation of this 

printing system. Common printing issue such as missing fibre, fibre residue, print bed levelling 

are discussed along with the glue properties that was used for bonding the tabs with the 

samples.  

3.1 Material used in Mark forged Two 3D printer 

3.1.1 Nylon (polyamide-12)  

Nylon is the proprietary material of Mark forged as this printer do not accept third party 

polymer filament. One of the main benefit for using Nylon as it offers best lamination in z-

direction, high impact strength along with excellent resistance to the chemicals [69]. Nylon-12 

mixed with chop carbon fibre make it an ideal choice to produce parts that can be used as a 

replacement of metal tools such as forming tools. Nylon-12 carbon fibre improved values of 

stiffness and strength make it superior to the neat Nylon-12 due to the directional orientation 

of carbon fibers which have composite laminate like properties, due to anisotropic nature. 

Karsli et al. [70] studied the effect of short carbon fibre reinforced with polyamide 6 on the 

mechanical and morphological properties. It was observed that the tensile strength, modulus, 

and hardness increases with increasing the carbon fibre contents. Transition and melting 

temperature were not affected by increasing carbon contents. High strength to weight ratio, 

tensile strength, flexural strength makes it good choice to be used in robotics end arm tooling, 

jigs and fixtures.  

Strength and stiffness of the polymer mainly depends on the crystallinity if they need to be 

improved, then crystallinity should be increased. Modulus and strength of Nylon can be 

significantly increased by the addition of reinforcement such as fiberglass because these fibers 

are very tough in the longitudinal direction [71]. As discussed above, there are different 

printing technologies, selective laser sintering is the one that are used for Nylon 11 and Nylon 

12 [72]. A wide variety of materials in powder form can be used to achieve better surface finish 

and excellent adhesion if the preheating of the powder is sustained to optimum level.  
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3.1.2 Continuous carbon reinforced fibre  

Continuous fibre filament material was also supplied by the Goprint3D company (Distributor 

of Markforged feedstock and 3D printing systems) along the printer which include carbon, 

Kevlar, and glass fibre. All these materials are sourced from the Markforged CA. Carbon fibre 

has a 0.35 mm consist of two materials, a fibre bundle (reinforcement) and an impregnated 

polymer matrix (Nylon). The filament is provided 50 cm3 spool and was mounted on the printer 

as shown in Figure 3-1.   

Feedstock such as fibre need to be impregnated as it cannot be used directly for printing as it 

is not fusible and lacks structural integrity. Therefore, it needs to impregnate with the matrix 

material to be use in continuous carbon fibre 3D printing using Mark forged Two 3D printer. 

Consequently, various processes and apparatus has been developed for impregnating the fibre 

before printing. The process for making carbon fibres is part chemical and part mechanical as 

shown in Figure 3-2. The precursor is drawn into long strands or fibres and then heated to a 

very high temperature with-out allowing it to come in contact with oxygen. Without oxygen, 

the fibre cannot burn. Instead, the high temperature causes the atoms in the fibre to vibrate 

violently until most of the non-carbon atoms are expelled. This process is called carbonization 

and leaves a fibre composed of long, tightly inter-locked chains of carbon atoms with only a 

few non-carbon atoms remaining. 

 

Figure 3-1 Carbon fibre spool of 50 cm3 used for Mark forged Two 3D printer 
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Figure 3-2 Process of making carbon fibre filament for Mark forged Two 3D printer 

 

The filaments include a tow of fibre pre-embedded in Nylon. Carbon fibre is preferred over 

glass and Kevlar because of its high specific stiffness, specific strength, higher heat resistance 

and the high temperature at extruder does not affect its properties. Reinforced material is 

referred as fibres because these are composed of fibre bundle with a sizing agent. Table 3-1 

outline the product specifications for carbon fibre, glass fibre, Kevlar, and Nylon.  Continuous 

filament fabrication (CFF) is a patent technology of Mark forged that enables users to produce 

3D printed parts with great strength. It is called continuous fibre as it has one starting point and 

one end point per layer.   

Table 3-1 Materials (Carbon, Kevlar, Fibreglass) specifications from Markforged [73] 

Property Test Standard 
Carbon 

fibre 
Kevlar Fibreglass 

Tensile Strength (MPa) ASTM D3039 800 610 590 

Tensile Modulus (GPa) ASTM D3039 54 27 21 

Tensile Strain at Break (%) ASTM D3039 1.5 2.7 3.8 

Flexural Strength (MPa) ASTM D790 470 190 210 

Flexural Modulus (GPa) ASTM D790 51 26 22 

Flexural Strain at Break (%) ASTM D790 1.2 2.1 1.1 
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Compressive Strength (MPa) ASTM D6641 320 97 140 

Compressive Modulus (GPa) ASTM D6641 54 28 21 

Compression Strain at Break 

(%) 
ASTM D6641 0.7 1.5 N/A 

Heat Deflection temperature 

(°C) 
ASTM D648 105 105 105 

Density (g/cm3) N/A 1.4 1.25 1.6 

3.2 The Markforged Two composite 3D printer 

The Markforged composite printer is the first commercial FDM based composite printer was 

developed by Markforged in 2014, which offers printing head with two separate extrusion 

nozzles for polymer and continuous reinforce fibre unit. Both the nozzles do not work 

simultaneously, rather one stops while other works, reinforced the fibre in the previous layer 

during extrusion process. In this project, Mark forged Two printer as shown in Figure 3-3 was 

used to fabricate parts with reinforcement and without reinforcement. The printing process 

consists of two stages. First step is to print Nylon (matrix) with plastic nozzle with a 

temperature of 270 °C, secondly the reinforcement of fibre in the matrix with a hot end 

temperature of 263 °C on a non-heated print bed with a maximum printable size of 302 x132 

x154 mm.  Minimum layer thickness for printing Nylon (matrix) or Onyx is 0.1 mm, while the 

carbon reinforced sample was printed with a layer of 0.125 mm. Mark forged Two 3D printer 

allows continuous fibre reinforcement to be positioned in different pattern (orientation) on 

layer-to-layer basis in the slicing software. The parts produced using Mark forged are stiffer, 

stronger, and good impact resistance.  
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Figure 3-3 Mark forged printer with spool and printing direction 

 

3.3 Common printing issue with Mark forged 

There are many printing issues with 3D printers while fabricating parts such as plastic under 

extrusion, dislocation, fibre offset, support failed, fibre residue, nozzle blockage, missing fibre, 

warping, print bed leveling. Some of them are discussed below: 

3.3.1 Fibre residue 

Fibre residue problem normally occur due to the print bed levelling or due to the wear and tear 

to the fibre nozzle which need to be replaced to fix this issue. Surface finish and the dimensional 

accuracy of the printed parts are affected. Fibre residue also occur when the plastic and fibre 

nozzles are not properly levelled against each other. Residues appear on the faces of the part at 

which the print head finishes a tool path.  

3.3.2 Missing fibre 

Fibre missing from a part over a series of layers indicates an extrusion problem. Missing fibre 

can cause dislocations which can damage the printer in return. Common causes of fibre missing 

are fibre extruder failure, out of materials, fibre jam.  

3.3.3 Print bed leveling 

An out of level print bed can cause even a simple print to fail. It should be ensured that the 

print bed must be levelled before printing set of samples. Plastic shim and fibre shim were used 

for alignment of plastic and fibre nozzles with printing bed. First, each thumb screw was 

loosened to its lowest point and the slide the plastic shim between the print bed and the nozzle, 
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and the thumb screw was adjusted until the slight resistance on the shim. The same was 

repeated for the all the three points. For the fibre nozzle 2.5 mm Allen wrench was used to 

adjust the nozzle height until slight resistance was on the fibre shim.  

3.3.4 Warping 

Warping mainly occur with printing with polymeric materials. This happens due to cooling of 

plastic, and it contracts, and it pulls plastic towards itself. Common causes of warpage are part 

geometry, bed levelling, difference between printing temperature (nozzle and print bed). This 

issue gets minimum by the addition of fibre to the polymer because it provides stiffness to the 

geometry. Plastic spool should never be exposed to the ambient temperature as it may absorb 

moisture and can cause warping. Once a spool is opened it should be kept in the dry box 

available with the printer and minimize the exposure time of the spool. Warping can also be 

reduced by keeping the print bed and printing environment warm, applying a thick layer of 

glue under the entire part, use of brim features in the Eiger software or by changing the part 

orientation.  

3.4 Araldite adhesive 

Araldite adhesive was used in this study for bonding the tabs with the 3D printed polymer 

composites. It is a highly chemical and temperature resistant with great performance. Main 

area of applications is in the assembly of electronic fuses, bonding of composite pipes in 

marine, and potting of connectors. Advantage of using adhesive is that it has excellent fatigue 

resistance, good shock absorption, bonding is possible for dissimilar materials as in this case.  

The cartridge format makes it easy to use in confined spaces and the low shrinkage rate allows 

for tight tolerances. This versatile adhesive is suited for a variety of applications including 

bonding filter media, electronic fuse assembly, and bonding composite pipes for marine 

settings. Figure 3-4 shows the araldite adhesive used for bonding with the nozzle which mix 

the resin and harder in fix proportion.  
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Figure 3-4 Araldite adhesive used for bonding tabs with the sample 

 

The individual constituents are retained in the composite parts, it means that they are dissolve 

in each other and exhibits an interface between each other.  

3.5 Characterization of FDM printed parts through printing parameters 

Process parameters like layer thickness, Printing (extruder) temperature, build 

orientation, infill angle, infill density, printing speed, fibre volume contents affect different 

performance of the samples manufactured through FDM techniques. Some of the parameters 

that can alter the mechanical properties of the printed parts are discussed below: 

3.5.1 Layer height 

It is directly related to the printing cost and the roughness of the sample. Manufacturing cost 

increases as the layer thickness decreases while the roughness increases. Ning et al. [24] [74] 

studied the effect of layer thickness on voids content in the printed parts using the minimum 

layer thickness of 0.15 mm as a result porosity was decreased while the tensile strength and 

modulus was increased. Minimum layer thickness facilitated to fill the air gaps by extruding 

more material. Furthermore, it was noticed that the porosity rises with the rise in the printing 

temperature, leading to a decrease in mechanical properties [75].   

3.5.2 Bed temperature 

Bed temperature must be kept same during the whole extrusion (printing) process to prevent 

the warping of the sample caused by the residual stresses and to improve the quality of the 

printed part. Nozzle temperature influences the mechanical properties of the samples and was 
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found to be 3rd influential parameter. The idle temperature should be close to the melting 

temperature of the material [76].   

3.5.3 Infill density 

Infill density is the percentage of infill volume with filament material. The outer layers of a 3D 

printed part are solid. However, the internal structure has different shapes, sizes, and pattern. 

Effect of infill on mechanical properties of parts printed with FDM technology have been 

evaluated in the literature [77].   

3.5.4 Infill angle 

It is the direction of the trajectory that the nozzle of the 3D printer follows to fill the internal 

section of the sample. Mark forged Two can print nylon sample with only ±45 angle, while 

for fibre reinforced samples, the angle can be varied from 0° to 90°. 

3.5.5 Nozzle diameter 

Mechanical properties, surface roughness and the cost of manufactures parts are directly 

affected by varying the diameter of the nozzle. 

3.5.6 Printing speed 

It is the movement of the printer head and the platform to deposit material in specific time. By 

increasing the printing speed, the filament will be extruded fast to obtain desired filament width 

and layer height [78].  

3.5.7 Build Orientation 

This is the direction of material deposition with respect to the x-axis of the build platform of 

the FDM printer. Two types of orientation have been studied in the literature i.e., flat and on-

edge. Flat samples are placed in a way so that maximum area can be covered for the 3D printed 

specimen.  
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Figure 3-5 Different build orientation of the sample in Eiger software 

Printing in longitudinal (flat) direction is preferred over on-edge and any other types of 

orientation as it provide the most resistance to the loading [79].  

3.5.8 Fibre fill type 

In Eiger, options are available to vary the fibre fill type either to concentric type (by changing 

the number of layers) or to an isotropic type (with changing the angle of deposition). 

Mechanical properties affect by changing the fill type as studied in the literature.  

3.5.9 Filling pattern 

Refers to the structure or pattern that is printed inside an object. If the solidity of a sample is 

less than 100%, then specifying the pattern type is necessary. Different filling pattern of the 

matrix can be used to evaluate its effects on the mechanical strength and stiffness of 3D printed 

specimens. Filling pattern that can be printed in Mark forged Two printer is hexagonal, 

rectangular, triangular, and solid fill as shown in Figure 3-6.   

 

Figure 3-6 Filling pattern available in the software 
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The effect of continuous fibre pattern and orientation on mechanical performance are 

being examined by few researchers. Two types of patterns are available in Eiger software of 

the Markforged Two printer i.e. concentric and isotropic. The concentric pattern consists of a 

spiral shaped laydown, fibre strands start from the outer edge of the sample and wraps inward 

towards the middle of the part, forming annular rings as shown in the figure. The number of 

these annular rings can be defined by the user in the Eiger software. While the isotropic pattern 

consists of parallel lines with some void areas that are being filled by Nylon before the 

succeeding layer is deposited. Figure 3-7 shows the fibre orientation with zero, ninety, 45 and 

135 degrees using Eiger slicing software.    

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3-7 Fibre orientation at a) zero b) Ninety c) Positive 45 d) Negative 45 
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3.5.10 Fibre volume fraction 

The fibre volume contents can be increased or decreased by varying the number fibre layers 

and the polymer in the sample. This may also increase or decrease the thickness of the sample 

accordingly. Beside this, individual layer of fibre can be changed to any desire orientation 

within same geometry. The fibre volume ratio for each sample was calculated from the fibre 

and nylon volumes stated by the Eiger software.  

3.5.11 Number of reinforced layers 

Increasing the number fibre reinforced layers will increase the volume contents of the fibre 

reinforcement and, accordingly it will increase the strength, stiffness, and the rigidity. Bastos 

[80] studied the effect of the number of reinforced layers on the properties of composite 

material and it was noticed that for a highly tough material, maximum number of fibre layers 

need to be added oriented parallel to the loading axis. 

