
 

ABSTRACT 
 
Internal Fiber Orientation Measurements and Void Distribution for Large Area Additive 

Manufactured Parts Using Optical and SEM Imaging Techniques 
 

Rifat Ara Nargis, M.S.M.E 
 

Mentor: David A. Jack, Ph.D. 
 
 

The use of additively manufactured parts for industrial applications has grown is 

often limited by their structural performance and compromised thermal dimensional 

stability. The addition of carbon fiber reinforcements, to the polymer matrix, has the 

potential to mitigate both limitationsits. Quantification of the fiber orientation within the 

processed beads is required to correlate mechanical and thermal performance to 

processing variations. This study presents the sample preparation, image acquisition, and 

analysis methods to quantify the internal fiber orientation and void  content. Imaging is 

performed through optical and scanning electron microscopy (SEM) of an additive 

manufactured bead with 13% by weight carbon fiber reinforced ABS, with SEM 

providing a higher resolution and contrast. Fiber orientation is measured using the 

Method of Ellipses (MoE). A new method using SEM to remove the ambiguity problem 

inherent to MoE is presented using electrical shadowing afforded by the semi-conductive 

behavior of the carbon fibers. The spatial change in fiber orientation across the deposited 



 

bead cross section is studied as a function of several process parameters, The thesis 

concludes with an investigation of the correlation between fiber orientation and void 

content, upwards of 10% by volume for the samples studied, on final part performance. 

This will hamper the final part performance by a nearly 40% knockdown factor, and void 

nucleation must be further studied. 
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CHAPTER ONE 
 

1. Introduction 
 
 

 Additive manufacturing (AM), which is often termed as freeform fabrication or 

3D printing, is a process in which; parts are built by depositing materials like plastic, 

composite, metal, ceramic, concrete, etc., layer by layer, according to digital 3D design 

data. There are many variations of different additive manufacturing processes, among 

which Fused Deposition Modeling (FDM) is one of the more commonly employed AM 

methods. Fused Deposition Modeling, also known as Fused Filament Fabrication (FFF), 

is an additive manufacturing process that uses thermoplastic materials like ABS, Nylon, 

PLA, etc., as a form of continuous filament, fed from a heated nozzle or printer extruder 

head and methodically deposited to form layers. The Large Area Additive Manufacturing 

(LAAM) system used for this study would be considered within the family of fused 

deposition modeling. But, instead of a filament fed system, the system in the present 

scope of work utilizes a pellet fed system allowing higher flow rates during the 

deposition process. A LAAM printer melts the thermoplastic pellet, and the molten 

material is deposited through an extruder. The material is then extruded to a heated build 

plate or platform where it cools and hardens. 

 The interest in using multiphase polymer blends has grown in recent years. 

Different polymers have different attractive features that can potentially be combined, 

and simultaneously, each polymer blend’s deficient characteristics can be reduced in a 

multiphase polymer blend. The polymer of interest in the present study is Acrylonitrile 
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Butadiene Styrene (ABS), as it is broadly used in additively manufactured part 

production. ABS is a terpolymer that consists of butadiene rubber dispersed in a poly 

styrene-co-acrylonitrile matrix [1]. ABS has an improved toughness relative to many 

mass-produced polymer blends that require processing temperatures below 250oC. But 

the structural and thermal performance of ABS is limited. The addition of fiber 

reinforcements, specifically carbon fibers, allows for enhanced structural performance 

while simultaneously reducing dimensional variations during thermal changes. A carbon 

fiber filled thermoplastic also shows significant design tailoring ability and low cost [2]. 

The quantification of the fiber orientation and any induced porosity due to the addition of 

the fibers in the processed ABS bead is essential to understanding the mechanical, 

structural, and thermal properties of the final manufactured part [3]. 

 Optical microscopy is one of the conventional methods which is used for 

determining the orientation of fibers in fiber-reinforced polymer composite material 

systems. For optical microscopy, it is very important to produce high-quality images with 

high contrast between the fibers and the matrix that surrounds the fibers in a composite 

[3]. In this present research paper, a 750x digital Dino Lite optical microscope is used to 

obtain the fiber orientation measurement alignment of the polished sample. 

 One of the most prevalent methods to measure the fiber orientation in a polymer 

matrix is the method of ellipses (see, e.g. [4]). In this method, the characteristic values of 

complete and incomplete elliptical footprints are determined, and fiber orientations are 

measured from these micrographs using the technique introduced in [5]. However, the 

method of ellipses (MoE) has its own limitations, specifically, the ambiguity problem 

where a multitude of orientation states can represent a given elliptical footprint (see, e.g. 
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[6]). Typically, the standard method of ellipses for circular fibers produces an ambiguity 

of the fiber orientation angle relative to the surface normal causing an undetermined state 

for the off-diagonal components of the orientation tensor. However, there can exist two 

ambiguities for elliptical cross-section fibers because of the additional degree-of-freedom 

of the roll about the axis of the fiber [7]. For the material system studied in the present 

paper, the fibers are circular, and the latter issue is not considered. 

 A scanning Electron Microscopy (SEM) generates images of a sample by 

scanning the surface with electron beams and capturing either the backscattered electrons 

or the secondary emitted electrons from the surface. The electrons of the beam inside the 

SEM excites the atoms and stimulates the emission of electrons from the surface of the 

sample, and produces appropriate signals. There are two types of electrons that are 

emitted from the surface; high-energy backscattered electrons and low-energy secondary 

electrons [8]. From the reflected signal, the SEM provides data on the surface topology 

and composition of the sample [8]. SEM is capable of generating three-dimensional-like 

images of the surface with the help of a large depth of field and shadow relief effects of 

the secondary and backscattered electron contrast [8]. The JEOL SEM 6610-LV used in 

this study can achieve up to a 300,000x magnification, but of unique interest to the 

present study is the ability to operate in both a low and high vacuum mode, the former of 

which will be used to allow for the investigation of features just below the surface of the 

polished sample without sputter coating with an electrically conductive material. The 

SEM is used in this study to produce electrical surface maps that will be analyzed to 

quantify the direction of each fiber in the etched surface and shows promise of an 

alternative method to remove the orientation ambiguity. 
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 Porosity continues to be an ongoing point of concern in the 3D printing industry. 

The porosity that is often of concern is the inter-bead porosity that occurs between 

subsequently deposited beads, but the porosity that is of interest in the present research is 

the intra-bead porosity that occurs within the deposited bead itself. During the thermal 

heating and high shear environment, the Fused Deposition Modeling (FDM) process of a 

fiber suspension introduces internal pores and voids into the fabricated ABS 

thermoplastic, which can potentially reduce the mechanical properties [9]. In addition to 

identifying the internal variations in the fiber orientation microstructure, this present 

work also demonstrates a technique using SEM to identify and quantify internal voids 

within the deposited bead of a 3D printed short carbon fiber filled ABS. 

 Energy Dispersive X-ray spectrometry (EDS) is a method of elemental 

microanalysis or chemical characterization for identifying and quantifying the elements 

present in a sample (see, e.g. [10]). In the EDS system, characteristic X-rays form a beam 

that is focused on the sample and excites the atoms in the sample. Then it records the 

output of the spectrum and presents a quantitative analysis. In this study, the 

microanalysis of chopped carbon fiber filled ABS is presented to quantify the elements 

present in the sample.  

 
1.1 Problem Statement 

 The primary goal of this thesis is to determine the orientations of short carbon 

fibers within an ABS polymer matrix of a 3D printed part. It is crucial to know the 

orientations of the fibers in the ABS matrix because the orientation pattern controls the 

mechanical and thermal properties of the final part. To determine the orientations, optical 

microscopy and scanning electron microscopy (SEM) are used within this study. For 
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analyzing the fiber orientation with optical and scanning electron microscopes, proper 

sample preparation is essential. Using Baylor’s Large Area Additive Manufacturing 

(LAAM) system, short fiber filled ABS matrix parts are 3D printed. The printed part is 

then cut using a low-speed cutting saw to minimize the breakage and pull-out of the 

fibers. The cut sample is then polished using different grades of silicon carbide electro-

coated abrasive sandpapers following the methods suggested by Velez Garcia et al. [3]. 