3.6 Mechanical characterization through tensile testing 

The strength of a laminate is usually measure in terms of how much load it can withstand before 

it fails completely. This ultimate strength is the point at which the resin exhibits catastrophic 

breakdown and the fibre reinforcements break. Tensile and flexural tests were carried out on 

samples according to ASTM standard with the dimensions given in Figure 3-8. Testing speed, 

loading capacity, sampling frequency that were used for both tensile and flexural testing are 

summarized in Table 3-2. Specimen manufacturing 3D printer, dimensional accuracy of the 

printer and the testing parameters are discussed in the following sections. The effect of fibre 

orientation as well as the amount of fibre contents were evaluated on polyamide based 

composite samples.  

 

Figure 3-8 Dimensions of tensile and flexural sample 
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3.6.1 Specimen manufacturing  

All the specimens including reinforced and unreinforced were fabricated using Mark forged 

Two desktop printer. The reinforced samples consist of a core of a continuous fibre in the 

central region of the sample while the external layers should be of Nylon. A minimum two 

layers of Nylon needs to be printed at the top and bottom of the reinforced samples as dictated 

by the slicing software (Eiger). The orientation of the fibers can be controlled through the Eiger 

software on a layer-by-layer basis. The process variables such as printing speed, nozzle 

temperatures and layer height were automatically set by the software. The infill percentage 

selected for printing all the specimen was kept at 100% (solid fill).  The specimens dimension 

selected for printing was ASTM D638 type I. Deposition orientation for printing with Nylon 

was automatically set by the Eiger as ±45° alternatively. The mark forged Two printer does not 

have any heating mechanism for the print build platform.  

3.6.2 Dimensional measurement of specimen 

Prior to perform tensile testing, both reinforced and unreinforced samples were measured to 

assess the precision of the Mark Two printer. The width and thickness of the sample were 

measured in the gage length using Mitutoyo Digital Vernier caliper with the accuracy of ±0.02 

mm.   

3.6.3 Testing parameters  

Performance of fibre reinforced specimen were measured by conducting tensile testing. Tensile 

tests were carried out using MTS (5500R, USA) with a 100 KN load cell to apply load to the 

test specimen. Two extensometers were used to measure the strain both in longitudinal and 

transverse direction. Strain (elongation) of the test samples was measured using an 

extensometer having a gauge length of 25.4 mm in longitudinal direction. Specimens were 

tested at a strain rate of 2 mm/min. To make sure of the better accuracy of the test results, five 

samples of each configuration were tested. Tensile tests were performed until failure and the 

tensile strength was calculated from the following relation. 

 𝜎𝑡 =
𝐹

𝑏𝑑
 

Where F is the load calculated by the machine in Newtons, b is the width (W), and d is the 

thickness (mm) of the specimen. The width and the thickness used in the calculation was 

measured by averaging values measured at three positions in the gauge length of each sample 

using digital caliper. Poisson’s ratio was determined by measuring the strain in longitudinal 

and transverse direction.  
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Table 3-2 FDM printing parameters for tensile and flexural composites samples  

Categories Tensile test  Flexural test  

Testing speed 2 mm/min 2 mm/min 

Load cell capacity 100 kN 100 kN 

Sampling frequency 20 Hz 20 Hz 

Distance between two grips 115 mm - 

Distance between two points - 100 mm 

 

3.7 Thermal analysis  

Thermal analysis is the measurement of some of the characteristics of a substance as a function 

of temperature or time. The main thermal analysis tools for investigating the influence of the 

extrusion process on the properties of the final material include thermogravimetric analysis 

(TGA), differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA). 

3.7.1 Differential scanning calorimetry (DSC) 

DSC was performed on polymer and 3D printed polymer composites to determine the 

crystallinity as it play an important role on the mechanical properties such as elastic modulus, 

fracture toughness, thermal resistance, and yield strength. Crystallinity of the samples can be 

calculated using first heating (Xm1), cooling (Xc) and second heating (Xm2) using the relation  

𝑋𝑚1,𝑐,𝑚2 =
∆𝐻𝑚−∆𝐻𝑐

∆𝐻𝑚
  x 100/f 

Where ∆𝐻𝑚 and ∆𝐻𝑐 are the integrals of endothermic and exothermic peaks in each scan 

respectively, f is the PA matrix content.  

DSC is a powerful technique to measure the exothermic and endothermic transitions in a 

material as a function of temperature – common points of interest for extrusion processing 

include the glass transition temperature, melt temperature, and the heat capacity of the material. 

3.7.2 Thermal gravimetric analysis (TGA) 

TGA is a method of thermal analysis in which the mass of a sample is measured over time as 

the temperature changes. Mass measurement is continuously calculated with the change in 

temperature over time. A precision balance with a sample pan located inside a furnace with a 

programmable control temperature. Temperature is generally increased constantly to incur 

thermal reaction. Data collected from thermogravimetric thermal reaction is compiled into a 

plot of mass or percentage of initial mass on y-axis with temperature or time on x-axis. TGA 
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is used to evaluate the thermal stability of a material of polymers which usually melt before 

decomposing.     

 

3.8 Fibre volume fraction 

The volume fraction or mass fraction of fibre have a considerable effect on the mechanical 

properties of the composite structure. Mass fraction is simple to achieve during the fabrication 

method while volume fraction is employed for theoretical evaluation of the composite. Total 

volume of the composite is Vc which are equal to  

Vc= Vm+Vf 

Where c denotes volume for the composite, m for the matrix and f for the fibre.  

 

 

Density of the fibre and the composite material can be found using the relation, 

𝜌𝑐 = 𝜌𝑚𝑉𝑚 + 𝜌𝑓𝑉𝑓 

 

 

3.9 Optical microscopy 

Optical microscopy also known as light microscopy allowed researchers to investigate the real 

locations of the reinforced fibre within the specimen cross section as compared to the slicing 

software which normally gave the homogeneous distribution of the fibre within the sample. 

The optical examinations of the 3D printed samples using FDM technique gave deeper insight 

into the specimen structure which will allow researchers to build denser and more even 

distribution of the fibre and resin. Basic microscopy procedure is simple, as the sample is 

placed on a stage and are directly viewed through eye pieces on the microscope. Objective 

lenses with different magnification are mounted which provide the ability to zoom in.  
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Chapter 4: Prediction of the in-plane mechanical properties of continuous 

carbon fibre reinforced 3D printed polymer composites using classical 

laminated-plate theory 

In this chapter tensile and in-plane mechanical properties of continuous carbon fibre 

reinforced thermoplastic polyamide composite manufactured using a Markforged Two 3D 

printing system was evaluated and compared against predicted values from classical laminated-

plate theory. Strength, stiffness, and Poisson’s ratio of the composite specimens were measured 

using tensile testing both in longitudinal and transverse direction and the shear properties were 

also measured. The influence of fibre orientation on mechanical properties was investigated 

and were compared with that of non-reinforced nylon samples and known material property 

values from literature. Experimentally determined values were used to predict the behaviour of 

the materials in different orientation using classical laminated-plate theory on the commercially 

available LAP (Laminated Analysis programme) software. The model developed will allow 

the designers to predict the elastic (mechanical) properties of 3D printed parts reinforced with 

fibre for components which require specific mechanical properties. The main contents of this 

chapter were published in “Composite Structures”. 

https://www.sciencedirect.com/science/article/pii/S0263822320331524  

4.1 Review of relevant literature and chapter aims 

Currently, short carbon fibre reinforced polymer composites are extensively produced 

using AM, but it has shown limited improvements in mechanical properties in certain direction 

as the orientation and alignment of the short carbon are difficult to control. Continuous fibre 

reinforcement composite is an FDM based AM technique becomes an alternative 

manufacturing technique due to excellent mechanical properties, recycling, and potential uses 

in light weight structure. Currently, polymer composites are mainly used fuselage of Airbus 

A350 aircraft, components in automotive, blades of wind turbine, and endoscopy surgery 

equipment [83].   

Yong et al. [29] studied the synergetic reinforcement effect of both short and continuous 

carbon fibres on the mechanical properties of 3D printed polymer based composites. The 

results showed that the synergetic reinforcement of laminated composites by both short and 

continuous carbon fibre was indeed superior to the individual carbon fibre reinforcement for 

the tensile strength but not for the elastic modulus. In another research by Goh et al. [38] 

characterized carbon and glass fibre reinforced thermoplastic fabricated parts by FDM 

https://www.sciencedirect.com/science/article/pii/S0263822320331524
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technique using tensile, flexural and indentation tests and compared with conventional 

composite manufacturing processes. Additionally, similar fracture behaviour was observed for 

tensile and quasi-static indentation tests.   

In this work, mechanical properties and microstructure analysis of continuous carbon fibre 

reinforced 3D printed specimens are investigated. Carbon fibres are known for their high 

stiffness to weight ratio but expensive ($150 per 50cm3) as compare to glass fibre ($100 per 

50cm3) and consequently are used only in industries that are very cautious about weight such 

as aerospace industry. To understand the structure and distribution of the fibre and the filament 

microstructural microscopy were carried out. Analytical analysis of the 3D printed parts was 

utilized to understand and subsequently predict the failure load and mode respectively. One of 

the aims of this project is to determine the mechanical properties of polymer composites 3D 

printed parts so that they can be utilized for the computer modelling applications. Successful 

determination of the mechanical properties needed for an analytical analysis of a 3D printed 

part will need an FDM printer to print several test pieces under different printing conditions 

followed by tensile testing using angle minus longitudinal (AML) technique [84]. AML is 

simply the difference in percentage of the angled plies to the 0° plies. The AML is a simple 

reference to indicate whether a layup is dominated by off angle plies or not. Analytical 

approach using LAP will be adopted to figure out the optimum alignment of fibre and this will 

be validated using classical laminated theory (CLT) [85].   

This chapter is structured as follows; first materials used, specimen fabrication using Mark 

forged printer, testing parameters, testing and measurement is discussed along with the analysis 

of the test data. Thereafter, tensile test data are summarized and are compared with the data 

available in the literature. Material constants were extracted from the experimental data at 

different fibre angle orientation and were used for LAP analysis. Finally, a conclusion was 

drawn based on experimental data, prediction of the material constants for different AML and 

the limitations of the process.  

4.2 Experimental methods 

4.2.1 Materials and processing 

Mark forged Two printer was used to developed 3D printed parts using basic FDM 

principles [73]. Mark forged Two printer has dual extrusion nozzles provides the ability to print 

thermoplastic (Nylon) polymer followed by a fibre (Carbon, glass, Kevlar) reinforced to form 

a polymer composite matrix having light weight with enhanced properties. The nozzle diameter 
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of the nylon filament is 0.4 mm, almost the same as conventional plastic filament 3D printers. 

The shape of fibre nozzle is smooth, and it may be designed to prevent abrasion between the 

fibres and the metallic nozzle.  

Nylon was used as the effective matrix filament and was supplied by Goprint3d, UK a 

supplier of Markforged, Cambridge, MA, USA. It is the proprietary blend of Markforged and 

has a diameter of 1.75mm. Prior, to printing it was stored in a moisture sealed Markforged 

Nylon dry box (Pelican case) to prevent deterioration of the filament due to moisture abortion 

during the storage; a pack of silica gel desiccant was placed in the dry box in order to avoid 

moisture absorption. The reinforcing carbon fibre (CF) was also supplied by Goprint3d having 

a diameter of 0.35mm impregnated with a sizing agent. Chemical composition and the 

mechanical properties of the neat fibres were withheld by the supplier. Differential scanning 

calorimetry (DSC), thermo gravimetric analysis (TGA) techniques were used to characterize 

and to find the melting, glass transition, and decomposition temperature.          

4.2.2 Specimen fabrication using 3D printer 

All the specimens including reinforced and unreinforced were fabricated using Mark 

forged Two desktop 3D printer. The reinforced samples consist of a core of a continuous fibre 

and Nylon at the outer layers. A minimum of at least two layers of Nylon are required at the 

top and bottom of all printed parts as imposed by the closed source slicing software (Eiger). 

This may help in removing the part from the print bed easily and to avoid exposing the fibre to 

the outer surface to achieve better surface finish with the Nylon. By printing the top, bottom 

and side walls of Nylon has a negative impact as it lowers the amount fibre reinforcement and 

in turn reduces the possibility of achieving maximum mechanical properties. The orientation 

of the fibers can be controlled through the Eiger software on a layer-by-layer basis. The process 

parameters such as printing (infill) speed, nozzle temperatures and layer thickness were 

automatically set by the printer slicing software according to the material selection and the 

thickness of the layer. The infill percentage selected for printing all the specimen was kept at 

100% (solid fill) which are summarized in Table 4-1. Deposition positioning for printing with 

Nylon was automatically set by the Eiger as ±45° alternatively for nylon specimens while for 

composite specimen only first and last layer was of nylon as shown in Figure 4-1. Infill pattern 

selected for fibre reinforced specimens was isotropic, strength, stiffness, and failure mode 

changes by changing the infill type. Fibre volume fraction estimation is also critical and is 

reported to 35 % using characterization techniques [86]. 
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The mark forged Two 3D printer do not have any heating mechanism for the print bed (build 

platform). The compaction pressure is not a directly controlled process parameter, as it is 

related to the gap between the build platform and printer nozzle. The bed levelling was kept 

the same for all the specimens. During printing of the unidirectional specimens, starting point 

of each layer was the same as opposed to ±45 specimens in which starting point changes after 

every layer deposition.  

Table 4-1FDM printing parameters for tensile 3D printed composite samples 

Parameters Specifications 

Fibre fill type Isotropic 

Fill density 100 % 

Fibre layers 24 

External layers 1 

No. of top layers 1 

No. of bottom layers 1 

Concentric fibre rings 0,2, 4 

Fibre orientation (angle) 0, ±45, 90, Quasi (0, ±45,90) 

 

 

Figure 4-1 Printing configuration (fibre in longitudinal direction) in Eiger for composite 

specimens 

 

4.2.3 Testing parameters 

Performance of fibre reinforced specimen were evaluated by conducting tensile testing 

with a pre strain load of 2 N in the clamps prior to start the test. The test setup used to evaluate 

the stress strain behavior of 3D printed specimens is shown in Figure 4-3. Tensile tests were 
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carried out using MTS with a 100 kN load cell to apply load to the test specimen. Two 

extensometers were used to measure the strain both in longitudinal and transverse direction. 

Strain of the test samples was measured using a 25.4 mm gauge length extensometer (Model 

number 634.11F-5x) in longitudinal direction. Specimens were tested at a strain rate of 2 

mm/min. To make sure of the better accuracy of the test results, five samples of each specimen 

were tested. Poisson’s ratio was determined by measuring the strain in longitudinal and 

transverse direction.  

 

Figure 4-2 Sample geometry designed in computer aided design software (Solid edge) before 

importing to the slicing software 

 

Figure 4-3 Sample tensile testing set up with extensometers in longitudinal and transverse direction 

to measure strain  
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4.2.4 Testing and measurement  

Initially the ASTM D638 standard procedure was followed using Type 1 dog bone shape 

geometry [87]. However, the failure of the tensile samples in undesired area as described by 

Forster [88] required the adoption of the ASTM D3039 procedure that are specifically designed 

for polymer composites. The dimension of the samples used was 165 mm x 13mm x 3.2mm 

according to ASTM D3039 standard. Primarily samples were printed and tested using the 

tensile machine, but the fracture location in the samples were not in the gage length. Glass fibre 

composites tabs were then bonded at the ends of the test samples with Araldite 2014 two-part 

adhesive to diminish the effect of stress concentration produced due to the griping of the sample 

in the machine. Samples ends were abraded to remove the nylon layer as the bonding was not 

perfect and slippage occurred without removing the nylon layer. The glass tabs having a 

dimension of 25 mm x 19 mm were then bonded using Araldite adhesive using pressure for 24 

hours.   Prior to bonding both the tabs and the samples (gripping area) were roughen with 

different grades of silicon carbide paper to improve adhesion and avoid slipping during the test.  

4.3 Mechanical test results 

Samples manufactured of nylon were tested first for reference purpose. Stress verses 

strain curves were obtained from the data and the values for Young’s modulus, Poisson’s ratio 

and other parameters were obtained from the experimental data and are shown in Figure 4-4. 

Tensile test for the unreinforced samples made of Nylon and Onyx were tested to compare with 

the manufacturer values and to evaluate the effect of fibre contents on the mechanical properties 

of the composite specimens which are shown in Figure 4-5. Mean values for five samples of 

Nylon and Onyx samples properties are summarized in Table 4-2. Tensile strength at yield σy 

and tensile strength at break σu was calculated using 𝜎𝑦 =
𝐹𝑚𝑎𝑥

𝐴𝑜
 and 𝜎𝑢 =

𝐹𝑏𝑟𝑒𝑎𝑘

𝐴𝑜
 relations, 

respectively. Elastic modulus and yield strength of 780 MPa and 31.19 MPa was recorded as 

it the same values as observed by Biron [89].  
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Figure 4-4 Stress strain behaviour of the nylon printed samples 

 

 

Figure 4-5 stress strain behaviour of the Onyx printed samples 
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Table 4-2 Improvements in properties of Nylon and Onyx in comparison to the manufacturer 

datasheet 

Material Young ‘s 

Modulus (MPa) 

Tensile strength 

(MPa) 

Yield 

strength 

(MPa) 

Poisson 

‘s ratio 

(υ) 

Strain at 

failure 

(%) 

Nylon 780 58.76 31.19 0.40 548.32 

Manufacturer 940 54 31 - 260 

Onyx 950 37.83 34.32 0.38 45 

Manufacturer  1400 30 36 - 58 

  

It is known that the parts produced using 3D printing technologies results in anisotropic 

properties in the three major coordinates axes. The anisotropy becomes significant for 

structures fabricated using continuous fibre reinforced and the properties changes up to an order 

of magnitude by changing the fibre direction from parallel to perpendicular in the loading 

direction. Due to this anisotropic behaviour, AML technique can be used to find the desire 

pattern for each layer to improve mechanical properties in specific orientation by incorporating 

different layups configuration [90]. AML can be inserted in LAP software with different 

combination of fibre orientation. Therefore, mechanical properties of 3D printed polymer 

composites with continuous carbon fibre were evaluated by testing five sample for each 

configuration (0°, 90°, ±45 and Quasi-isotropic) and was compared with the unreinforced 

samples. The numbers of carbon fibre layers were 24 for all configuration with top and bottom 

layer of nylon to easily remove the printed part from build platform.      

From these test combinations values of modulus in longitudinal direction (𝐸1), 

transverse elastic modulus (𝐸2), shear modulus (𝐺12), Poisson’s ratio (𝜗12), longitudinal 

tensile strength (𝑇𝑆1), transverse tensile strength (𝑇𝑆2) and in-plane shear strength (𝜏12) was 

obtained. Tensile testing of samples with fibers orientating at 0° yields 𝐸1,𝜗12 and tensile 

strength in longitudinal direction. The longitudinal modulus is obtained from the elastic region 

of the stress strain curve in tensile testing using the relation 𝐸1 =
𝜎1

𝜀1
, while the major Poisson’s 

ratio is obtained as the transverse strain over the longitudinal strain by 𝜖2 = −𝜗12𝜖1. 

Transverse tensile strength (𝑇𝑆2) is the minimum stress obtained with 90° orientation of the 

fibre.         

The highest strength for the dog bone shaped samples achieved was 524.66 MPa with 

29% of carbon fibre contents in the direction of load which was much higher than 270.63 MPa 
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of strength achieved with 48.72% of carbon contents as reported by Justu et al. [91]. The tensile 

strength for 3D printed specimens with a volume fraction of 29 % is higher than 310 MPa for 

Aluminium 6061 T-6 as reported [92]. Also E1, E2, G12, υ12, TS1 was compared to the values 

in the literature and it was found that all the values are higher in number except tensile strength 

[28][46] and are summarized in Table 4-3. According to the standard, the sample must include 

tabs at the end zones to avoid damage or the generation of stress concentration that may be 

produced due to gripping system.  

Stress strain behaviour for zero-degree orientation samples is shown in Figure 4-6 with average 

tensile strength of 524.66 MPa and an elastic modulus of 73.20 GPa respectively. Figure 4-7 

shows the stress stain behaviour of the 3D printed samples with average tensile stress of 325 

MPa while an elastic modulus of 58 GPa was noticed, respectively. Figure 4-8 shows the stress-

strain curve for quasi-isotropic samples with great consistency in the result with a tensile 

strength of 275 MPa and an elastic modulus of 50 GPa. While Figure 4-9 shows the curve for 

Ninety-degree orientation and in this case, there is some mismatch between the percent 

elongation.  

 

Figure 4-6 Stress strain curve for zero-degree orientation samples 
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Figure 4-7 Stress strain curve for 0/90-degree orientation samples 

 

Figure 4-8 Stress strain curve for Quasi isotropic orientation samples 
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Figure 4-9 Stress strain curve for 90-degree orientation samples 

 

 

Table 4-3  Experimentally determined values from tensile tests comparison with the literature 

Values Experimentally 

determined 

Literature reference 

[28] 

Literature reference 

[46] 

E1 73 GPa 52 GPa 69.4 GPa 

E2 4.1 GPa 4 GPa 3.5 GPa 

Gxy 2.2 GPa 2 GPa 1.9 GPa 

υ12 0.33 0.33 0.41 

TS1 524.66 MPa 700 MPa 805.4 MPa 

TS2 121.3 MPa 48 MPa 17.9 MPa 

τ12 61 MPa 73 MPa 61.5 MPa 
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4.4 Tensile test results with varying fibre orientation  

The tensile tests gave some predictable and some interesting results. The Isotropic fill type 

with maximum layers of carbon fibres had the highest strength compared to all other 

configurations. The strength of the fibre 90° orientation was much lower than the strength of 

the samples at 0° orientation. Premature failure was noticed for the 0° fibre orientation because 

of discontinuity and the fibres were not aligned perfectly as reported by [33][37]. Typical 

failure location (samples shoulder) for the samples with zero-degree fibre orientation was at 

the starting point of fibre placement that is transition between the neck and flange area of the 

sample. The printer starts printing at position 1 and ends at position 2 and then at point 3 and 

4 discretely as shown in Figure 4-10. Fibre misalignment can yield up to 30% reduction in 

tensile strength. Initially, the failure occurs far from the gage length area and was closer to the 

load application point near the grips which may have stress concentration due to griping. The 

stress versus strain curve is approximately linear elastic which is a characteristics of continuous 

carbon fibre reinforced composites. From the experimental data it is obvious that the 

mechanical properties such as tensile strength and elastic modulus are affected by the fibre 

orientation significantly. One of the reasons for the low tensile strength and elastic modulus is 

the degradation of the fibre filament during printing process. Hu et al. [93] studied the effect 

of damage caused to continuous carbon fibres during different stages of the FDM process from 

feedstock material to the final 3D printed material. The surface of the filament is abraded when 

it passes from the spool until it is printed on the print bed. Some of the damage is caused by 

the gripping action of the gear used to pull the filament and during contact within the nozzle 

and further damage is caused as the filament is bent through 90˚ and then pressed on to the 

build platform. From experimental results, the reduction of tensile strength and compressive 

stress values was 60% and 25% respectively and was mainly due to the breakage of fibre.  

 

Figure 4-10 Tensile sample with zero degree of fibre orientation (Eiger slicing software) 

 

During testing of tensile samples, fibre breakage happened at the neck of the sample due to the 

inconsistency of fibre placement as shown in Figure 4-10 and then the load was transferred 

from one to the other fibre until complete failure occur. Failure occur due to stress 
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concentration at the radiused corners that is between the neck and the flange area as same issue 

reported by Sung et al. [86]. This is due to the cut-off of fibre at such transition points. Local 

voids or defects can be another reason of the individual fibre breakage which also cause damage 

to the nearby fibre by increasing stress concentration. Failure in different specimens occurred 

due to fibre breakage, fibre pull out and delamination. For the samples with fibre in the 

longitudinal direction, breakage occurs at the corner and thus failure occurs near this point. 

Also, it was noticed from the experiments that the Young’s modulus and tensile strength is 

strongly influenced by the fibre orientation with respect to the direction of the applied load. 

For the fibre with orientation from 0° to ±45° the composite become softer, easier to deform 

and so the elongation becomes larger. For specimens with 90° orientation the elongation of the 

specimens decreases. Figure 4-12 and Figure 4-13 show the tensile strength and Young’s 

modulus comparison for different fibre orientation respectively and the values are summarized 

in Table 4-4. 

4.5 Rule of mixture 

Rule of mixture (ROM) can be applied to estimate the strength and stiffness of the 3D printed 

specimens prior to the manufacturing of a composite. ROM calculate the mechanical properties 

of the composite based on the individual properties of the matrix and the fibre. Fibre volume 

fraction of 34 % was considered along with 3530 MPa of strength and 230 GPa of fibre stiffness 

for Toray carbon fibres to estimate upper limits using the following relation and it turn out to 

be 1200 MPa and 78 GPa respectively reported by Werken [28]. An upper limit of 1000 MPa 

was considered due to manufacturing defects, high voids contents and weak adhesion between 

the matrix and the fibre by Werken. Young ‘s modulus values obtained in this paper were in 

the range of ±7% with that of the above-mentioned work.  

Tensile strength of the composite, 

𝜎𝑐 = 𝜎𝑓𝑉𝑓 + 𝜎𝑚𝑉𝑚 

Young ‘s modulus of the composite, 

𝐸𝑐 = ɳ𝐸𝑓𝑉𝑓 + 𝐸𝑚𝑉𝑚 

However the prediction of elastic modulus is effective in the axial direction using ROM while 

it fails to predict the tensile strength accurately [94]. Furthermore, ROM assumes that the fibre 

is aligned unidirectionally with uniformly distributed stress. For the Young’s modulus in the 

transverse direction, the following relation can be used; 
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1

𝐸𝑡
=  

𝑉𝑚

𝐸𝑚
+

𝑉𝑓

𝐸𝑓
 

RoM are useful for calculating the properties of single layers and it became complex for 

multiplied laminates.  

 

Figure 4-11 Dog-bone shaped 3D printed composite specimens with glass tabs after failure 

 

 

Figure 4-12 Tensile strength comparison of composite specimens with different fibre angle 

orientation 
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Figure 4-13 Comparison of elastic modulus of composite specimens with different fibre angle 

orientation 

 

Table 4-4  Tensile strength, young's modulus and poison's ratio for different 3D printed composite 

specimens 

Test type Property  Mean value Standard deviation 

Zero-degree 

orientation tensile 

samples  

TS1 524.66 MPa 1.80 

E1  73.20 GPa 1.41 

υ12 0.33 0.01 

Ninety-degree 

orientation tensile 

samples 

TS2 38.66 MPa 2.77 

E2 4.1 GPa 0.17 

υ21 0.19 0.02 

Quasi-isotropic 

orientation 

tensile samples 

TS 273.6 MPa 12.46 

E 50.83 GPa 1.13 

Zero-Ninety-degree 

orientation tensile 

samples 

TS 325.57 MPa 15.03 

E 58. 56 GPa 3.36 
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4.6 In plane shear properties 

In-plane shear properties of composite specimens were determined by printing samples 

with ±45 alignment of the fibre alternatively according to ASTM D3518 standards. Strain in 

longitudinal and transverse direction were obtained from two extensometers and shear modulus 

was calculated from the graph between shear strength and shear strain. Shear stress was 

calculated the following relation 𝜏 =
𝐹

2𝑏ℎ
, while the in-plane shear modulus was calculated 

using 𝐺𝑥𝑦 =
𝜏12

𝛾12
. Shear modulus and shear stress values obtained was 2.2 GPa and 61 MPa 

respectively. The in plane shear strength and shear modulus was 61.5 MPa and 1.9 GPa 

respectively in the literature reported by Iraqi et al. [46]. Stress strain curve for ±45 orientation 

samples are shown in Figure 4-14. 𝐺𝑥𝑦 value is lower as compared to other determined values 

due to the fact that the material direction which are ±45 degree. The composite material form 

is limited to a continuous fibre reinforced composite laminate (symmetric layup composed only 

of +45˚ plies and -45˚ plies) capable of being tension tested in the laminate x-direction. 

According to Mohr’s circle, maximum shear stress can be calculated using the relation 𝜏𝑚𝑎𝑥 =

√(
𝜎𝑥−𝜎𝑦

2
)

2

+ 𝜏𝑥𝑦
2 

 

 

Figure 4-14 Stress strain curve for 3D printed composite specimens with ± 45-degree fibre 

orientation 
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4.7 Rectangular verses dog-bone shape comparison 

Tensile tests on rectangular specimens were conducted according to ASTM D3039 

standards as dog-bone shaped specimens have premature failure due to the discontinuity in the 

fibre placement at the corners. Three types of rectangular specimens i.e. Specimens bonded 

with glass tabs, specimens with printed tabs of pure nylon and specimens printed with carbon 

fibre tabs as shown in Figure 4-15. It should be noted that in case of printed tabs support material 

was added during the manufacturing and was removed after printing finish. Also, there was no 

difference in strength and stiffness of the specimens printed with and without any support 

material. It took too long however, for the tabs to manufacture along with the sample and a lot 

of material wasted only for obtaining the tabs. Strain gages were also mounted on the samples 

to measure the strain in longitudinal and transverse direction and was compared to the values 

obtained using the extensometer. There was no difference between the values of Poisson’s ratio 

obtained using two different approaches. The highest tensile strength and elastic modulus 

achieved for rectangular samples were 603.43 MPa and 85 GPa respectively.     