The final polishing is done with polishing cloths with alumina powder as polishing 

agents. The polished parts are cleaned with an ultrasonic cleaner at regular intervals for 

removing all the debris and broken fibers from the previous steps. The final step of fine 

polishing with a polishing cloth is essential for removing roughness and smoothening the 

surface for obtaining a linear viewing plane for microscopy. The polished sample is then 

etched with plasma in an oxygen and carbon tetrafluoride environment. The etching 

process removes the top few micrometers of the ABS and exposes the ends of the carbon 

fibers. The etching also helps to further smooth the surface roughness, enhancing the 

quality of the resulting microscopic images. 

 The polished and cleaned parts are then analyzed with an optical microscope and 

an SEM. The orientation is reported through the orientation tensor computed from the 

method of ellipses. One of the main future goals of using the SEM over an optical 

microscope is that SEM images have the potential to aid in solving the ambiguity 

problem that is prominent with optical images, and results in this thesis are provided to 

show this potential and suggestions are made for future studies. The effect of part 

performance on the fiber orientation in the matrix is provided to show the importance of 

proper quantification of the internal fiber microstructure. These results shown show the 
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sensitivity of the system to the presence of internal voids created during manufacturing, 

and the polished and prepared samples are quantified for their porosity. The thesis also 

presents a short study using energy dispersive X-ray spectroscopy for the quantification 

of elemental identification of the sample and can be used for future studies with fiber 

reinforcement blends to quantify the internal microstructure when multiple material 

systems are present. 

The key scientific and technical contributions of this study are: 

 1. Developing an operating procedure for sample preparation to aid in the 

quantification of the internal fiber microstructure of additively manufactured 3D printed 

short carbon fiber filled ABS matrix samples for optical and SEM microscopy. 

 2. Determining the change in fiber orientation as a function of processing 

parameters, specifically, different nozzle temperatures, screw speed, and cross-sectional 

area of the deposited bead. 

 3. Void identification and quantification of the internal fiber orientation state of 

short carbon fiber reinforced ABS fabricated using a LAAM 3D printer. 

 4. Demonstrating the potential to use scanning electron microscopy to address the 

ambiguity problem from the method of ellipses for fiber orientation. 

 
1.2 Thesis Overview 

 This thesis is composed of five chapters, the first of which is the introduction and  

overall problem objective. The second chapter introduces a review of the literature that 

this study is built upon and gives context to the scope of work. Chapter two goes over the 

background and necessity of quantifying the fiber orientation in a short fiber filled 

matrix. It also discusses how optical and SEM imaging is used to determine the 
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orientations of the fibers. The effects of voids in 3D printed parts are also covered in 

chapter two. In chapter three, the selection of processing parameters for the study is 

discussed. The chapter includes an extensive discussion on sample preparation of the 3D 

printed part for later analysis using microscopy. This chapter discusses the process of 3D 

printing the part and then cutting, polishing, cleaning, and etching that part. The third 

chapter presents the process of acquiring images with optical and scanning electron 

microscopes. Chapter four presents a discussion on the method used for the quantification 

of fiber orientation, specifically the method of ellipses. From the orientation state of each 

analyzed ellipse of the sectioned fibers, the orientation tensor is calculated, and the 

results are presented across the surface of the deposited bead. Chapter four also presents 

the study of pores and voids present within the deposited bead, along with a presentation 

of an EDS microanalysis of the short carbon fiber filled ABS matrix that can be used to 

quantify the elements present in a specimen. The fourth chapter culminates with a 

discussion of the result of the effects of fiber orientation on the structural, mechanical, 

and thermal properties of the 3D printed part using standard micromechanical theories. 

The thesis concludes with chapter five, where the impact of the overall work is 

summarized along with the significant findings and a listing of potential future 

improvements and applications of the proposed methodologies. 
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CHAPTER TWO 
 

2. Literature Review 
 
 
 Polymer composites are seeing increased use in the manufacturing industry 

because of their enhanced mechanical and thermal properties, low densities, formability, 

and ability to mass-produce components. Of interest in the present scope is the use of 

short fiber reinforced thermoplastic polymer composites within the additive 

manufacturing (AM) process. Acrylonitrile Butadiene Styrene (ABS) has found 

widespread use in the AM industry due to its excellent thermal stability, high tensile 

strength for a polymer, and low cost [11]. Carbon fiber has excellent mechanical 

properties and a near-zero coefficient of thermal expansion for which makes it a very 

popularly used reinforcing material, specifically for polymer matrix composites [11]. 

Combining ABS with CF to make carbon fiber reinforced ABS yields a material system 

with a high strength to weight ratio. The quantification of the orientation of copped 

carbon fibers is essential to understand its correlation to the mechanical and structural 

properties of the processed thermoplastic. This chapter discusses the background of 

additive manufacturing with fiber reinforced thermoplastics. This chapter includes a 

presentation of Baylor University’s Large Area Additive Manufacturing (LAAM) system, 

part of the family of fused deposition modeling systems, the effects of various process 

parameters on the fiber orientation, and mechanical and thermal properties of the final 

processed part. Finally, this chapter presents a study of optical and scanning electron 
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microscopy, the method of quantification of fiber orientation, and the effects of porosity 

on the final processed part performance. 

 
2.1 Additive Manufacturing 

 
2.1.1 Additive Manufacturing and Application Benefits 

 Additive manufacturing (AM) is a computer-controlled manufacturing technique 

by which three-dimensional parts are created with the layer-by-layer deposition of 

materials [12]. The first step of additive manufacturing is designing the part with 

computer-aided-design (CAD) software or 3D object scanners. The data is then directed 

to the hardware of the 3D printer to deposit material and print the desired part in precise 

shapes [13]. The definition of additive manufacturing (AM) described by ASTM F42 and 

the ISO TC261 committees on) technologies is a “process of joining materials to make 

objects from three-dimensional (3D) model data, usually layer upon layer, as opposed to 

subtractive manufacturing methodologies” [14]. AM processing mainly uses a computer 

system, Computer-Aided 3D designing or modeling software (CAD), 3D printer machine 

equipment, and suitable raw material for printing 3D objects. The AM process has been 

popularized with the development of new computing technology, 3D design tools, 

computer numerically controlled (CNC) machining, the increase in computing processing 

power, and the emergence of new composite materials and production technologies. 

These progresses have led to multiple advances in both design methods and in new 

engineering options for the final structural design [12].  To solve the problem of 

designing 3D geometric structures with specific quality criteria, mathematical 

optimization methods are necessary and play a significant role in the production of the 
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part. A developer creates a computational 3D model of the final part using computer-

aided design technology, that can satisfy all specified geometric, technological, design, 

and operational limitations of traditional engineering [15]. 

 AM technologies have many advantages over traditional manufacturing. Additive 

manufacturing allows for freeform fabrication of parts by optimizing the design with 

computer technologies and to make detailed features that are very tough or nearly 

impossible to achieve by traditional manufacturing techniques like investment casting or 

injection molding [15]. Effectively, many new designs that are modeled in commercial 

designing software, can be manufactured as completely solid, hollow, or with pre-defined 

inner and outer surfaces through the use of 3D printing [16]. Advances in Additive 

Manufacturing (AM) methods have considerably increased in the past decade due to the 

possibility to design intricate details in physical 3D components at no additional cost. 

Additively manufactured parts are low cost, and their application space can be further 

expanded through the use of fiber reinforcements to enhance the traditional polymer 

exclusive materials [17].  

 The cost of supplying parts from different locations can be reduced by AM 

manufacturing technologies. The cost of maintaining an inventory may be reduced by 

local and on-demand production of parts. This can reduce supply chain complexity a 

great deal and makes production more customizable and user feedback oriented to better 

the production adaptability and ensuring appropriate quality [18]. One of the main 

advantages of AM technology is reducing material waste significantly. AM methods use 

layer-by-layer fabrication where the raw material use is minimal for part production, and 

thus material cost is significantly reduced compared to other traditional manufacturing 
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procedures like machining and casting [19]. The ratio of the final part material volume 

and raw material used volume in traditional manufacturing can be up to 1:20 [20]. 

Material allowances can be reduced by a few percent with incremental techniques, as AM 

methods sometimes need support structures and also for the final finishing of the part. 

The weight reduction of parts is another important advantage that can be acquired by 

optimization of the topology and meshing techniques and creating infill network 

structures [20]. One of the main reasons 3D printing is getting more and more appealing 

to the automotive and aerospace industries is making lightweight parts while maintaining 

high mechanical ability [21].  

 With AM, the constraints of traditional processes of manufacturing methods such 

as investment casting, injection molding, and tooling and machining methods and 

preform materials that typically have been used as an assembly may be replaced with a 

single object or part which is impossible to do conventionally, which opens up new 

design opportunities [16]. The fast speed prototyping and design modification 

opportunity using AM methods allow the models to be tested for filament and assembly 

long before the final production run and allows for multiple iterations of the design, with 

which design errors can be modified, and optimization advancement can be carried out 

[22]. Additive manufacturing also creates the opportunity of using unique alloys, plastic 

polymers, and composite materials, allowing the designer to tune the mechanical 

strength, modify the thermal properties such as the heat conductivity, and the coefficient 

of thermal expansion, and control the structural properties of a material [23]. In 3D 

printing, the main cost areas are the electrical power consumption during the 

manufacturing process and the material costs. Compared to conventional manufacturing 
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techniques, the raw material consumption with 3D printing is significantly lower for mass 

production using AM processes, but the energy consumption per unit can become much 

higher in the low amount production facilities, especially for higher temperature 

processes [16]. Again, waste generated in the manufacturing process can be reduced by 

up to 90% by using additive manufacturing [19]. Compared to traditional manufacturing 

techniques, 3D printing often results in a diminished production or use of chemicals that 

are potentially harmful to human health and the environment, such as lubricants used in 

forging processes, casting anti-stick compounds, metal fabricators, the coolant used in 

machining, or residual slags. On the other hand, some additive manufacturing processes 

use small amounts of acetone or alcohol-based organic solvents for post-processing [20].  

 Additive manufacturing may eventually replace some areas of production 

typically dominated by traditional manufacturing techniques with measurable benefits. 

The most compelling benefit of 3D printing is reduced cost and shortened manufacturing 

streamline, which is the driving force for the growth of composite additive 

manufacturing. Furthermore, due to the good mechanical properties, low price of AM 

technology, AM printers can be a successful alternative to traditional manufacturing 

methods.  

 
2.1.2 Different Types of Additive Manufacturing  

 AM technologies often rely on a computer system, 3D Computer-Aided Design 

(CAD) modeling software, printing machine equipment, and manufacturing material for 

printing 3D objects. There are several distinct AM processes, which include: Material 

Extrusion, Directed Energy Deposition, Vat Photopolymerization, Powder Bed Fusion, 

Binder Jetting, Fused Deposition Modeling (FDM), Stereolithography Apparatus (SLA), 
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Continuous Liquid Interface Production (CLIP), Digital Light Projection (DLP), 

Selective Laser Sintering (SLS), Laminated Object Manufacturing (LOM), etc. [14].  

 Fused deposition modeling (FDM), sometimes known as Fused Filament 

Fabrication, refers to the process of making composite thermoplastic material parts by 

melting the material in a heated extrusion head and depositing layer by layer [14]. This 

term denotes the system first built by Stratasys, Inc. Selective laser sintering (SLS) is 

described as the manufacturing of 3D parts from powdered materials lasers and 

selectively fusing or melting surface particles, one layer at a time, in an enclosed chamber 

[14]. SLS is a special kind of Powder Bed Fusion technique. Vat Photopolymerization, 

also known as Stereolithography (SL), is defined as a process of the production of parts 

with photopolymer materials. The 3D object is shaped layer by layer with predetermined 

thickness by one or more lasers selectively curing and hardening the liquid state 

photopolymer [14]. Continuous liquid interface production (CLIP) printers are very fast, 

and they use a continuous cure method as opposed to the common layer by layer 

technique used by most other additive manufacturing techniques [24]. Binder Jetting is 

the AM technique that selectively deposits a binding liquid, often termed the bonding 

agent, to join the powdered material together to form an additively manufactured part 

[25]. One significant difference of binder jetting from other AM techniques is that this 

process does not employ any heating during the fusion process. In the Material Jetting 

AM process, selective deposition of component material droplets into the build plate to 

form the final part is done layer by layer [25]. The Material Jetting process contains 

popular 3D printing technologies such as Drop on demand (DOD), UV-cured Material 

Jetting, Nanoparticle jetting (NPJ), etc. The process of Directed Energy Deposition 
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(DED) is similar to powder bed fusion, where a wire or powder or filament feedstock is 

melted by a laser or electron beam gun which is mounted on a four or five-axis arm to 

manufacture a 3D part [26]. The process of bonding thin sheets of metal of composite 

materials using heat sources or adhesives is known as the Sheet Lamination additive 

manufacturing process. [27]. Ultrasonic Additive Manufacturing (UAM) is a type of 

sheet lamination process or laminating thermoplastic sheets together, which uses 

ultrasonic bonding and  Laminated Object Manufacturing (LOM) is another type when 

for the lamination process only adhesives are used [27]. The AM technology and 

materials for a given application should be selected based on the purpose of the printed 

object, physical properties, required structural strength and financial assumptions. One 

particular process may differ significantly from another process due to production cost, 

processing time, post-processing procedures etc. [16]. 

 Fused deposition modeling or fused filament fabrication is an additive 

manufacturing process that uses a continuous filament or processed beads of a 

thermoplastic composite material like ABS, Nylon, PLA, etc., fed from a heated printer 

extruder head and deposited to form layers[15]. An FDM printer melts composite beads 

or plastic wire and extrudes the composite material through a heated nozzle. The melted 

material is then deposited to a build plate where it is cooled and cured eventually. 

Typically, the extruder head moves in two dimensions, creating one layer at a time before 

adjusting vertically to begin a new layer [15]. This thesis investigates a variant of the 

FDM process known as Large Area Additive Manufacturing (LAAM). The LAAM 

process moves the commonly employed FDM process to the large scale, with typically 

deposited beads growing from the sub-millimeter scale to length scales over 10 mm [21]. 
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This larger length scale allows for incorporating fiber reinforcements to enhance the 

structural and thermal properties in thermoplastic composites. The LAAM process also 

utilizes the raw polymer pellet bypassing the need to first form a continuous filament 

from the polymer pellets, thus reducing production costs and reducing the damage 

imposed on the fibers due to the shear stresses during the polymer melt process.  

 
2.1.3 Materials Used in Additive Manufacturing 

 For industrial additive manufacturing, the printing materials range from metals, 

composites, ceramics, polymers, etc. Each material has its unique characteristic strengths 

and weaknesses, and mechanical, thermal, and electrical properties. Important factors like 

printing technology and process, material type, production cost, etc. needed to be 

considered to choose the appropriate material in Additive Manufacturing. For any AM 

manufacturing process, the feedstock needs to be processed into forms like powder, 

sheet, wire, liquid, etc. to be compatible with the manufacturing process  [28]. Another 

important criterion is that the AM material used needs to exhibit satisfactory service 

properties so that the final part can successfully perform for a given application. Many 

plastic materials are used with AM technologies, such as acrylonitrile butadiene styrene 

(ABS), polylactic acid (PLA), thermoplastic polyurethane (TPU), high impact 

polystyrene (HIPS), polyethylene terephthalate (PET), polyether ether ketone (PEEK), 

polyethylene terephthalate glycol (PET-G), nylon, etc. These polymer composites matrix, 

reinforced with carbon fibers, glass fibers, metals, ceramics, wood, etc. are also used 

industrially [14]. The plastic materials can be classified as amorphous polymers, 

semicrystalline polymers, and thermosets. The Material Extrusion method uses 

amorphous polymers, whereas Material Jetting and Vat Photopolymerization typically 
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use photosensitive thermosetting polymer composites [28]. Semicrystalline polymers are 

different as they typically get soften over a very small range of temperature and their 

viscosity can change dramatically. This particular behavior is very useful for powder bed 

fusion of plastics [28]. The most used commercial powder-based AM techniques used for 

manufacturing good quality metal parts are Powder Bed Fusion (PBF) and Directed 

Energy Deposition (DED). Again, binder jetting is another AM process by which metal 

parts are produced [28]. The set of common metal alloys that are commercially available 

are pure titanium, Ti6Al4V, 316L stainless steel, 17-4PH stainless steel, and 18Ni300 

maraging steel, Aluminum Silicon Magnesium alloys (AlSi10Mg), Cobalt-Chromium 

Nickel alloys (CoCrMo), and nickel-based superalloys Inconel 718 and Inconel 625, etc. 