 

Figure 4-15 Rectangular tensile samples with 3D printed and glass tabs with strain gages 
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4.8 Optical Micrscopy for fracture surface analysis 

3D printed test samples used in this study were examined using an optical microscope in 

order to gain insights into the internal structure, void formation and the bonding mechanism of 

the samples. Samples were clamped using a ring and mounted using cold cured epoxy resin in 

30 mm diameter sample cup. Silicone oil was applied to the interior of the cups in order to 

remove the sample easily. Resin and hardener were mixed at a ratio of 15:2 and poured over 

the composite sample of the fibre reinforced 3D printed parts. The sample was cured at room 

temperature for 24 hours. After curing, the samples were then prepared for microscopy by 

grinding using silicon carbide paper of different grades followed by polishing. Images of the 

samples were taken using a high-resolution camera mounted with an adjustable magnification 

lens. Optical images of the 3D printed were captured to inspect the porosity as well as the state 

of the dispersion within the polymer composites. Typical images taken at 20X magnification 

are presented in Figure 4-16 in which individual layers can be seen on the right side with layer 

thickness of 1.25mm.    

 

Figure 4-16 Cross sectional micrographs of the 3D printed composite specimens showing 

horizontal lines the individual layer thickness along with porosity (voids) and fibre 
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The microstructure of the printed parts was analyzed to evaluate the quality of the 

material and the distribution of fibre and the matrix from the longitudinal axis. For this purpose, 

sample printed with unidirectional CCF/PA was examined by optical microscopy. Microscopic 

images of the cross section at different magnifications are shown in Figure 4-17. The inter layer 

limits of the PA are visible near the edge of the sample. The presence of voids may indicate 

the printing process is unable to adequately compact the extruded filament on the printed part. 

From the figures, it can also be observed that the fibre distribution is non-uniform. Large matrix 

dominated and high fibre density zones can be clearly distinguished in Figure 4-17.  Optical 

microscopy analysis was also carried out on the specimen after failure and from Figure 4-18, 

it is clear that the crack initiation started from the area with no fibre in it which is the weak area 

and easy for the crack to start before propagating in to the other region of the specimen.  

 

 

Figure 4-17 Cross sectional image of the polished composite sample showing printed tracks along 

with the voids 
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Figure 4-18 Cross sectional analysis of specimen after failure 

 

4.9 Thermal analysis of the filament and the printed specimen 

DSC analysis was done on the filament before and after printing using heat cool heat cycle 

to find the glass transition temperature, melting point, and heat of reaction. About 8-10 mg of 

sample was heated from room temperature up to 300 °C at a rate of 10 °C/min and then cooled 

at the same rate and reheated again to remove the thermal history of the material. Figure 4-19 

and Figure 4-20 show DSC result of the filament before printing and the printed sample. TGA 

equipment (Q 600, TA instruments) was used to evaluate the thermal behavior and the 

composition of the composite materials up to 600 °C in nitrogen atmosphere. Figure 4-21 and 

Figure 4-22 shows thermogravimetric analysis of the pure polymer samples and the composite 

sample respectively. Fibre obtained from TGA was also analyzed using SEM to see the fibre 

diameter and the length of the fibre. Weight loss of 5-8% was observed up to 150 °C that might 

be due to evaporation of moisture content. Degradation started at 400 °C and full decomposition 

was observed at around 520 °C. Melting (Tm), decomposition (Td) and crystallization 

temperature (Tc) are summarized in Table 4-5 for filament before printing and for the printed 

part. Consequently, the calorimetric properties of both the polymer and the composite samples 

was helpful in selecting the temperature for post processing of the large printed plates which 

are discussed in the next chapter.  
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Figure 4-19 DSC analysis of the PA filament before printing 

 

 

Figure 4-20 DSC analysis of the printed samples to evaluate the effect of nozzle temperature on the 

polymeric material 
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Figure 4-21 TGA of the pure polymer (Nylon) 

 

 

Figure 4-22 TGA of composite sample fabricated using 3D printing techniques 
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Table 4-5 Thermal properties of the nylon material before and after printing 

Material Tm (°C) Tc (°C) Td (°C) 

PA filament 197.9 °C 37.6 °C 517.6 °C 

PA Printed sample 198.8 °C 38.4 °C 520.3 °C 

 

 

4.10 Modelling approach using CLT for composites 

Polymer fibre composites produced by FDM can be analysed using existing theories based 

on the manufacturing technique and the reinforcement type. Microstructure of 3D printed parts 

are often different from those prepared by traditional techniques, there is a demand for 

modelling and analysis of these 3D printed parts.  Classical laminate theory (CLT) is also 

applicable for the 3D printed parts that are isotropic and homogeneous. Other assumptions 

include that each layer must be in a state of plane stress along with perfectly bonded layers. 

CLT allows the researcher to calculate the elastic behaviour of a multi-layer orthotropic 

material using the constants that describe the mechanical behaviour. Basic assumptions are 

given in [95] and the stiffness matrix is defined as follow;  

𝑄𝑖𝑗 = [

𝑄11 𝑄12 0
𝑄12 𝑄22 0

0 0 𝑄66

] 

Where  

𝑄11 =
𝐸11

2

𝐸11−𝜗12
2𝐸22

, 𝑄12 =
𝜗12𝐸11𝐸22

𝐸11−𝜗12
2𝐸22

,  

 

𝑄22 =
𝐸11𝐸22

𝐸11−𝜗12
2𝐸22

,  𝑄66 = 𝐺12 

Transformed reduced stiffness matrix for various fibre orientation can be computed using 

transformation equation. 

𝑄𝑖𝑗 = 𝑇−1𝑄𝑖𝑗𝑇 

where 

𝑇 = [
𝑚2 𝑛2 2𝑚𝑛
𝑛2 𝑚2 −2𝑚𝑛

−𝑚𝑛 𝑚𝑛 𝑚2 − 𝑛2

] 
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In this equation m=cos𝜃, n=sin𝜃 and 𝜃 is the angle fibre that is reinforced. In order to 

demonstrate the usefulness of employing CLT to model the FDM structures, the value of 

laminate Young’s modulus will be compared with that measured experimentally.  

4.10.1 Laminated analysis programme (LAP) 

LAP was developed by anaglyph for windows platform. LAP is a user-friendly software which 

is used for analysing and designing of the composite material laminates. Normally, the 

programme is used in preliminary design to configure a stacking sequence, then analyse the 

composite component using other techniques such as finite elements and eventually optimise 

construction by analysing layer by layer laminate behaviour [96]. The basic five configurations 

listed have the same constituent materials and subsequent property values except that the only 

variable parameters are the fibre alignment and the stacking sequence. Figure 4-24 shows the 

properties calculated using LAP software for fibre orientation in longitudinal direction and it 

gave the result that was obtained using experimental testing. Material properties of Nylon and 

carbon fibre for single laminate along with the fibre volume fraction were inserted in LAP to 

calculate the properties of composite sample with various thickness and orientation.  

 

 

Figure 4-23 Material property window in LAP 

AML values was calculated for each layup configuration to be used in analysis in LAP 

[96]. AML is the difference between the fibre contents percentage that are longitudinal to the 

principal loading direction. AML is the reference to indicate whether a layup is dominated by 
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off angle plies or not. Four layups were chosen to analyse a range of sequence with each layup 

consists of 12 laminates having symmetry on the other side having a thickness of 0.125 mm. 

Figure 4-24 shows the properties of the composite for unidirectional orientation with 12 layers 

of fibre as reinforced in tensile testing which shows a good resemblance with the experimental 

determined values.    

 

Figure 4-24 Properties calculated using LAP 

 

Table 4-6 3D printed composites layups configuration with their angle minus longitudinal 

Layup AML 

[0]s -1 

[90]s 0 

[0,90]s 0.5 

[45,135]s 1 

[0,45,135,90]s 0.25 

 

The comparison between the experimental data and the results from LAP using CLT shows a 

great resemblance for Young’s modulus in longitudinal direction. The difference between some 

of the predicted and the actual experimental values is due to the reasons of not taking some 

process parameter effects (compressive tensile strength and Young’s modulus) on 3D printed 

parts as they were not considered in the present work. Efficiency (Krenchel) factor of 0.375 
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must be applied for Quasi-isotropic specimen. Poisson’s ratio calculated using LAP in 

transverse direction was 0.01853 which was the same as calculated using the relation υ21 = 

υ12 
𝐸2

𝐸1
 [97]. Results from LAP was determined and compared with the experimentally 

determined values which are in good agreement with each other and are summarized in Table 

4-7. The longitudinal laminate exhibits the highest load bearing capacity as the fibres are 

aligned in the loading direction. As expected, the mechanical properties decrease for cross ply, 

quasi-isotropic and transverse direction.     

Table 4-7  Comparison between the experimental and the predicted values determined using LAP 

Values Experimental values Predicted values using LAP 

E11 73.20 GPa 72.87 GPa 

E22 4.10 GPa 4.75 GPa 

G12 2.23 GPa 3.43 GPa 

υ12 0.33 0.31 

τ12 61 MPa 59 MPa 

4.11 Chapter Summary 

The main goal of this work was to study the effect of reinforcement on the mechanical 

properties of 3D printed polymer composites filled with continuous carbon fibres with different 

orientation that were produced using Mark Two printer. Maximum tensile strength and stiffness 

achieved for fibre in the loading direction was 524.66 MPa and 73 GPa and this was much 

higher than the unreinforced 3D printed parts (32 MPa and 0.84 GPa). Results showed that the 

mechanical properties obtained for 3D printed polymer composites are still not comparable to 

those obtained by traditional methods (pre-preg). This may be due to fact that 3D printed 

structures have high level of porosity as well as low level of fibre content. Furthermore, the 

improvement of the mechanical properties in comparison to unreinforced samples is 

significant. From the micrographs it was observed that the 3D printed composite parts exhibit 

a large amount of inhomogeneity having polymer rich and fibre rich regions. Strength and 

ductility of the specimen also depends on the amount and the orientation of the fibre contents. 

The predicted values for the quasi-isotropic specimens obtained using LAP show good 

agreement with the values obtained through experiments.   
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In this chapter, polymer composites were fabricated, and the parts produced are stiff, strong, 

durable and capable of replacing machined aluminium with great precision and surface finish. 

Parts that can be produced using Mark forged Two 3D printer are jigs, jaws and fixtures and 

parts for medical applications. This chapter discussed the mechanical properties of 3D printed 

samples with different fibre orientation and fibre content with a porosity content of about 8%. 

In chapter 5, a novel method of compaction is used to reduce the void content by placing the 

3D printed plate in a platen press machine and then the mechanical properties, void content 

was calculated before and after the compaction which are discuss in detail in chapter 5.  
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Chapter 5: Characterization of continuous carbon fibre reinforced 3D 

printed polymer composites with varying fibre volume fractions  

Fused deposition modelling (FDM), one of the most popular additive manufacturing (AM) 

techniques, was used to investigate the elastic properties of 3D printed polyamide-based 

polymer composites structures. The aim of this chapter is to evaluate the mechanical properties 

of continuous carbon fibre reinforced polyamide polymer composite samples using tensile and 

flexural testing by varying the fibre volume content with applying pressure, temperature and 

holding the samples for 60 minutes in the platen press. As the mechanical properties of the 3D 

printed material is still unable to compete with composite structures fabricated using 

conventional manufacturing techniques. This is mainly due to the lower fibre volume fraction 

and larger void content. In this chapter, the efforts that were made to increase the fibre volume 

fraction and to reduce the void contents are discussed.  

Synergetic effect of both short and continuous carbon fibre was also studied, and it was 

observed that the tensile properties were higher for the samples reinforced with short and 

continuous fibre than only continuous fibre polymer composites. Effects of voids on 3D printed 

continuous carbon fibre-reinforced polymer composites were quantified. A microstructure 

study of the 3D printed polymer composites was carried out using scanning electron 

microscope (SEM). Following SEM analysis on the tested specimens, it was observed that 

there is a strong correlation between the mechanical properties and the microstructure. Fibre 

volume fraction was measured using acid digestion method to determine the amount of fibre 

contents before and after hot pressing (compaction). Most of the contents of this chapter were 

published in “Composite Structure”:  

https://www.sciencedirect.com/science/article/pii/S0263822321014549  

5.1 Aims and objectives  

 In this chapter, a novel technique of compacting (pressurizing) the samples using hot 

press machine after printing was used to increase the fibre contents, reduce the void contents 

which in return increase the mechanical properties. The fibre volume fraction was calculated 

by acid digestion method for each specimen type before and after compaction and was 

compared to the Eiger software which also gave the estimation of the amount of fibre and 

polymer (Nylon) used. However, the Eiger does not consider the amount of binding agent 

present in each fibre filament or the volume of short fibre present in the matrix (Onyx) but from 

the literature it is clear that it contains 40% of fibre [103]. 

https://www.sciencedirect.com/science/article/pii/S0263822321014549
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 Previously research has been conducted to improve the strength and modulus of 3D 

printed polymer composites. However, in this study fibre volume fractions were controlled 

(increased) by using two methods. One method is by varying the number of fibre layers in the 

composite specimens with controlled fibre orientation having maximum number of fibre layers 

in the specimen. In second technique, fibre volume fraction was increased using hot platen 

pressed machine by applying pressure at 130 °C to investigate the mechanical properties by 

improving the interface bonding between fibre and matrix and reducing the voids that were 

induced during printing. Subsequently, tensile strength and elastic modulus of hot press 

samples were compared to the non-press samples and there was significant improvement in the 

mechanical properties which were almost equivalent to the samples manufactured using 

conventional manufacturing techniques. This technique will help researchers and designers to 

enrich the mechanical properties of 3D printed polymer composite for application required in 

high strength structures. Furthermore, SEM was employed to study the microstructure 

behaviour as well as voids in the specimen.  

5.2 Materials and methods (Experimental procedures) 

5.2.1 Unpressed and pressed specimens fabrication 

 In this work, different types of polymer composite specimens were fabricated using a 

Mark forged Two 3D printer, and mechanical testing was conducted using a tensile machine. 

The first type specimens were reinforced at different orientations with continuous carbon fibre; 

this is a proprietary material of the Mark forged. Fibre volume fraction was varied for these 

specimens by changing the number of fibre layer in the polymer composite. The second type 

of specimens were printing using both Onyx (chopped carbon fibre) with continuous carbon 

fibre to study the synergetic effect on the mechanical properties. Also, a large plate was printed 

and subsequently compressed to achieve high fibre volume content before test samples were 

extracted according to the ASTM standard.   

 3D printed non-press polymer specimens were fabricated using zero-degree, Quasi-

isotropic (0, ±45,90) and ±45-degree fibre orientation with each set consists of five samples 

according to the ASTM standard. All the samples were printed with 100 % fill density and 

solid fill structure with 0.125 mm layer thickness. For the press samples, a large plate having 

dimension of 190 x 130 mm (Figure 5-1) was printed with four Nylon layers on the top and 

four layers on the bottom. The top and bottom Nylon layers with a thickness of 0.625 mm was 

removed with a sharp knife to achieve maximum fibre volume fraction before placing the plate 

in the platen press. A metal plate was cut having a thickness of 3.5 mm in which the 3D printed 
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part was placed and was press with a hydraulic head pressure of 50 bar and maintaining 

temperature of 130 °C with 1 hour holding time in the press machine. Before these conditions, 

trials were carried out to achieve the best possible temperature and pressure at which the desire 

thickness was achieved with better surface finish. After pressing the large plate was kept for 

two hours in the press machine, the plate was then removed after cooling naturally as it may 

distort the shape if removed straight away and residual stresses may also appear. The tensile 

samples were extracted from the large plate using water jet cutting having dimension of 165 x 

19 mm as shown in  Figure 5-2. Glass fibre composite tabs were bonded to these samples using 

Araldite adhesive. Tabs prevent damage to fibres from jaw faces which need to be gripped in 

a range of manual or hydraulic grips with serrated jaw faces. Bonding of tabs is time consuming 

and expensive and difficult with thermoplastic composites because of low adhesion. To 

overcome adhesion problem, the outer side of the sample were made rough, so the tabs can be 

bonded directly to the specimens with minimum glue thickness.         

5.2.2 The Markforged Two 3D printer limitations 

 Mark forged is the first 3D printer which can impregnate the plastic filament with 

contionous carbon fibre by using two separate print heads. The part produced using Mark 

forged exhibits signifcant increase in mechancial properties for structural applications. One of 

the drawback of this process is that the amount (combination) of fibre-resin is predetermined 

(fixed) any other resin or reinforcing fibres can not be used for 3D printing.   

Mark forged Two 3D printer has few limitation outline below: 

• Printing speed is predetermined and can not be change along with the nozzle 

temperature for both the nozzles. The nylon filament temperature is 270 °C and 250 °C 

for fibre filament to melt the fibre filament resin. 

• First and final layers can not be printed of fibre, which increases the amount of resin 

volume in the printed part. 

• Build plateform can not be heated and must be kept at room temperature.  

• A layer thickness of 0.125 mm is used for printing carbon fibre while 0.10 mm thick 

layer is printed with glass fibre and Kevlar.  
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Figure 5-1 Flat plate with estimation of plastic and fibre calculated by Eiger software 

 

 

Figure 5-2 3D printed polymer composite plate after pressing and extracting the rectangular tensile 

samples using water jetting 

5.3 Tensile and flexural test conditions  

 Tensile and flexural tests were performed using an Instron machine with 100 kN 

capacity. Extensometers were used to measure the strain in longitudinal and transverse 
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direction to measure Poison’s ratio for tensile samples. Test conditions for tensile and flexural 

test are summarized in Table 3-2. Density and fibre volume fraction were measured before and 

after pressing in accordance with the ASTM D-792 and ASTM D-3171 respectively 

[104][105]. Matrix digestion method was used using 60% w/w Nitric acid at 70 °C with 

magnetic stirring for 3 hours. After this, the samples were rinsed with DI water and a final wash 

with acetone. The fibre was then dried in the oven and the mass of the fibre was calculated. 

The density of the carbon fibre calculated was 1.766 g/cm3 as calculated the same by Fuji et al. 

[106].    

5.4 Tensile test results  

 The performance of 3D printed specimens was evaluated by performing tensile tests 

according to ASTM standard [107]. Samples were tested at a rate of 2 mm/min and data from 

the load cell and extensometer was collected at a frequency rate of 20 Hz. Mechanical 

properties of the 3D printed polymer composites were compared with the supplier data sheet 

and compared to other values available in the literature. Van der Klift et al. [33] reported the 

discontinuities, and from the experimental results it was obvious that these discontinuities of 

the fibres leads to premature failure in the areas where fibre were absent or cannot be printed. 

Dickson et al. [47] addressed this problem by fabricating test samples in which the fibre ends 

were laid down beyond the end tabs. This approach resulted in the increase of tensile strength 

without modifying the samples between printing and testing. In this study to overcome this 

problem, a large plate was printed, and samples were extracted using water jet machine before 

testing in the tensile machine. 

 In 3D printing, no pressure is applied during the layers deposition upon each other 

which play a fundamental role on the manufacturing of laminated parts. The absence of 

pressure leads to porosity and results in the presence of defects which affect the strength and 

stiffness of the structure. Justo et al. [37] investigated the plane strength and stiffness properties 

of nylon based composites using tensile and compression test. From the results, it was observed 

that the AM specimens are not comparable in strength to the specimen fabricated using 

conventional methods, but there was significant improvement in strength and stiffness as 

compared to unreinforced specimen. Caminero et al. [108] studied the interlaminar bonding 

performance using short beam shear test on 3D printed polymer composites reinforced with 

carbon, glass and Kevlar. The results indicated that it is still a challenge to increase interlaminar 

shear performance of 3D printed specimen in comparison to autoclave technique. In another 

research by Caminero et al.[63], impact damage resistance of 3D printed thermoplastic 
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composite are carried out to determine impact strength. Glass fibre reinforced samples were 

found to exhibit the best impact performance followed by carbon fibre. Furthermore, it was 

also observed that impact strength increases with the increase in fibre volume content. In this 

work, tensile tests were carried out on several different samples including reinforcing short 

carbon fibre along with continuous fibre, dog bone and rectangular samples which were pressed 

after 3D printing:  

5.5 Synergetic effect of short and continuous carbon fibre on tensile properties  

 Composite characterization is a challenging task as it is anisotropic in nature, meaning 

that bulk properties vary strongly with direction. The properties of polymer matrix composites 

are also influenced by temperature and humidity. The mechanical properties of continuous 

carbon tows and short carbon fibre reinforced with nylon was evaluated by conducting tensile 

tests. From the results in Figure 5-3, it is obvious that the synergetic effect of short and 

continuous carbon fibre properties is superior to the individual continuous carbon fibre. The 

maximum tensile strength and elastic modulus achieved was 482 MPa and 61 GPa as compared 

to the continuous carbon fibre specimen which was 416 MPa and 56 GPa respectively. The 

increase in mechanical properties was due to the increase in the fibre volume fraction from 

28% to 31 % which was calculated using acid digestion method.   

 

Figure 5-3 Tensile strength comparison of continous carbon fibre with synergetic effect of short 

and continous carbon fibre 

5.6 Hot pressed dog bone shape samples  

 Table 5-1 shows the mechanical properties of the 3D printed composite pressed and 

unpressed samples. It is observed that the pressed samples showed the best performance in 
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terms of tensile strength and elastic modulus. The maximum value obtained for tensile strength 

and elastic modulus was 588.27 MPa and 73.43 GPa respectively for dog bone shape samples 

with fibre at unidirectional (0-degree) orientation. Dog bone shaped test samples were extracted 

from the large press plate using water jet machine as printed samples resulted in failure at the 

radial section due to premature failure. To resolve this issue water jet was used and the samples 

extracted are shown in Figure 5-4. Melenka et al. [40] predicted the elastic modulus of 3D 

printed parts reinforced with continuous carbon fibre using volume average stiffness (VAS) 

method. Samples manufactured by 3D printing using Mark forged Two have voids which is 

constant for all types of specimen configuration in this study. Voids content was approximately 

4.2 % for non presses samples and reduced to only 0.26 % for pressed samples which was 

measured from microsectionong analysis discussed later in this chapter.  

 

Figure 5-4  Dog bone shaped tensile samples extracted from  large plate  using water jet machine 

5.7 Mechanical properties of hot-pressed rectangular samples   

 A large plate with dimension of 190 mmx 125mm was printed with Mark forged Two 

3D printer. After that, 3D printed plate was placed in an aluminium mould (3.5mm thick) that 

matches the dimension of the plate. Next, it was heated and compressed by a hot-press machine. 

During hot-pressing, the temperature was maintained at 130 °C, pressure in the hydraulic press 

circuit was maintained at 50 kPa for 60 minutes and then left until it cools naturally to room 

temperature. It must be noted that excessive pressure for more time may destroy the path of the 
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continuous carbon fibre which may lead to premature failure. Samples were extracted from the 

plate as shown in Figure 5-2. 

 It was observed that the tensile strength and Young’s modulus of 3D printed pressed 

samples increases as compared to unpressed samples as shown in  Figure 5-6. The stress versus 

strain response of unpressed samples highlighted the high ductility and elongation at failure of 

the press samples and the elongation at break is relatively lower compared with unpressed 

samples. Tensile strength and Young’s modulus of unidirectional pressed 3D printed polymer 

composites were 768.35 ± 39 MPa and 80.39 ± 1.2 GPa respectively. Tensile strength and 

elastic modulus were approximately 27% higher than that of unpressed 3D printed samples due 

to the lower void fraction and increased adhesion between the layers as reported by the author 

[109]. Tensile strength and tensile modulus of 800 MPa and 60 GPa has been reported by the 

manufacturer [110]. Fracture rupture of the pressed samples occur near the gripping area and 

the main reason was the delamination of the layers due to the brittle nature of the composite 

samples. In most samples, the fracture occurs near the gripping region which means that the 

samples were strong enough to bear the load but fail due to the stress concentration factor. 

Figure 5-5 shows the stress-strain behaviour of hot-pressed sample for zero-degree orientation.  

  

Figure 5-5 stress strain behaviour for hot press samples with zero-degree orientation 
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Table 5-1 Tensile strength and elastic modulus comparison of press 3D printed polymer composites 

using platen machine 

Fibre Angle 
Hot press 

temp (°C) 
Time 

(minutes) 

Pressure 

(bar) 

Tensile 

strength 

(MPa) 

Young’s 

Modulus 

(GPa)  

Unidirectional (0°) 130 °C 60  50 768.35 ± 39  80.39  

± 45 orientation 130 °C 60  50 597.45 ± 25  71.68  

Quasi Isotropic (0°, 
± 45, 90°) 

130 °C 60  50 655.94 ± 31 77.91  

 

 The pressed specimen using platen press exhibit higher mechanical property values than 

those of the 3D printed unpressed samples because of the reduction in porosity and increasing 

the interlaminar strength. Hot pressing was carried out using platen press to the 3D printed 

plate as a post process. Figure 5-6 and Figure 5-7 shows the tensile strength and Elastic 

modulus comparison for pressed and unpressed samples for different fibre orientation 

respectively while Figure 5-8 shows the tensile strength and elastic modulus comparison with 

the variation in fibre volume fraction.  

 

 

Figure 5-6 Tensile strength comparison between press and unpress samples for different fibre 

orientation 
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Figure 5-7 Elastic Modulus comparison between press and unpress samples for different fibre 

orientation 

 

Figure 5-8 Comparison of tensile strength and elastic modulus with increasing (varying) fibre 

volume fraction 
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5.8 Flexural properties of 3D printed polymer composites 

 Flexural specimens were fabricated according to ASTM D7264-15 standard, and the 

fibre volume fraction was varied by varying the number of fibre layers. This test method is 

used to determine flexural properties of reinforced and unreinforced samples. Specimens must 

be solid and uniformly rectangular with two supports from both sides and load applied midway 

between the support with a loading nose as shown in Figure 5-9. Specimens were tested until 

failure at the outer surface of the test specimen or until the maximum strain. Span to depth ratio 

of 32:1 was used with radial nose of 5mm. The test specimen geometry was designed in Solid 

Edge which is a computer aided design (CAD) software for 3D modelling. Effect of fibre 

content on the flexural properties was studied by modifying the number of fibre layers using 

isotropic configuration to vary fibre volume fraction. Five specimens of each configuration 

were tested according to the standard. All the specimens were printed with 5 top/bottom and 1 

wall layers. In Eiger, it is possible to change the fill density but for these test samples 100% 

fill density was kept the same. A universal tensile machine was used to apply the load to the 

specimens.  

 

Figure 5-9 Three-point bending test specimen configuration 

 

 Figure 5-10 and Figure 5-11 shows the stress-strain curve for flexural test with 24 and 16 

layers of carbon fibre respectively with good consistency. Flexural tests results were analysed 

and the factors that affect the flexural modulus and proportional limit responses were identified. 

Flexural strength and flexural modulus of 478.92 MPa and 45.78 GPa was recorded 

respectively from the three-point bending test with 24 and 16 fibre layers respectively which 
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are summarized in Table 5-2. Tianyu et al. [91] studied the flexural properties of AM specimen 

and the experimental results shows that the concentric infill pattern show high flexural strength 

and energy absorption capacity with 43.5 % weight carbon fibre. Miguel et al. [111] evaluated 

the compressive and flexural properties of additively manufactured specimen. There was 

significant improvement in flexural strength as compared to compressive strength. Premature 

failure was observed due to the delamination of layers caused during manufacturing process.   