[28]. Ceramics are used in AM due to having a combination of properties like low 

toughness and high melting temperature, which are challenging to process directly [29].  

 Composite materials typically comprise polymer matrix and a reinforcing 

material, like chopped or continuous fiber; typically, carbon fiber; glass fiber; or natural 

fibers such as jute, flax, aramid, or basalt fiber [30]. Compared to non-reinforced 

polymers, the fiber-reinforced composite materials offer higher strength and stiffness 

values; which is very important for additive manufacturing. For example, composite 

materials made with continuous strand unidirectional carbon fibers can be made with the 

same strength and stiffness as high-strength steel, with a nearly 70% weight reduction 

[31]. In addition, these same carbon fibers, unidirectional composites, can be three times 

as strong as aluminum, one of the most common materials used in the aerospace industry, 

while the weight is only 60% of aluminum [31]. Another critical property of composite 
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materials is the tailoring ability of design requirements of strength, stiffness, and other 

parameters by arranging the direction of fiber alignments [31].  

 This thesis focuses on 3D printed short carbon fiber reinforced ABS composite 

materials and how the directionally dependent properties change. Acrylonitrile butadiene 

styrene (ABS) (chemical formula (C8H8)x·(C4H6)y·(C3H3N)z) is a common thermoplastic 

terpolymer that is widely used in additive manufacturing. ABS is an impact-resistant 

engineering thermoplastic and amorphous polymer with a glass transition temperature of 

approximately 105 °C (221 °F) without a true melting point [32]. Acrylonitrile is a 

synthetic monomer that is fabricated from propylene and ammonia, which contributes to 

developing properties like heat stability and chemical resistance in ABS [33]. Toughness 

& impact strength comes from the Butadiene part of the ABS polymer, which is 

generated as a by-product of ethylene production [33]. And lastly, Styrene is 

manufactured by dehydrogenized ethylbenzene, which provides processability and 

rigidity to ABS plastic [33]. The proportions of these three substances may vary from 

15% to 35% acrylonitrile, 5% to 30% butadiene and 40% to 60% styrene [32]. ABS is 

most commonly produced by the process of emulsion, which is a process of mixing 

multiple substances that do not typically combine into a single product [34]. Another less 

commonly used process by which ABS is created is a method known as continuous mass 

polymerization [34]. ABS has several desirable physical properties like high rigidity, 

good tailoring ability, high impact resistance, high dimensional stability, and high 

abrasion and strain resistance; which makes it the ideal material to choose for various 

structural applications [33]. Apart from these mechanical characteristics, ABS also 

exhibits high electrical insulating properties. There are some disadvantages of using ABS 
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too. Since ABS has a high processing temperature, it has a propensity to warp if cooled 

while printing; thus, ABS often requires a heated bed when printing to maintain 

dimensionality [34]. An additional drawback of ABS is the release of toxic fumes with 

unpleasant smells at typical processing temperatures (see, e.g. [32]).  

 In general, with short fiber reinforcement, the fiber length is often limited to a 

fiber that is on the order of 100 times the fiber diameter (see, e.g. [35]). In this thesis, the 

typical aspect ratio of the fibers used is 35.5, which was determined by previous 

researchers’ work [36]. To determine the aspect ratio, the chopped carbon fiber filled 

ABS deposited bead sample is burned off; so that the ABS matrix burns off totally and 

only carbon fibers remain left [36]. Then the length and the diameter of the fibers are 

measured with an MZ7 microscope and custom MATLAB codes [36]. The aspect ratio of 

the fiber which is the ratio of the fiber length and fiber diameter is then calculated. The 

fiber aspect ratio is very important for the mechanical properties of a fiber reinforced 

polymer. The stiffness increases with the increasing aspect ratio of the fibers to a certain 

point and then tends to decrease afterward [37-38]. The tensile strength of the fiber 

reinforced materials shows the same tendency with relation to fiber aspect ratio [37-38]. 

The inclusion of reinforcement in ABS matrix such as short carbon fiber is significant for 

obtaining good mechanical properties and it also contributes to modifying thermal 

properties such as coefficient of thermal expansion and thermal conductivity, which 

ultimately dictates the scalability of material extrusion AM [39]. The introduction of 

carbon fiber in the ABS matrix enables room temperature deposition with significantly 

reduced part distortion, which helps to scale large-area AM [40]. In the ABS composite, 

which is processed through the FDM technique, an improvement in tensile strength and 
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modulus up to 24% was observed by the addition of short carbon fibers [41]. Short 

carbon fiber filled ABS has a broader processing window as it does not have a true 

melting point and can be processed with most standard manufacturing techniques such as 

injection molding, blow molding, or extruding [33]. Also, its low processing temperature 

makes ABS particularly suitable for processing by FDM machines for 3D printing [33]. 

 
2.1.4 Large Area Additive Manufacturing 

 The Large Area Additive Manufacturing (LAAM) system is a large format, 

industrial additive method designed and built for long-term production manufacturing 

[42]. The most common additive manufacturing systems have size limitations for 

building capacity defined by a powder bed, build platform, photopolymer resin reservoir, 

or an enclosed deposition zone [43]. LAAM is not limited to a controlled-deposition 

chamber, and it has multiple deposition heads[43]. The LAAM system model is designed 

to accommodate structures unbounded by size and can be integrated with a team of 

coordinated robots that can work in an open-air environment [44]. By expanding the 

working volume of AM, the LAAM system model also opens the possibility of using 

advanced polymer composites, as well as multiple materials that can be integrated within 

a single constituent, multifunctional materials, and the automatic insertion of dedicated 

subcomponents [45].  

 The first machine system under the LAAM concept has been developed by Oak 

Ridge National Laboratory (ORNL), in collaboration with Cincinnati Incorporated (CI), 

which is called the Big Area Additive Manufacturing (BAAM) system. [45]. The BAAM 

printer produced by Cincinnati Inc. (Harrison, OH) in partnership with Oak Ridge 

National Laboratory (Oak Ridge, TN) has a build volume of 240 x 90 x 72 in [45]. 
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According to the information on BAAM printers at 3dhubs.com and Cincinnati Inc.’s 

website, the build volume of the BAAM is nearly 2500 times the top professional 3D 

printers such as the Ultimaker 2+, Form 2, and Zortrax M200, etc. [46]. Again, the 

amount of material deposited with the BAAM systems is about 600 times more material 

per hour than a typical small-scale printer in terms of weight [44]. The BAAM system is 

described as “FDM machine on steroids” by the group leader for deposition science & 

technology of the ORNL, Dr. Chad Duty and the manager of market development, for 

Cincinnati Inc., Rick Neff [47] [48]. Another advantage of using the LAAM method of 

additive manufacturing is that the composite materials and metals are not required to be 

processed into spools of filament [44]; instead, raw material pellets and other additives 

can be fed directly into a LAAM extruder system [45]. Furthermore, the LAAM systems 

can combine melting, compounding, and extruding operations at a precisely controlled 

rate to deposit composite products instead of requiring commonly used pre-extruded 

filament feedstock that is the standard system in the industry [49]. In the current thesis, 

the focus is on the LAAM family of FDM processes, with specific attention to the fiber 

reinforcement provided through the pellet feedstock and the resulting fiber alignment and 

void content within the deposited extrudate. 

 
2.2 Fused Deposition Modeling in LAAM System 

 The Large Area Additive Manufacturing (LAAM) system is a widely used 

additive manufacturing technology for the fabrication of parts using thermoplastic 

polymers using the Fused Deposition Modeling (FDM) method [50]. Among the different 

additive manufacturing processes, FDM has become more popular due to its low cost and 

flexibility in using different materials [50]. In the FDM printers, filaments or beads of 
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thermoplastic material run through the nozzle. The material is gradually deposited on the 

build plate in a controlled way until the 3D object is fully printed [51]. This process 

works by melting and extruding the material in a molten form through a nozzle or 

extruder to print a cross-section of an object layer-by-layer [51]. The extruding nozzle of 

the 3D printer is often attached to a gantry system that can move in three-dimensional 

axes in X, Y, and Z directions. The bed lowers, or the nozzle rises to print each new 

layer, repeating the action until the completion. After extruding and depositing the molten 

material in predetermined locations on the build platform, it is then cooled and solidifies 

to form the final part [51]. Conventional fused deposition modeling is often considered to 

be a process that relies on the melting and subsequent extrusion of a filament of 

thermoplastic feedstock. But, Large Area Additive Manufacturing utilized the base 

polymer pellet feedstock bypassing the need to form a filament [52]. The deposition rate 

can be significantly increased using pellets to form the beads in the LAAM system and 

by utilizing low-cost feedstock the material cost can be lowered too [52]. The use of 

carbon fiber reinforced polymer beads, as is used in the present research, increases the 

machine power requirements but allows for more significant size components than can be 

made utilizing traditional FDM processes [52].   

 
2.3 Optical and Scanning Electron Microscopy 

Microscopy techniques are often used to determine various properties and topology of 

composite materials. Various kinds of optical microscopy such as conventional light 

microscopy (LM), fluorescence microscopy (FM), confocal/multiphoton microscopy, and 

stimulated emission depletion microscopy (STED) are the most popular [53]. Also, 

scanning probe microscopy such as scanning tunneling microscopy (STM), atomic force 
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microscopy (AFM), near-field scanning optical microscopy is also used for determining 

component properties [53]. Additionally, electron microscopy such as scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), scanning transmission 

electron microscopy (STEM), and focus ion beam microscopy (FIB) techniques help to 

determine the morphology, physical properties, elemental composition, and dynamic 

behavior of composite materials [53].  

 
2.3.1 Optical Microscopy 

 Optical microscopy is one of the prevalent methods for measuring fiber 

orientation in fiber reinforced composite material systems. Optical microscopy is used to 

closely view and analyze the surface of an object through the magnification of a lens with 

the help of visible light [54]. As optical microscopes use visible lights for the 

magnification of an object with the help of one or a series of lenses, it is also known as 

light microscopes. The optical microscopes capture the images by regular light-sensitive 

camera equipment for generating the micrograph of the surface of a sample [55]. In 

optical microscopy, a beam of light is focused on the sample to be studied, and the light 

transmits through or reflects off of the sample and then passes through a set of objective 

lenses and ocular lenses (eyepieces) into the viewer’s eyes [56]. Some optical 

microscopes have advanced features, such as modules for scanning, stitching of images, 

and autofocusing correction, which can generate a single global image automatically [3]. 

 An updated version of a traditional optical microscope is a digital microscope. In 

a digital microscope, a camera is connected to the optical lenses, recorded through an 

array of photosensors, and image output is archived digitally and may be displayed on a 

computer monitor or a screen instead of an eyepiece [57]. The magnification produced by 
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a digital camera is dependent on the optical lens magnification factor, computer monitor 

size, optical lens selection, and quality, along with the pixel spacing of the capturing 

photosensor [57]. A digital microscope is an updated optical microscope that uses optics 

and a digital camera for outputting the captured images of the sample on a computer 

screen. Digital optical microscopes range in complexity from a single lens, low-

resolution handheld system to advanced complex systems with polarization, high 

resolution, and high contrast systems, that offer various methods for observing and 

measuring images with computer software [58]. Some of the advanced features available 

in digital microscopes are image editing, analysis of 3D samples, taking measurements, 

report generation, etc. [56]. 

 
2.3.2 Scanning Electron Microscopy 

 The Scanning Electron Microscope (SEM) is a versatile instrument to examine 

and analyze the microstructures of materials and material characterization. A scanning 

electron microscope (SEM) is a type of electron microscope, which scans a sample with a 

focused electron beam which is generated from an electron gun and generates detailed 

images of the surface of the sample [59]. The electron beam produced in the SEM hits the 

surface and penetrates a few microns depth. The depth of the penetration depends on the 

acceleration voltage of the electron beam and the density of the sample. The electrons of 

the focused beam interact with atoms in the sample and generate different signals that 

represent the surface topography, external morphology, crystalline structures, and 

composition of the sample [60]. There are a wide variety of signals created from the 

impact of the electron beam onto the surface, some of which are shown in Figure 2.1.  

The reflected signals contain secondary electrons (that produce SEM images), 
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backscattered electrons (BSE), diffracted backscattered electrons (EBSD used for 

determining crystal structures and orientations of minerals), photons (characteristic X-

rays used for elemental analysis and continuum X-rays), visible light 

(cathodoluminescence--CL), and also heat [61]. The scatter of the electrons is captured in 

a raster scan pattern. SEM images are produced by the combination of the position of the 

beam and the intensity of the scattered signal. Secondary electrons and backscattered 

electrons are most commonly used for SEM imaging. To illustrate high contrasts in 

composition in multiphase samples Backscattered electrons are often used, and secondary 

electrons are typically used to show morphology and topography on samples [61]. The 

present research utilizes a combination of backscatter and secondary electron emission 

for the electron microscopy work, along with an investigation into the material 

composition through the use of the characteristic X-ray scatter. 
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Figure 2.1: Schematic of Electron-matter interaction Volume and types of signals 
generated (image based upon [62] and [59]) 
 
 
 SEM analysis is often non-destructive, as electron interactions that generate the x-

rays which reflect on the detector do not potentially lead to any destructive change in the 

sample. This makes it possible to analyze the same sample again and again. However, 

compared to optical microscopy, the focused electron beam utilized by SEM may cause 

damage to samples, especially soft and/or dielectric materials like biological samples, 

polymers, hydrogel structures, etc., which results in the build-up of electron charge and 

potential deforming of shapes from absorption-based heating [63]. An additional 

challenge of SEM use is that the samples are often analyzed in a vacuum environment 
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where off-gassing of the material may prevent a proper vacuum from forming or interfere 

with the microscopy process [60].   

 The primary components of the scanning electron microscope, shown in Figure 

2.2, typically consist of an electron source (gun), column down which electrons travel, 

electromagnetic lenses, specimen chamber, scanning coils, electron detectors, field 

emission gun, and display or output devices [64]. The SEM machine may also include 

secondary and backscattered electron detectors, energy-dispersive x-ray spectrometer 

(EDS), low vacuum detector, electron backscattered diffraction (EBSD) detector, etc 

based on the operation and customization [64]. Infrastructure requirements that are 

needed for the SEM include power supply, vacuum system, cooling system, vibration-

free floor, room free of ambient electric and magnetic fields, etc. [61]. 

 
 

 

 

 

 

 

 

 

 

 
Figure 2.2: Schematic of a Scanning Electron Microscope (image based upon [62] and 
[59]) 
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 The electron beam scans the surface of the sample by creating a raster pattern. At 

the top of the column high-energy electrons are produced by the high voltage electron 

source or gun when the thermal energy of the source overcomes the working function of 

the source material [59]. The electrons are then accelerated down the column and passed 

through a combination of lenses and apertures which produces a focused electron beam 

[62]. The beam then hits the surface of the sample. The electron column needs to be 

under a vacuum chamber, and the electron source needs to be sealed properly to preserve 

the vacuum and so that it can be protected against contamination, vibrations, and 

environmental noise. A high vacuum is also needed for the SEM to acquire a high-

resolution image. Without the vacuum chamber, other atoms and molecules will interact 

with the electrons and cause the electron beam to deflect and reduce the image quality 

[59]. This beam scans the sample and enables information about a defined area to be 

collected by producing several signals. These signals are then detected by appropriate 

detectors and displayed on the monitor [62]. 

 One of the critical features of SEM is its high magnification capabilities. It can 

control the magnification over a range of about six orders of magnitude from about 10 to 

3,000,000 times [65]. A sufficiently small diameter electron beam can be produced by the 

electron gun in SEM; thus, traditionally, it can measure areas from 1cm to 5 microns 

[61]. The SEM used in this research, the JEOL 6610LV, can go up to 300,000X. Another 

feature of the SEM is its high resolution. Resolution means the amount of detail one can 

see in an image. The finest resolution of an SEM is limited to the range of 1 nm and 20 

nm based upon the material specimen and SEM optics, where the resolution within the 
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SEM is constrained by the width of the electron beam and the volume of the interacting 

electrons on the surface of the sample [66].  

 Another advantage of the use of scanning electron microscopy over that of 

traditional optical microscopes is the depth of field. The relatively large depth of field 

within the SEM is due to the very narrow electron beam; thus, a large area of a specimen 

is allowed to be in focus at one time. Also, the large depth of field presents a 

characteristic three-dimensional appearance that is useful for understanding the topology 

or the surface structures of the sample [67]. The SEM also provides a shorter wavelength, 

creating a higher resolution for closely spaced specimens to achieve a greater 

magnification [68]. Again, the SEM uses variable position electromagnets instead of 

optical lenses, so there can be more fine-tuning in the degree of magnification [68]. 