 

 

 

Figure 5-10 Stress strain curve for flexural test of 3D printed composite specimens with 24 layers 

of carbon fibre 
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Figure 5-11 stress strain curve for flexural test of 3D printed composite specimens with 16 layers of 

carbon fibre 

 

Table 5-2 Flexural properties of 3D printed polymer composites with different fibre volume fraction 

Specimen type Flexural 

modulus 

Standard 

deviation 

Proportional 

limit (flexural 

strength) 

Standard 

deviation 

24 fibre layers 45.78 GPa 2.56 478.92 MPa 4.95 

16 fibre layers 15.81 GPa 4.09 295.51 MPa 5.82 

  

 Impact testing was performed by subjecting the 3D printed samples to a swinging 

pendulum. This impact test measures the energy absorbed by the pendulum and is used an 

indicator of material toughness. Specimens were fabricated according to ASTM D256 standard 

having a V-notch in the middle of the specimen shown in Figure 5-12. A notched Izod impact 

test was also conducted at room temperature using an impact pendulum (Zwick) according to 

ASTM D256 standard. In this work only samples printed with zero-degree orientation were 

studied with average impact energy absorption rate of 49 J. Impact testing is normally done to 

determine the amount of energy absorbed by the specimen because of change in potential 

energy related to the difference in the height of the swinging pendulum before it is released 
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and the maximum height it reaches after the impact. Different types of failure such as 

delamination, fibre breakage occurred in impact testing which are shown in Figure 5-13.    

 

Figure 5-12 Impact samples dimension in mm used for Impact testing 

 

Figure 5-13 Fracture types observed for impact samples 

 

5.9 Effect of pressing on fibre volume fraction  

 The fibre volume content can be increased or decreased by varying the number fibre 

layers in 3D printed samples. This also increase or decrease the thickness of the sample 

accordingly. Beside this, individual layers of fibre can be changed to any desired orientation 

within the same geometry. The fibre volume ratio for each sample was calculated from the 
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fibre and nylon volumes stated by the Eiger software. Acid digestion method was used to find 

the fibre volume fraction (FVF) of three samples of each type on a hot plate at 280 °C for 4 

hours in accordance to procedure described by ASTM D 3171 [105]. The fibre volume fraction 

of each pressed plate was calculated according to ASTM standard and is summarized in Table 

5-3. Before calculating fibre volume fraction density of resin, fibre and the composite samples 

was calculated. The fibre volume fraction calculated for zero degree, quasi-isotropic and ± 45-

degree orientation samples were the estimated 34.75 %, 34.91 % and 34.84 % respectively and 

the same is reported by Blok et al. [39]. 

Density was measured for neat polymer samples as well as for the composite samples according 

to ASTM (D 792) standard using buoyancy method in ethanol with at least five samples for 

each type. The void contents in the filament were determined from direct measurement of 

weight and volume. Density of the composite samples with various fibre orientation are 

summarized in Table 5-3. 

Table 5-3 Fibre volume fraction contents calculated by acid digestion method for 3D printed polymer 

composites having 24 layers of fibre (dog bone shape samples) 

Samples 

(FVF) 

Density 

(kg/m3) 

Fibre content 

Volume (Vf %) 

Resin content 

Volume (Vr %) 

Void content 

(%) 

zero-degree 

orientation 

 

1194.07 34.75 65.25 8.35 

Quasi orientation 

(0, ±45,90) 

 

1250.79 34.91 65.09 4.55 

±45-degree 

orientation  

 

1261.44 34.84 65.16 6.92 

5.10 Micro sectioning analysis on 3D printed samples 

 Void content analysis was performed in accordance with AITM 4-0005 and were 

evaluated after the specimen is polished. Micro sectioning analysis was carried out for both 

unpressed and pressed samples. The microsections were cut from the samples using a diamond 

saw (wet) and the specimens were marked-up prior to machining. After machining the 

specimens were potted in resin to aid with specimen polishing. The microsections were ground 

and polished through four stages. The first two stages consist of grinding the specimen surface 

using SiC paper of 600 grit and 1200 grit with water. The final two stages aimed to improve 
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specimen surface to a mirror polish using polishing cloths and self-lubricating polycrystalline 

diamond suspensions. The completed microsections as shown in Figure 5-14 were then 

examined microscopically and the appropriate images recorded. Stream basic (Image 

processing software) was used to capture the images of the samples which were extracted from 

tested tensile specimens.  

 

 

Figure 5-14 potted 3D printed polymer composites specimen for micro sectioning 

 Figure 5-17 shows the distribution of fibre and resin in the composite samples with fibre 

orientation in longitudinal and transverse direction. Also, it should be noted that the void 

content of 0.26 % measured for press samples (Figure 5-16) as compared to non-pressed 

samples which has void contents of 3.96 % as shown in Figure 5-15 at 50X magnification. 

Voids or cluster of voids are present throughout the specimen for un pressed samples along 

with resin rich areas.  

 

Figure 5-15 Thickness measurement and void content analysis for un pressed specimen 

[Magnification 50X] 
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Figure 5-16 Thickness measurement and void content analysis for press specimen [Magnification 

50X] 

 

Figure 5-17 Fiber orintation at 0/90 degree with magification of 50X 

 

5.11 SEM analysis of tensile fractured samples 

 Scanning electron microscopy was carried out to analyse the fracture behaviour of the 

fracture samples. SEM was performed to identify and verify the internal structure/print quality 

of the polymer composite and examine the fracture mechanism. The specimens were coated 
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with Gold-Palladium target and was mounted with a conducting carbon tape. Carbon tape was 

also applied before SEM to avoid charging.             

 Figure 5-18 shows that the failure occurs due to the fibre breakage along with some 

resin rich areas, matrix pull out can also be observed. The strands of broken fibres are observed 

in the fracture samples. Some of the fibres are broken and some of them are pulled out from 

the matrix. Fibre breakage was the main cause of the sample failure. From SEM examination, 

it clearly indicates porosity in the low pressure manufactured samples, which is the main cause 

for the reduction of strength in 3D printed polymer composites. It was noticed that the voids 

(porosity) are present between the fibre itself as well as between the printed layers. Porosity 

can be either unintentionally, which cannot be controlled in the well-prepared structure, or it 

can be engineered (controlled) for a particular function by changing the dimensions, size, or 

orientation. Figure 5-19 shows the fibre orientation in longitudinal, ± 45 and transverse 

direction with fibre breakage and pull-out, while Figure 5-20 shows the fibre breakage, resin 

rich region and distribution of fibre within the composite sample.  

 

 

Figure 5-18 Micro graph of 3D printed polymer composite specimen showing continuous strands 

of carbon fibres b) voids between the layers c) Polyamide observed in CF filament 
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Figure 5-19 Fibre orientation in longitudinal, ±45 degree and transverse direction 

 

Figure 5-20 SEM image showing the fibre in the printed specimen after fracture 
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5.12 Micro computed tomography (µCT) of press and unpressed samples 

 Micro-computed tomography was carried out to observe the fibre orientation and level 

of porosity inside the specimen using SkyScan 1275 Bruker machine. The images were taken 

keeping X-ray detector at 3 MP (1944 x 1536) with a 75 µm pixel size. 20 – 100 kV range. A 

10 W x-ray source with a < 5 µm spot size at 4 W target power. Data Viewer an imaging 

software of Bruker was used to process the images. CT analyser was used to measure 

quantitative parameters and constructing visuals from scanned 3D datasets obtained with 

SkyScan. Basics steps involve in CT analyses are summarized in Figure 5-21.  

 

Figure 5-21 Steps in CT analysis for optimal and intuitive workflow 

 

Samples were scanned before mechanical testing to calculate the porosity of 3D printed 

polymer composites. The largest derease in porosity was from 20 % to 4.5 % for pressed 

samples at 0-degree orientation using the platen press, which also exhibits high tensile strength 

and modulus. Figure 5-22 and Figure 5-23 shows the 2D µCT images recorded for contionous 

carbon fibre reinforced unpress samples. The side shows the nylon at 45 degree orientation 

while the fibres are in longitudnal direction. From the literature [112] it is clear, that there is 

also porosity in the filament as resin are not accumulated completely around the fibre as it is 

impossible to achieve uniform fibre distribution throughout the spool. This leads to the fact 

that the porosity in 3D printed samples appear due to the non-adequate bonding between the 

layers as well as due to the non-uniform distribution of fibre in the individual fibre.    
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Figure 5-22µCT images showing dark regions as voids distribution of 3D printed polymer 

 

Figure 5-23 µCT images showing dark regions as voids distribution of 3D printed polymer 

composite specimen 
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Figure 5-24 µCT images of 3D printed polymer composite after pressing using platen press with 

lower voids content 

 

Figure 5-25 µCT images of 3D printed polymer composite after pressing using platen press with 

lower voids content 
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 Voids in the 3D printed samples were extracted from the µCT images with dispersed 

voids observed in the specimen. Many voids were distributed along the fibre direction which 

mainly depends on the path of the print. Less number of voids were observed (Figure 5-25) in 

the pressed samples as most of the voids discharged during the press machine using platen 

press by applying pressure and maintaining a constant temperature. The void fractions 

calculated using micro sectioning was 4.2 % and 0.26 % for unpressed and press samples 

respectively.  

 The applied pressure after 3D printing resulted in the loss of porosity between the layer 

specially at the outer surface which was directly in contact with the hot plate during pressing. 

Fabienne et al. [113] characterize the filament and matrix interface by performing 

fragmentation tests on mono filament carbon fibre/resin composites along with micro CT 

observations on tested samples. From the cross-sectional observations, it was clear that 3-

dimensional voids were seen as well the fibre breakage of the individual layer.  

 

5.13 Chapter summary  

 The main conclusion from this chapter is regarding the effect of variation in the carbon 

fibre contents in 3D printed specimens with polyamide-based composites, along with the 

application of pressure on 3D printed parts using platen press at a constant temperature for 1 

hour. Conclusion drawn based on the experimental results obtained as below: 

1. Highest strength and modulus obtained were for the hot-pressed samples with 

unidirectional fibre orientation compared to any other orientation. Reason is that the 

fibre in longitudinal orientation resists the stretching and bear the maximum load.  

2. The hot-pressed samples at 130 °C, pressure of 50 bar with 1 hour holding time in the 

press machine shows highest tensile strength and elastic modulus as the layer’s 

adhesion being improved which was verified through micro-CT analysis before and 

after the pressing. Also, the interface between the layers was improved by the escape 

of air gaps that were induced during printing.  

3. Scanning electron microscope was used to see the fracture type and the fibre 

distribution. It was found from the mechanical testing that the tensile strength and 

elastic modulus was increased significantly (768.35 MPa, 80.39 GPa) for the hot-

pressed samples as compared to non-pressed samples (604.34 MPa, 73.1 GPa). Flexural 
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strength was also increased by increasing the number of fibre layers and shows linear 

relation with the fibre content.  

4. From Micro CT analysis it was observed that the porosity decreased for the pressed 

sample; this was the assumed reason for the improvement of the mechanical properties.  

5. Micro sectioning analysis shows that all the samples contain cracks with an average 

void content of 3.96 % for the unidirectional samples produced without the application 

of any pressure.  

6. As the mechanical properties increased significantly as compared to unpressed sample 

however it is still not comparable to the composites fabricated using conventional 

methods. Improvement in feedstock materials, fibre volume fraction, fibre 

impregnation and printing process need to optimize and then it can fill the large gap 

between 3D printed samples and the samples manufactured using conventional 

methods.  

 In conclusion, mechanical properties of 3D printed polymer composites have been 

improved considerably due to increased fibre content up to 35% from 29% and reduction 

(discharged) of void content due to hot pressing using platen press. This finding could increase 

the practical applications of 3D printed polymer composites using continuous carbon fibre. In 

this chapter, compaction of 3D printed composite plate was carried out with reduction of void 

content which will enable this technique towards the development of functional composite 

components for high performance structural applications. In chapter 4 and 5, in-plane 

mechanical characterization of 3D printed polymer composites was carried out that was 

fabricated with different fibre content and fibre orientation. In Chapter 6, Through-thickness 

tensile strength and elastic modulus was measures for two different geometries i.e., circular, 

and rectangular. Strain gauges was mounted on both types of configurations to accurately 

measure the modulus.  
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Chapter 6: Fatigue Analysis, Elastic Modulus and Flat-Wise Tensile 

Strength of Continuous Carbon Fibre Reinforced 3D Printed Polymer 

Composites 

Additively manufactured composite specimens exhibit anisotropic properties, meaning 

that the elastic response changes with respect to orientation. Both in-plane and out-of-plane 

mechanical properties are important for designing purpose. In this study, however, through-

thickness tensile strength of 3D polymer composites was determined by printing of continuous 

carbon fibre reinforced thermoplastic polyamide-based composite. This chapter focuses on the 

geometry, fabrication of the specimens and the testing procedure that are employed in 

conducting the experimental investigation to evaluate the elastic modulus and the through 

thickness strength (interlaminar) of the parts manufactured using AM technique. Different glue 

types were tried before finding a suitable one for these samples for bonding the samples with 

the tabs. Therefore, it is necessary to evaluate the properties by applying standard test methods 

and procedure. Information regarding the equipment used, test fixture and the bonding of the 

specimen to the tabs are also discussed. The main aim work is to evaluate the properties in the 

z-direction; a lot of data is available on the in-plane mechanical properties (x and y-direction) 

of 3D printed polymer composites, but further work is required to determine and understand 

the weaker out-of-plane response to assist designers in modelling using numerical tools and 

allow for safe component design. It was determined that circular specimens have higher tensile 

strength and elastic modulus as compared to rectangular specimens. Most of the contents in 

this chapter is based on the paper in Materials. https://www.mdpi.com/1996-1944/15/3/1002  

6.1 Through thickness specimen design and fabrication 

Test samples were fabricated according to ASTM standards [114] for through thickness 

testing having diameter of 25 mm and a 7 mm nominal height as shown in Figure 6-1 and were 

tested using Instron machine (model 5500R) having 5 kN load capacity. Before printing, the 

samples were sliced in Eiger software available with the 3D printer which also gave the 

estimate of the volume of fibre and polymer. At least five specimens per test condition were 

used unless valid results obtained with fewer specimens. Test specimens used were square and 

circular cross section with the end section equal to the thickness of the bonding panel. 

According to the standard the coupons are cylindrical or a reduced gage section. The nominal 

diameter where the specimen is bonded to the metal end tabs is 25 mm and it may vary from 

20 mm to 28 mm according to the standard. The type of reinforcement was selected as isotropic 

for each layer of fibre with top and bottom layers of nylon which was removed before mounting 

https://www.mdpi.com/1996-1944/15/3/1002
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to the tabs with the adhesive. End tabs were machined from steel bars using a lathe and was 

bonded with the specimens using jigs to align the parts. Specimens were cured at room 

temperature for a minimum of twenty-four hours prior to testing so the glue/adhesive could 

reach its maximum efficiency. After this specimens were mounted with the strain gages to 

measure the elastic modulus accurately.   