 
2.4 The Effects of Fiber Orientation on Mechanical  

and Thermal Properties 
 

 Composites in the present context are specially engineered materials that are 

produced from two or more heterogeneous constituents that have significant differences 

in their chemical and mechanical properties. But as a composite material, the individual 

limitations of each material can be overcome and a more robust final product can be 

made [69]. The properties of each material remain separated and distinctive within the 

finished product [70]. The constituent materials in a composite have two categories: 

matrix and reinforcement. The matrix part surrounds the reinforcements and supports 

them by maintaining their relative positions in the matrix. Again, the reinforcements 

impart unique physical, thermal, structural, mechanical, and electrical properties to 

enhance the overall performance of the composite to form the final part [70]. Three types 
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of materials are most popularly used in 3D printing technology: polymers, ceramics, and 

metals. Again, two types of fiber reinforcement are used in additive manufacturing: 

natural fibers and synthetically fabricated fibers [71]. The most commonly used fiber 

reinforcements are carbon fibers, glass fibers, silicon carbide (SiC) fibers, cellulose 

fibers, etc. Due to the wide variety of matrices and reinforcements available, the design 

potential for composite is huge. The elasticity, structural strength, and manufacturability 

of polymers all are enhanced by reinforcing fibers in the matrix, but the degree of 

enhancement of these properties depends on the fibers' position or fiber orientation [69]. 

 The use of different polymer composites in the plastic industry is increasing day 

by day. Fiber reinforced polymers are popular for their high mechanical performance in 

operation, corrosion and wear resistance, durability, and design flexibility [69]. Also, 

they have good strength properties and low densities [11]. Adding carbon fiber 

reinforcement provides better mechanical, thermal, and electrical properties, and also aids 

in a higher strength to density ratio [11]. Although continuous carbon fiber-filled polymer 

composites present higher mechanical performance than short carbon fiber reinforced 

composites, the processing of continuous fiber-filled composites is not commonplace 

[72]. Short fiber-reinforced polymers (SFRPs) are traditionally used for the fabrication of 

low-cost composite parts, but the downside is SFRPs have less improved mechanical 

properties than long continuous fiber composites [72]. One of the fundamental SFRP 

manufacturing challenges is controlling the orientation of the fiber reinforcement in the 

surrounding matrix with good consolidation [73]. Although short fiber reinforced 

composite material extruded with LAAM system has fairly good alignment in the 

direction of the print path after extrusion, the fibers are not perfectly aligned, which is 
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necessary to obtain the maximum reinforcement effects. The mechanical and thermal 

properties of these SFRPs depend significantly on the distribution of the fiber orientation 

in the final parts [72].  

 In fiber reinforced polymers, the volume fraction of fiber, type of fiber, fiber size, 

and fiber orientation directly influence the performance of the material [74]. Fiber 

orientation in the matrix may vary due to the motion of fiber compared to the surrounding 

matrix in the material flow from the nozzle during processing. Love et al. [40] have 

presented that adding carbon fiber reinforcement into the Acrylonitrile Butadiene Styrene 

(ABS) polymer matrix shows a significant increase in the stiffness and strength of FDM 

3D printed parts. The final 3D printed part bears most of the loads in the print direction 

where the fibers are mostly aligned [72]. The tensile strength and tensile modulus 

increases with more highly aligned fiber orientation [72] [75]. In short carbon fiber 

reinforced polymers, besides the mechanical properties, the fiber orientation also 

influences the thermal properties like thermal conductivity and coefficient of thermal 

expansion. The thermal conductivity is substantially higher where the fibers have a 

higher degree of fiber orientation [76]. In the direction of fibers where they have the 

highest alignment, the coefficient of thermal expansion is lower [77]. Additionally, the 

directions with lower fiber orientation have coefficients of thermal expansions that show 

higher values [77]. Controlling the fiber orientation in the composites is a crucial way the 

LAAM process can improve the mechanical and thermal performances of the 3D printed 

part. 
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2.5 Effects of Porosity and Voids in on Mechanical  
and Thermal Properties 

 
 Fiber reinforced polymer composites are ideal to use in additive manufacturing 

for their high performance in operating conditions. But, during the manufacturing process 

of fiber reinforced polymers, there is a potential of progressing defects or flaws into the 

material [78]. These manufacturing defects can cause deviation in the mechanical and 

thermal properties from the computational or expected values of the composite. Voids 

and pores are the regions that are not filled with matrices or fibers, which are the most 

significant defects that affect the performance of a composite. The voids and pores have a 

high formation probability during almost all the manufacturing techniques. Their 

significance is paramount to study because of their significant effect on composite 

properties and failure propagation [79]. Therefore, it is critical to study and understand 

the significance of pores or voids on the mechanical properties of additively 

manufactured parts.  

 FDM is a thermal process, so internal voids and pores may be introduced into the 

fabricated thermoplastics, which can potentially reduce the mechanical and thermal 

properties in the composite part [9]. Although void content is the main parameter that 

influences the reduction of mechanical properties, other void characteristics such as the 

shape, size, and location of the voids need to be accurately analyzed to determine the 

effects fully [79]. Ning et al. [41] have identified three types of voids in their study. 

According to Ning et al. [41], for their samples, they observed an initial decrease of the 

porosity with increasing fiber contents, but the porosity increased to almost 10% at fiber 

contents above 10 wt%. In the samples studied in the present work, there are two broad 

categories of voids are present within the deposited bead as illustrated in Figure 2.3. The 
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first type of void is a physical gap at layer/layer interfaces in the final printed part that are 

generated between different individual layers can be observed in Figure 2.3 (a) [41]. The 

second category of voids originates from pores created by gas expansion during the 

extrusion of feedstock. During extrusion, various distributions of carbon fiber orientation 

in the beads result in an inconsistent fusion between the adjacent layers, producing gas 

bubbles [2] as can be observed in Figure 2.3 (b). There is another feature of interest in the 

present study, fiber pullout and breakage.  Although this is not a void, fiber pull-outs as 

shown in Figure 2.3 (b), are features that often exist on the fracture interface of a sample 

[41]. The fiber pull-out cause due to weak bondage between the fibers and matrix and 

often initiates voids around the region of pullout during the melt flow process. 

 

 

(a) 

1 
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(b) 

Figure 2.3: Different types of void formation causing porosity from LAAM samples with 
fiber reinforcement, (a) SEM image showing inter-bead voids and (b) SEM image 
demonstrating both gas bubbles (2) and fiber pull-out (3)  

 
 

 Void identification and characterization can be done by optical and scanning 

electron microscopy. Optical counting [80] and area fraction [81] measurement are two 

methods by which void content is possible to determine. Thompson et al. [82] confirmed 

in their work that the area fractions that are measured from microscopy on the cross-

sections of the surface of a sample are comparable to the volume fractions obtaining from 

the method of density determination. The accuracy for the determination of the void 

volume fraction from optical microscopy is considered to be 0.2% [83]. 

 The presence of voids or pores in fiber reinforced composites, even in small 

amounts, have considerable influence on the mechanical and thermal properties of the 

composite material such as interlaminar shear strength, longitudinal compressive 

strength, and transverse tensile strength [79]. Only a small amount of increase in the void 

3 

2 
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content can significantly reduce the modulus of stiffness and flexural strength [83]. For 

epoxy composites with carbon fiber reinforcement and less than 4% porosity, Liu et al. 

[84] observed an 8% reduction in the interlaminar shear strength with every 1% increase 

in porosity. In addition, Koushyar et al. [85] demonstrated that for the carbon fiber 

reinforced epoxy laminated composites, with the increase of the void content, the 

interlaminar shear strength decreases exponentially. The existence and amount of voids 

also affect the thermal properties of the fiber reinforced composites. For example, the 

coefficient of thermal expansion of a composite reduces by the presence of voids in the 

polymer composite matrix (see e.g. [86]). Porosity is a perennial problem in composite 

manufacturing, and the quantification of porosity in composites is crucial because of the 

significant influence on the reduction of thermomechanical properties of the final printed 

part. 

 
2.6 Fiber Orientation Measurement 

 Short fiber reinforced composites are being very popular because of their 

industrial applications and economic advantages [87]. Fiber orientation measurements in 

the composite material are very important for a reliable assessment of the physical 

properties. Reflective optical microscopy and scanning electron microscopy are the most 

popular methods for fiber orientation measurement [87]. Reflective microscopy produces 

images of the surface of a sample prepared by an appropriate metallographic polishing 

process. For fibers with a circular cross-section, the most common method for the 

measurement of fiber orientation is the “Method of Ellipses,” which is relatively 

straightforward and has been studied for many years [4, 12, 88-92]. With microscopy, 

complete or incomplete elliptical and rectangular footprints of the fibers can be obtained, 
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and the characteristic values of these micrographs can be measured by MoE, to get the 

fiber orientation. For the circular fibers, at the cross-section which appears on the 

intercepting plane, an elliptical image can be observed. Directional angles (𝜃𝜃,𝜙𝜙) of an 

ellipse which can be measured from the principal axes, as shown in Figure 2.4. Figure. 

2.4 depicts the parameters of an ellipse: the center of the ellipse (𝑥𝑥𝑐𝑐, 𝑦𝑦𝑐𝑐), the major (M) 

and minor (𝑚𝑚) axes of the ellipse, and the in-plane angle (𝜙𝜙𝑓𝑓) between the 𝑥𝑥1-axis and 𝑀𝑀. 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Definition of geometrical parameters measured in the method of ellipses: 
coordinates of the center of the ellipse (𝑥𝑥𝑐𝑐,𝑦𝑦𝑐𝑐), major axis (M), minor axis (𝑚𝑚), and in-
plane angle (𝜙𝜙𝑓𝑓). (Image based upon [87] and [6] ) 

 
 

 From the geometrical principles, another directional angle which is known as the 

out-of-plane angle (𝜃𝜃𝑓𝑓) is determined and defined by equation 2.1:           

                                                𝜃𝜃𝑓𝑓= cos−1(m/M)                                                             (2.1) 
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 Where 𝑀𝑀 is the major axis and m is the minor axis and 𝜃𝜃𝑓𝑓 is the out-of-plane 

angle [6]. The equations in the MoE are determined in terms of the semi-major and semi-

minor diameters of the projected elliptical cross-section for a circular fiber onto the 

viewing plane [6]. Then by numerically fitting the developed equations to measured 

ellipses, fiber angles are measured. 

 Short or chopped fibers in a composite matrix flow behave as rigid cylindrical 

rods. Short fibers can translate and rotate in the composite matrix in a three-dimensional 

space in the 𝑥𝑥1, 𝑥𝑥2 and 𝑥𝑥3 direction, but typically they are not capable of flexing or 

bending [91]. For a single fiber with a high aspect ratio, the spatial orientation can be 

described using spherical coordinates with the azimuthal or “in-plane” angle 𝜙𝜙𝑓𝑓, and 

zenith or “out-of-plane” angle 𝜃𝜃𝑓𝑓 as shown in Figure 2.5.  

 
 

 

 

 

 

 

 

 

 

Figure 2.5: Short rigid fiber particle orientation in spherical coordinates (image inspired 
from [91]) 
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The unit vector 𝑝𝑝 is easily derived from Figure 2.4 and is given by the equation:    
 

                                                        𝑝𝑝 = 𝑝𝑝1𝛿𝛿1  +  𝑝𝑝2𝛿𝛿2  +  𝑝𝑝3𝛿𝛿3                                                          (2.2) 

              Where 𝑝𝑝1 = 𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑓𝑓  𝑐𝑐𝑐𝑐𝑠𝑠𝜙𝜙𝑓𝑓                                                                                            (2.3) 

                              𝑝𝑝2 = 𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙𝑓𝑓                                                                                                       (2.4) 

                           𝑝𝑝3 = 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃𝑓𝑓                                                                                           (2.5) 

and 𝛿𝛿 is the Kronecker delta, where 𝛿𝛿𝑖𝑖𝑖𝑖 =  �0, 𝑠𝑠𝑖𝑖 𝑠𝑠 ≠ 𝑗𝑗
1, 𝑠𝑠𝑖𝑖 𝑠𝑠 = 𝑗𝑗                                                                     (2.6) 

 The angle 𝜙𝜙𝑓𝑓 in figure 2.4 has a range from 0 to 2𝜋𝜋 radians and the angle 𝜃𝜃𝑓𝑓 has a 

range from 0 to 𝜋𝜋 radians.  

 Orientation tensors represent the orientation of a population of fibers. In other 

words, the average orientation for a group of fibers that is evaluated from each individual 

fiber orientation is presented by orientation tensors [6]. The local orientations of the 

fibers in a part are commonly represented by the orientation tensors. The second-order 

orientation tensor (𝐴𝐴 = < 𝑝𝑝𝑝𝑝 >) is the most popular representation of tensors in the 

composite literature. The assumptions for these orientation tensors are that a tensor is 

always symmetric and has a trace equal to one [91]. The components of the tensor 𝐴𝐴𝑖𝑖𝑖𝑖 

can be expressed in terms of the directional angles by using Eq. (2.2). Again, the tensor 

per unit volume of material in the area inspected are obtained using a weighted average 

[6].  

                                                         𝐴𝐴𝑖𝑖𝑖𝑖=
∑ (𝑝𝑝𝑖𝑖𝑝𝑝𝑗𝑗)𝑛𝑛𝐿𝐿𝑛𝑛𝐹𝐹𝑛𝑛𝑛𝑛

∑ 𝐿𝐿𝑛𝑛𝐹𝐹𝑛𝑛𝑛𝑛
                                                                   (2.7) 

Here, 𝑝𝑝1 = the ith direction of the orientation unit vector corresponding to the axis of the 

fiber 

𝐿𝐿𝑛𝑛= length of the fiber (experimentally found to be 250 µm in the companion study [36]) 
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𝑑𝑑𝑛𝑛 = diameter of the fiber (experimentally found to be 7 µm in the companion study [36]) 

𝐹𝐹𝑛𝑛= the weighting function that relates the orientation per unit area to the orientation per 

unit volume,  

Where 

                                                                𝐹𝐹𝑛𝑛= 1
𝐿𝐿𝑛𝑛 cos�Ɵ𝑓𝑓�𝑛𝑛+ 𝑑𝑑𝑛𝑛sin (Ɵ𝑓𝑓)𝑛𝑛

                                                   (2.8) 

 where 𝑑𝑑𝑛𝑛  is the diameter of the nth fiber. 
 
 𝑠𝑠 = 1-3,  𝑗𝑗 = 1-3; (for 𝑥𝑥1, 𝑥𝑥2 and 𝑥𝑥3 plane)  

 However, this method of ellipses has some experimental and geometrical 

limitations that can lead to inaccurate measurements. Again, the inaccurate measurements 

lead to inaccurate interpretations of the fiber orientation state. Firstly, there always is a 

problem of possible ambiguity of the out-of-plane angle (𝜃𝜃𝑓𝑓). The fibers oriented at an 

angle 𝜃𝜃𝑓𝑓 and of fibers oriented at angle 180° − 𝜃𝜃𝑓𝑓 has an identical elliptical footprint [87]. 

Secondly, the sensitivity in the measurement of out-of-plane angle (𝜃𝜃𝑓𝑓) increases as the 

cross-section of fiber gets closer of being a perfect circle, which can results in serious 

measurement errors [87]. With a very high resolution of the image, these errors can be 

minimized.  