 

 

Figure 6-1 Sample design and the amount of polymer and fibre calculated by the slicing software 

(Eiger) 

 

6.2 Through thickness testing of polymer composites   

In polymer-based composites fabricated using FDM technique, fibre reinforcement happens in 

a plain wise fashion, that is layer-by-layer format, which exhibits anisotropic properties [115]. 

This causes the relatively low structural strength of the composite, as well as relative weak 

fibre-matrix interface between layers which can be assessed by a through thickness test (also 

known as z-direction tensile testing). In this method, force is applied to a test specimen whose 

axis is perpendicular to the reinforcement plane of a composite specimen. Through thickness 

test method is fully developed for polymer composites fabricated through conventional 

methods and specific standards are in use for testing through thickness direction. However, 

very little literature is available for specimen manufactured through AM techniques.   

Through thickness test of the 3D printed samples were carried out using a tensile machine with 

a test speed of 0.5 mm/min. Two strain gages were mounted to the centre of the specimens to 
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measure average strain. Using elastic region of stress-strain curve, elastic modulus was 

calculated.     

Several factors that influenced the through thickness tests were bonding (facing) material, 

adhesive type, sample fabrication technique, specimen geometry, specimen alignment and 

speed of testing. The Araldite 2014 two-part epoxy was considered suitable for this test type 

as it provides high mechanical properties along with excellent environmental resistance. Prior 

to bonding, the composite was dried, and the bonding surfaces wiped with a cleaning solvent 

(acetone) that did not affect the surfaces physically or chemically.  Initially some trials tests 

were conducted using different speed until the ultimate strength of the material and the 

compliance of the system were known. The standard head displacement rate was 0.50 mm/min 

which was kept constants for all the test specimens.   

6.3 Through thickness test results  

Through thickness (flat wise) tests were carried out to determine the strength for each type of 

configuration. Initially the value of stress achieved was 7 MPa for the non-fracture samples as 

the failure did not occur in the gage length of the specimen. Several factors involved in the 

failure of test because of the debonding between the sample and the steel tabs. Firstly, it might 

be because of the adhesive as it might not be cured fully before testing or it had not reached 

the ultimate strength. Secondly, the surface of the specimens might have not been roughened 

enough to provide a better surface area for bonding. After this, adhesive type was changed and 

the surface was roughened more deeply as nylon is notoriously difficult to bond due to presence 

of slip additives within the material which make it difficult for the adhesive to bond properly 

to the nylon surface, thus causing premature failure (delamination) in the glue and nylon 

surface. For better adhesion, the outer layers of nylon were removed, and the tabs were bonded 

to the fibre reinforced layers which gave more rough area for bonding, and it caused the failure 

in the desired area. Environmental conditions were kept in mind as it might affect the tabs 

chemically if not selected properly.  

 As in these tests, the samples were subjected to uniaxial tensile force that was normal to the 

plane of the composite material. Figure 6-3 shows the stress-strain behaviour for circular 

sample, while Figure 6-4 shows the test setupFailure modes acceptable in the flat wise test are 

those which are internal to the structure as shown in Figure 6-5 which vary up to 2 mm from 

the middle of the specimen. Ultimate through thickness tensile strength was calculated using 

𝐹 =
𝑃𝑚𝑎𝑥

𝐴
. Dimensions of the sample were recorded before each test. It is evident from Table 
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6-1 that the Mark forged Two 3D printer has a great accuracy and precision which is due to the 

stiffness added by the carbon fibre to the printed part. Two strain gages (Figure 6-7) were 

mounted on both circular and rectangular specimen and elastic modulus was calculate from the 

data obtained from strain gages and the Instron machine. For rectangular samples (Figure 6-6), 

four strain gages can be used on all four faces to achieve better accuracy. Maximum value for 

tensile strength of 12 MPa and elastic modulus value of 2.94 GPa was measured for circular 

specimen. While for rectangular specimen tensile strength of 7.8 MPa and elastic modulus of 

2.8 GPa was obtained. Maximum tensile strength (through-thickness) obtained is 7 MPa 

determined by Bitar et. al [9]. 

Porosity affects the strength and stiffness of the fibre composite material, but it is difficult to 

measure its contribution as some other parameter effect like printing speed, infill density and 

pattern, printing speed and temperature which can be measured or characterized using 

experimental techniques. The increase in the porosity content in AM technique is directly 

proportional to the size of the reinforcement. However, the increase of fibre content improves 

the dimensional stability of the printed part through minimizing shrinkage and distortion [116]. 

 

Figure 6-2 Load verses displacement curve for through thickness specimens 
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Table 6-1  Dimension (mm) and failure load of 3D printed samples 

Specimen Thickness (t) Width(W) Failure load (N) 

1 11.05 16.43 1309.12 

2 11.06 16.27 1919.30 

3 11.04 16.35 968.43 

4 11.06 16.39 1209.40 

5 10.06 16.37 1136.79 

Average values 11.05 16.32 1228.79 

 

 

 

Figure 6-3 Tensile stress versus strain (displacement)behaviour for circular geometry samples 
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Figure 6-4 Through thickness sample during testing in tensile machine 

 

Figure 6-5 Fracture samples after testing with consistent failure region 

Other standard that is used to determine the strength and modulus is ASTM C 297. Strain 

gages were bonded to the specimen to find the elastic modulus correctly.  
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Figure 6-6 Rectangular through thickness sample for measuring elastic modulus 

 

 

Figure 6-7 Sample test setup to calculate elastic modulus with two strain gauges 

Figure 6-8 shows the stress and strain data which was obtained from the testing equipment 

(Instron) and the stain gages respectively, which was used to calculate the elastic modulus 

using linear part and the mean value of 2.94 GPa was obtained for rectangular sample while 

for circular sample it was 2.88 GPa. Stress data was obtained from the machine while the strain 

data was obtained from two strain gages and was synchronized with each other as the data was 

measured from two different systems. 
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Figure 6-8 Elastic modulus measurement from strain gages data 

6.4 SEM analysis of through thickness samples 

Figure 6-9 shows the scanning electron microscope (SEM) micrograph of the through thickness 

samples which was stopped in the middle of 3D printing to observe the surface and the voids 

between the layers. Voids can be clearly seen between the layers and the fibre can also be seen 

which are impregnated with the matrix. Also, in some areas clusters of carbon fibre can be seen 

along with clearly visible voids. From the Figure 6-10 which at magnification of 20 µm it can 

be concluded that the average diameter of one single fibre is approximately equal to 8.2 µm.  

Through thickness tension test is very sensitive to void content and fibre volume fraction. It 

must be noted that the through thickness tensile strength is particularly sensitive to interply 

void content which is different from that of void content throughout the laminate. 

Thermogravimetric analysis (TGA) (Figure 6-11) was carried out before SEM analysis to 

obtain the fibre from the composite sample as the polymer was degraded using high 

temperature. Figure 4-22 shows the TGA analysis that was performed at a rate of 10 ℃/min to 

determine the degradation temperature which was about 580 ℃ and also to obtain fibre for 

SEM analysis. 
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Figure 6-9 SEM analysis showing fibre distribution with resin along with voids between deposited 

filaments  

 

Figure 6-10 SEM micrograph of through thickness samples showing fibre diameter and voids 
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Figure 6-11 SEM image of the fibres obtained through thermogravimetric analysis 

6.5 Micro-Computed Tomography of the filament and the through thickness sample 

Micro-computed tomography (µCT) was carried out to observe the fibre orientation and level 

of porosity inside the specimen using SkyScan 1275 Bruker machine. The images were taken 

keeping X-ray detector at 3 MP (1944 x 1536) with a 75 µm pixel size. 20 – 100 kV range. A 

10 W x-ray source with a < 5 µm spot size at 4 W target power. Data Viewer an imaging 

software of Bruker was used to process the images.   

From the CT analysis of the single fibre as shown in Figure 6-12 it can be seen that it exhibits 

a high degree of inhomogeneity which results in polymer-rich and fibre-rich regions, mostly 

due to the filament fabrication method which may lead to premature failure of the materials. It 

is also worth noting that entrapped voids are present (evident) with in the filament which may 

also contribute to the formation of voids in the printed composites. Figure 6-13 shows that a 

lot of voids are present at the corner of the specimen as the Mark forged Two 3D printer are 

not able to deposit the fibre in narrow regions which is one of the limitations of the composite 

printer. It also increases the number of voids between the edge and fibre layers which causes 

the failure of the sample as also observed in the literature by Liu et al. [117]. From the CT 

analysis a void content of about 16% was observed in the composite samples which is much 

higher as compared to composite laminated manufactured by traditional techniques which is 

up to 5% for the vacuum assisted resin transfer moulded method [118].  
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Figure 6-12 Micrograph of single carbon fibre and cross section of through thickness sample 

 

Figure 6-13 Micrograph of through thickness sample showing the layer path and the voids 

distribution 
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6.6 Lap Shear testing 

Lap shear strength (LSS) testing involves axial pulling of the bonded specimen and it is one of 

the most commonly test methods for investigating bond strength. Following equation can be 

used to calculate LSS. 

𝜏 =
𝐹𝑚𝑎𝑥

𝐿𝑏
  𝑁/𝑚𝑚2 

Where 𝜏 is the lap shear strength, L is the length of the overlap, b is the width of the overlap 

area, and Fmax is the maximum tensile force.  

Lap shear testing was carried out according to ASTM D5868 standard [119]. At least five 

samples of each type were tested to determine the lap shear strength of the 3D printed parts 

bonded with adhesive and for the samples that was prepared directly using 3D printing 

techniques. Dimensions of the samples was measured before each test and the tests were 

performed for unidirectional samples.  

Standard tensile tests were performed on 3D printed adhesively bonded and 3D Printed samples 

as a single piece (Figure 6-15) with support structure under the half of the sample and was 

tested then using hydraulic tensile test machine with a load cell of 10 kN. Aluminium tabs were 

bonded on both sides of the single lap shear sample using Araldite adhesive to make sure the 

applied load was in the plane of the adhesive layer during the tensile test. In this study 5 sample 

for each test type was tested with repeatable results. Different types of failure were observed 

in lap shear samples which includes (a) adhesive failure (b) failure near the grips area (c) failure 

in adjacent structures. Maximum failure load was obtained for adhesive failure samples with 

2000 N load followed by cohesive failure sample with a load of 1500 N. Figure 6-15 shows the 

dimension of the lap shear sample which are bonded using adhesive.  

 

Figure 6-14 Lap shear sample in Eiger 
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Figure 6-15 Lap shear sample dimensions 

Pizzorni et al. [120] worked on the improvement of the adhesive joint properties using 3D 

printed parts reinforced using short and continuous carbon fibre. Several design factors such as 

overlap length, adhesive type and substrate thickness and configuration were investigated to 

overcome their limitations. It was noted that polyurethane performs better than epoxy following 

the joint deformation during testing, prevents the substrate from delamination and reduces 

stress concentration. Garcia et al. [121] worked on the bond interface design for adhesively 

single lap joint fabricated using additively manufacturing technique. Improvements in the shear 

strength of adhesively bonded lap joints were noticed for the samples fabricated by fusing 

structural reinforcements to the adherents through FDM technique. Printed reinforcement 

appears to have imparted higher shear resistance to the bond regions.  

Khosavani et al. [122] worked on the structural integrity of adhesively bonded 3D printed joints 

fabricated using FDM method. Influence of process parameters and adhesive thickness on the 

performance of adhesively bonded joints. Adhesive of 0.2 mm thickness is considered as the 

optimum value with higher mechanical strength. From the experiment, it is also clear that the 

main type of failure is cohesive.   

Lap shear analysis of the 3D printed samples were carried out on the samples that were bonded 

using glue and with the sample that were fabricated as a single piece using Mark forged Two 

3D printer. From the experimental results, it is clear that the single piece sample exhibits higher 

strength as compared to the bonded samples using adhesive. Figure 6-16 shows the lap shear 

strength of adhesively bonded samples with an average strength of 56.47 MPa. While Figure 

6-17 shows the lap strength with 12 mm of bonded area and from both these graphs it is clear 

that the lap shear strength mainly depends on the adhesively bonded area along with the 
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adhesive (3M) that was used for bonding. Figure 6-18 shows the lap shear strength of 3D 

printed sample as a single piece which is clearly higher than the bonded samples with the glue.  

 

Figure 6-16 Lap shear strength of 3D printed samples bonded using adhesive (25 mm width) 

 

 

Figure 6-17 Lap shear strength of 3D printed samples bonded using adhesive with width of 12 mm 

0

10

20

30

40

50

60

70

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

S
tr

es
s 

(M
P

a)

Strain (%)

LapShear-Test-1

LapShear-Test-2

LapShear-Test-3

LapShear-Test-4

LapShear-Test-5

0

10

20

30

40

50

60

0 0.2 0.4 0.6 0.8 1 1.2

S
tr

es
s 

(M
P

a)

Strain (%)

LapShear-Test-1

LapShear-Test-2

LapShear-Test-3

LapShear-Test-4

LapShear-Test-5



109 

 

 

Figure 6-18 Lap shear strength of 3D printed samples bonded as single piece with width of 12 mm 

6.7 Fatigue analysis  

Fatigue occurs due to repeated cyclic loading which results in fluctuating stress. The load 

applied to the part might be less than the ultimate tensile strength but due to alternating load 

will break the part over the time. On average 50% to 90% failure occur due to fatigue loading. 

Some of the factors that affect the fatigue are stress range, geometry, material type, and the 

environmental conditions. Fatigue failure occur suddenly and are catastrophic which makes it 

necessary for product development.  

Before designing any part, some question regarding part usage and applications needs to be 

studied, such as the expected fatigue life of the part? If the part is designed for infinite lifetime, 

what are the inspection intervals for the safe operation of the part. Fatigue life or number of 

cycles to failure depends on several factors such as loading type, stress ratio, mean stress 

effects, and fatigue modification factors. Terminologies that are mainly used in assessing 

fatigue life are shown in Figure 6-19:       

Stress ratio, R= 
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
 , where 𝜎𝑚𝑖𝑛 is the minimum stress and 𝜎𝑚𝑎𝑥 is the maximum stress.  

Stress range, ∆𝜎 = 𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛 

Mean stress 𝜎𝑚 =
𝜎𝑚𝑎𝑥+𝜎𝑚𝑖𝑛
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Fully reversed loading occurs when an equal and opposite load is applied in which 𝜎𝑚 is zero 

and R= -1. While zero based loading occurs when a load is applied and removed which 𝜎𝑚 is 

𝜎𝑚𝑎𝑥

2
 and R= 0.   

 

 

Figure 6-19 S-N curve terminologies for fatigue life estimation 

Fatigue life assessment is critical in designing the structure of a component used in aerospace, 

medical and automobile industry. It gave the designer an estimate of the component service 

life with safe operation during operation. Fatigue behaviour of 3D printed polymer composites 

has not been reviewed in detail; therefore, this study aims to evaluate the performance of fatigue 

life of samples fabricated using fused deposition modelling (FDM) technique. Fatigue tests 

were carried out on 3D printed polymer composite using different loading condition with fire 

orientation in unidirectional orientation. Static tests were carried out to determine the ultimate 

tensile strength using tensile testing and from that data, load was varied from 80 %- 98 % for 

fatigue testing of the total static load.  

 

6.7.1 Test conditions 

Specimen was manufactured using Mark forged Two 3D printer according to ASTM D3479 

standard [123] with continous carbon fibre reinforced polymer composite. In this project, 

fatigue tensile tests performed for the estimation of fatigue life of the 3D printed thermoplastic 

composites. Testing was carried out at ambient on specimens that were unconditioned prior to 
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testing. All tests were carried out in a laboratory environment controlled to 23 ±2°C and 50 

±10% relative humidity. 

Static tests were conducted before fatigue analysis according to the parameters which are 

specified in the ASTM standard as shown in Figure 6-20. Biaxial extensometer was used to 

measure strain with a test speed of 2mm/min and a modulus range of 0.1-0.3% was used to 

calculate the elastic modulus. After this, fatigue test was conducted at a frequency of 5 Hz with 

a stress(load) ratio of 0.1.  

 

Figure 6-20Test setup for static test on polymer composites samples 

 

6.7.2 Discussion on fatigue test results 

Fatigue test results that was conducted are discussed that were performed at different loading 

conditions. Before that static tests were carried out to find the ultimate tensile strength of the 

sample. From the experiments it is cleared that the fibre orientation and fibre volume fraction 

great influence the fatigue life of the 3D printed polymer composites samples. Fibre volume 

fraction affects the fatigue properties, higher the volume fraction better the fatigue life of the 

polymer composites. Sample near the endurance limit was also tested to find the exact point 

on S-N curve shown in Figure 6-21.  
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Figure 6-21 S-N curve for 3D printed polymer composites at different loading conditions 

 

Table 6-2 show the number of cycles to failure for the fatigue samples until failure at 80% of 

UTS. After 1 million cycles the samples were still, and the failure did not happen. After that 

samples were tested at 85 % of the UTS and from Table 6-3, the average number of cycles until 

failure was about 192,566 and the failure types was the splitting of the samples.  

 

Table 6-2 Fatigue test results at a stress ratio of 0.1 with 5 Hz frequency at 80 % of UTS 

Specimen 

number 

Thickness 

(mm) 

Width 

(mm) 

Max 

Load 

(kN) 

Min 

Load 

(kN) 

Load 

Percent 

(%) 

No. of 

cycles 

Failure 

modes 

1 3.50 19.03 27.088 2.709 80 % 1,000,000 None 

2 3.41 19.0 27.088 2.709 80 % 1,000,000 None 

3 3.43 18.96 27.088 2.709 80 % 1,000,000 None 
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Table 6-3 Fatigue test results at a stress ratio of 0.1 with 5 Hz frequency at 85 % of UTS 

Specimen 

number 

Thickness 

(mm) 

Width 

(mm) 

Max 

Load 

(kN) 

Min 

Load 

(kN) 

Load 

Percent 

(%) 

No. of 

cycles 

Failure 

modes 

1 3.46 19.06 28.781 2.878 85 % 200,036 Splitting 

2 3.46 19.05 28.781 2.878 85 % 177,175 Splitting 

3 3.48 19.01 28.781 2.878 85 % 200,488 Splitting 

 

Table 6-4 shows the fatigue test carried out at 85 % of the UTS and it can be seen that the 

average number of cycles for the failure was about 51,738 cycles and the failure for this kind 

of samples were splitting and the failure near the gripping region (clamp failure). While Table 

6-5 the fatigue results for the samples at 98% of the UTS and the number of cycles until failure 

was 2,921 cycles and the failure mode was splitting and the clamp failure.  

Table 6-4 Fatigue test results at a stress ratio of 0.1 with 5 Hz frequency at 90 % of UTS 

Specimen 

number 

Thickness 

(mm) 

Width 

(mm) 

Max 

Load 

(kN) 

Min 

Load 

(kN) 

Load 

Percent 

(%) 

No. of 

cycles 

Failure 

modes 

1 3.46 18.99 30.474 3.047 90 % 59,538 Clamp 

failure 

2 3.43 18.96 30.474 3.047 90 % 49,771 Clamp 

failure 

3 3.39 18.97 30.474 3.047 90 % 45,906 Splitting 

 

Table 6-5 Fatigue test results at a stress ratio of 0.1 with 5 Hz frequency at 98 % of UTS 

Specimen 

number 

Thickness 

(mm) 

Width 

(mm) 

Max 

Load 

(kN) 

Min 

Load 

(kN) 

Load 

Percent 

(%) 

No. of 

cycles 

Failure 

modes 

1 3.48 19.06 33.183 3.318 98 % 3,400 Splitting  

2 3.46 19.09 33.183 3.318 98 % 2,813 Splitting  

3 3.46 19.06 33.183 3.318 98 % 2,552 Clamp 

failure 
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6.8 Chapter summary  

Through thickness tests were carried out to determine the mechanical properties of 3D printed 

samples after successful experiments to measure both elastic modulus and strength. Maximum 

value for tensile strength of 12 MPa and elastic modulus value of 2.94 GPa was measured for 

circular specimen. While for rectangular specimen tensile strength of 7.8 MPa and elastic 

modulus of 2.8 GPa were obtained. Maximum value of tensile strength that are obtained by 

other researchers is 7 MPa while elastic modulus has not been calculated so far as best of 

author’s knowledge. From the microscopic examination it was observed that some areas are 

resin rich, and fibres were missing which reduced the overall strength of the composite 

samples.  One of the conclusions that was noticed from these experiments is that the geometry 

had an effect and corelation on the strength in z-direction. More work needs to be done in the 

future to minimize the printing defects, as well as to increase the amount of fibre content. Poor 

fibre matrix interface was among the main causes of reduced mechanical performances. To 

have more accuracy for elastic modulus, strain gages must be mounted on each side of the 

specimen.  

From the fatigue testing it was concluded that the fibre properties and the loading percentage 

are crucial for the determination of fatigue life. Different fracture types were observed in 

specimens including splitting, delamination, and fracture at clamp region. For the samples 

tested with 80% of the ultimate tensile strength fracture did not happen even after 1 million 

cycles and for 98% of ultimate tensile strength 2900 number cycles were recorded for the 

failure to occur.  
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Chapter 7: Conclusion and future work 

7.1 Project overall conclusion 

Continuous carbon fibre reinforced polymer composites were fabricated using Mark forged 

Two 3D printer. Characterization of 3D printed parts were carried out using mechanical, 

thermal analysis, physical tests. Mechanical characterization involves the tensile, flexural, 

fatigue and impact testing by varying the fibre orientation and fibre contents.  

One of the main goals of this PhD research project was to study the effect of reinforced 

continuous carbon fibre on the mechanical properties of 3D printed polymer composites with 

different orientation. Maximum tensile strength and stiffness achieved for unidirectional dog 

bone shaped samples with 24 layers of fibre was 524.66 MPa and 73 GPa respectively, and this 

was much higher as compared to the unreinforced Nylon 3D printed samples (32 MPa and 

0.84 GPa). Results showed that the mechanical properties obtained for 3D printed polymer 

composites are still not comparable to those obtained by traditional methods such as resin 

transfer moulding, autoclave, infusion techniques. This may be due to fact that 3D printed 

structures have high level of porosity as well as low level of fibre content as in this case 

maximum fibre contents that can be reinforced is 35 %. However, the improvement of the 

mechanical properties in comparison to unreinforced samples is significant. From the 

micrographs it was observed that the 3D printed composite parts exhibit a large amount of 

inhomogeneity having polymer rich and fibre rich regions. Strength and ductility of the 

specimen also depends on the amount and the orientation of the fibre contents. The predicted 

values for different fibre orientation specimens obtained using LAP show good agreement with 

the values achieved through experiments. 

The effect of varying the fibre volume fraction was also studied on 3D printed polymer 

composites specimen by apply pressure using platen press at 130 ˚C for 1 hour. To observe the 

effect of porosity on the mechanical properties, pressing of 3D printed plates were carried out 

which is normally not required in the AM techniques. As a result, strength and elastic modulus 

obtained for the hot-pressed samples with unidirectional fibre orientation shows higher values 

as compared to any other orientation and it might due to the resistance in stretching in the fibre 

direction and bear the maximum load. From the micro-CT analysis, it was also noticed that the 

layer adhesion has been improved due to which the strength and elastic modulus increases. 

Less number of voids were noticed between the layers due to the discharge of air gaps that 
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were generated during printing. CT also confirmed the decrease in porosity for pressed samples 

which was the main reason in the improvement of strength and elastic modulus up to 768 MPa 

and 80 GPa respectively. Flexural testing was also carried out on varying the fibre contents in 

the sample and it was determined that flexural strength and flexural modulus increases linearly 

with the increase in fibre volume fraction. Fracture surfaces were examined using SEM to 

observe the fracture type and the fibre distribution. Micro sectioning analysis showed that all 

the samples contain cracks with an average void content of 3.96 % for the unidirectional 

samples produced without the application of any pressure. In conclusion, mechanical properties 

of 3D printed polymer composites have been improved significantly (tensile strength up to 

29% and Young’s modulus up to 11%) due to increased fibre content and reduction 

(discharged) of void content due to hot pressing using platen press. This finding could increase 

the practical applications of 3D printed polymer composites using continuous carbon fibre. 

Through thickness tests were carried out to determine the mechanical properties of 3D printed 

samples after successful set of experiments to measure both elastic modulus and strength. 

Maximum value for tensile strength of 12 MPa and elastic modulus value of 2.94 GPa was 

measured for circular specimen. While for rectangular specimen tensile strength of 7.8 MPa 

and elastic modulus of 2.8 GPa was obtained. From the microscopic examination it was 

observed that some areas are resin rich, and fibre was missing which reduce the overall strength 

of the composite samples.  One of the conclusions that was noticed from these experiments that 

the geometry has an effect and corelation on the strength in z-direction. More work needs to be 

done in the future to minimize the printing defects, as well as to increase the amount of fibre 

content. Poor fibre matrix interface was among the main causes of reduced mechanical 

performances. To have more accuracy for elastic modulus strain gages must be mounted on 

each side of the specimen. 

Fatigue tests were carried out at different level of ultimate tensile strength level that was 

determined using static test. It was noticed that at 80 % of the UTS load level no failure of the 

samples occurred after reaching 1 million cycles. While for 98% of the loading condition which 

was the maximum load applied to the fatigue samples. The number of cycles to failure was 

2,952 while the prominent failure types was delamination.  
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7.2 Future Work 

Fibre reinforced polymer composites are engineered material that are used nowadays in many 

structural applications due to their excellent strength to weight and stiffness to weight ratio. 

Unfortunately, up till now, the ability to controllably recycle FRP composites is limited and, 

unlikely conventional material such as steel, recycled structural components cannot be reused 

to operate at a similar function due to the reduction in performance due to unknown reasons. 

From macroscopic mechanical characteristics it is difficult to predict the overall behaviour of 

such composites. Multi scale modelling approach need to develop a good knowledge and 

predicting the behaviour of recycled fibre reinforced composites. Microstructural properties of 

the new recycled multi-phase composite need to consider and brings this information to the 

higher (macroscopic) level of observation, where the analysis of overall mechanical 

characteristics, such as stiffness, strength can be performed.   

Mechanical tests result for in plane and out of plane characterization can be utilized for the 

finite element analysis for designing a specific part. Also, deep fatigue analysis of 3D printed 

polymer composites is need at different stress ratio to fully understand the fatigue life. Fibre 

reinforced composites are susceptible to delamination by separation of plies (layers) under 

cyclic loading, therefore characterization of fracture toughness in mode I and mode II using 

double cantilever and 3 points notched specimens which are necessary in improved structural 

component design.    
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Appendix A  

 

Figure A1: µCT image of 3D printed composites reinforced with carbon fibre at Ninety-

degree orientation 

 

Figure A2: µCT image of 3D printed composites reinforced with carbon fibre at Ninety-

degree orientation 
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Figure A3: µCT image of 3D printed composites reinforced with carbon fibre at Ninety-

degree orientation 

 

Figure A4: µCT image of 3D printed composites reinforced with carbon fibre at Quasi-degree 

orientation 
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Figure A5: µCT image of 3D printed composites reinforced with carbon fibre at Quasi-degree 

orientation 

 

 

Figure A6: µCT image of 3D printed composites reinforced with carbon fibre at zero -degree 

orientation with Nylon layers in the middle 
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Figure A7: µCT image of 3D printed composites reinforced with carbon fibre at zero-degree 

orientation with Nylon layers in the middle 

 

  

Figure A8: µCT image of 3D printed pressed composites reinforced with carbon fibre at zero-

degree orientation  
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Figure A9: µCT image of 3D printed pressed composites reinforced with carbon fibre at zero-

degree orientation  

 

Figure A10: Micro sectioning analysis of fracture 3D printed polymer composites with fibre 

orientation in zero direction with cracks  
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Figure A11: Micro sectioning analysis of fracture 3D printed polymer composites with fibre 

orientation in ±45 direction with cracks  

 

Figure A12: Micro sectioning analysis of fracture 3D printed polymer composites with fibre 

orientation in 90-degree orientation with cracks  
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Figure A13: Micro sectioning analysis of fracture 3D printed polymer composites with fibre 

orientation in Quasi isotropic orientation with cracks  

 

Figure A14: SEM analysis of the polished samples showing the voids between the fibre and 

resin 
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Figure A15: SEM analysis of the fracture samples showing the fibre breakage and pull-out 

 

 

 

 

 

 