 In Figure 2.6, the problem of ambiguity has been depicted where two fibers with 

𝜙𝜙𝑓𝑓  and 𝜙𝜙𝑓𝑓 + 𝜋𝜋 in-plane angle have identical cross-sections in the (𝑥𝑥1, 𝑥𝑥2)  plane. The 

ambiguity of the value of the in-plane angle causes uncertainty in determining the out-of-

plane angle and orientation tensor 𝐴𝐴13 and 𝐴𝐴23. But the major orientation components 

𝐴𝐴11, 𝐴𝐴33 and 𝐴𝐴33, and the off-diagonal tensor, 𝐴𝐴12, are the same values for both the 𝜙𝜙𝑓𝑓  

and 𝜙𝜙𝑓𝑓 + 𝜋𝜋 angles. 
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Figure 2.6: A fiber with in-plane angle 𝜙𝜙𝑓𝑓 (solid lines) has an identical elliptical footprint 
in the (𝑥𝑥1, 𝑥𝑥2)  – plane, and out-of-plane angle as a fiber with in-plane angle 𝜙𝜙𝑓𝑓 + 𝜋𝜋. 
(dashed lines) (image based on [6]) 
  

 
 V´elez-Garc´ıa et al. [3] has developed a method for solving the ambiguity issue 

by exposing the fiber tips from underneath the polished surface by the plasma etching the 

samples.  By plasma etching, the sample, a characteristic shadow in the optical reflection 

micrograph in the under-surface region can be exposed and used to determine the 

direction of angle alignment [3]. With SEM microscopy, this shadow or tail can be 

determined more efficiently. Effective visualization of the shadow is very important to 

determine the orientation of the fiber in the matrix. To determine the alignment of fiber, a 

careful and controlled etching of the sample and the high-resolution in-focus image is 

very important [3].  

 Another important aspect for measuring the appropriate fiber orientation is the 

flexibility of carbon fibers in the ABS matrix. The flexibility is described as the tendency 

of the fibers to bend in the material flow. The effective flexibility of fibers in a viscous 

flow medium is described by Switzer and Klingenberg [93] as: 

𝐹𝐹𝑒𝑒𝑓𝑓𝑓𝑓 =  64𝜂𝜂𝑚𝑚𝛾𝛾𝛾𝑎𝑎𝑟𝑟
4

𝐸𝐸𝑌𝑌𝜋𝜋
                                                        (2.9) 

𝜙𝜙𝑓𝑓 + 𝜋𝜋 
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           Where, is the 𝜂𝜂𝑚𝑚 is the matrix viscosity, 𝛾𝛾𝛾 is the shear rate, 𝑎𝑎𝑟𝑟 is the aspect ratio  

(𝑎𝑎𝑟𝑟 = 𝐿𝐿𝑛𝑛
𝑑𝑑𝑛𝑛

, where 𝐿𝐿𝑛𝑛 is the length and 𝑑𝑑𝑛𝑛 is the diamete r of the fiber), and 𝐸𝐸𝑌𝑌 is the Young’s 

modulus. The fiber flexibility is proportional to the fiber aspect ratio, or in other words, in 

a given material, with increasing fiber aspect ratio, the fiber flexibility also increases [93]. 

Meyer, Hofman and Baird [94] have described their glass fiber to be considered as a long 

fiber if the length is more than 1 mm and short fiber if the length is under 1 mm. They used 

fiberglass fibers which typically have a diameter between 7 and 10 micrometers, thus a 

short fiber in their flow process would have an aspect ratio between 100 and 140. In this 

thesis the fibers used are of average length 250 µm and the aspect ratio is 35.5 well below 

the cutoff point identified by Meyer et al.. Although the processing conditions and fiber 

stiffness are different in the present thesis, the aspect ratio is well below that of a flexible 

fiber defined by Meyer et al., it is assumed that the fibers in the present study are rigid and 

not flexible. Thus any bending of the fibers in the ABS matrix will be disregarded. Also, 

in the images observed with the SEM microscopy, no bending of the fibers were observed. 

The fibers are rigid as shown in Figure 2.7: 
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Figure 2.7: SEM image of short and rigid Carbon fiber reinforced ABS matrix 
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CHAPTER THREE 

 
3. Sample Preparation and Image Acquisition 

 
 

3.1 The use of LAAM, Sample Preparation, and Process Parameter Selection 
 

 The requirement for high-performing plastics is getting bigger every day with the 

advancement of the manufacturing industry. The short fiber reinforced polymer (SFRP) 

composite material is widely popular as it is lightweight, and has high specific modulus 

and specific strength [95]. In recent years, short fiber reinforced composites are gradually 

replacing the demand for metal materials in the automotive, aerospace, shipping, and 

medical industries [96]. Many studies have been conducted which supports that the fiber 

orientation distribution in composite matrix determines the mechanical and thermal 

properties, while some process parameters have effects on fiber orientation such as 

nozzle temperature, printing speed, printing RPM, flow field distribution, fiber 

properties, matrix properties, etc. [97] [98].  The fiber orientation within the surrounding 

matrix continuously changes with the deposition as the molten polymer flows through the 

nozzle [99]. The specific molding process has a significant influence over the velocity 

distribution, melt viscosity gradient, and flow field, which affects the orientation of the 

fibers [98].  

 In this thesis, to study the effects of different process parameters on the fiber 

orientation, three process parameters have been selected: nozzle temperature, screw speed 

within the extruder by varying the RPM, and the area of the cross-section of the printed part. 

Three different nozzle temperatures, three different extruder screw RPMs, and three different 
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cross-sectional areas are investigated, and the change in fiber orientation with different 

processing conditions has been studied. The extruder has three different heated zones.  The three 

set point temperatures are for zones 1, 2, and 3, respectively 

(1) 190/195/200°C, (2) 200/205/210°C, and (3) 210/215/220°C. The three RPM setpoint for the 

extruder is (1) 1500 RPM, (2) 1875 RPM, and (3) 2250 RPM. Lastly, the three cross-sectional 

areas studied are (1). 22 mm2, (2). 27 mm2, and (3). 32 mm2. The extruder height is kept fixed 

for the present study at 3 mm from the height of the previously deposited layer. The cross-

sectional area of a printed bead for a certain screw speed and certain temperature is controlled by 

controlling the gantry speed or the speed of the deposition rate. In the 3-layer printed sample, the 

cross-sectional area discussed in the thesis is the area of each individual layer. This results in a 

total of 33 = 27 samples in this study to analyze for fiber orientation and void formation.  

 To print the samples, a G-code has been written. A parameter to include in the G-code is 

the gantry speed to control the desired cross-sectional area of the final print part. To find the 

accurate gantry speed for the G-code, several steps are required. First, the density of the 13% 

carbon fiber filled ABS 𝜌𝜌𝐴𝐴𝐴𝐴𝐴𝐴 is obtained by characterizing the mass and the volume of several 

samples. The average of the 5 samples is 1,063±8 kg/m3. Next, the mass flow rate is determined 

for each of the 9 variations of extruder zone temperatures and extruder screw speed.  This is done 

by extruding material into a measured container for a set period of time and measuring the 

resulting mass of extrudate accumulated. The volumetric flow rate, 𝑉𝑉𝛾𝐴𝐴𝐴𝐴𝐴𝐴, is found from the mass 

flow rate 𝑚𝑚𝛾 𝐴𝐴𝐴𝐴𝐴𝐴 divided by the density as 

𝑉𝑉𝛾𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑚𝑚𝛾 𝐴𝐴𝐴𝐴𝐴𝐴
𝜌𝜌𝐴𝐴𝐴𝐴𝐴𝐴

= 𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴
𝑡𝑡 𝜌𝜌𝐴𝐴𝐴𝐴𝐴𝐴

 ………………………………. (3.1) 

where 𝑚𝑚𝛾 𝐴𝐴𝐴𝐴𝐴𝐴 is the mass measured of extruder over the duration of time, t. This can be converted 

to the speed of the gantry by dividing by the desired cross-sectional area 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 as,  
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                                     𝐺𝐺𝑎𝑎𝑠𝑠𝐺𝐺𝐺𝐺𝑦𝑦 𝑆𝑆𝑝𝑝𝑆𝑆𝑆𝑆𝑑𝑑 =  𝑉𝑉
𝛾 𝐴𝐴𝐴𝐴𝐴𝐴,
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

      …………………………….. (3.2) 

And entering the gantry speed into the created G-code to control the LAAM system. 

 The actual cross-sectional areas of the layers of the printed sample are measured with the 

help of an optical microscope. The expected area and actual cross-sectional area for three layers 

for three samples are shown in table 3.1 with an average error of ~4%. From the table, a trend can 

be observed that in the first layer the cross-sectional area is the lowest and in the third layer, the 

area is the highest. Again the middle layers present the most accurate values for the cross-sectional 

areas and will be the layers investigated during later imaging of the microstructure. It was observed 

that the first layer gets pressed by the above two layers before fully cooling causing inconsistent 

geometrical configurations for the deposited layers.  

 

Table 3.1 Expected and actual cross-sectional area of each sample 

Cross-sectional 

Area 

Sample 1 Sample 2 Sample 3 

Expected cross-
sectional area 

22 27 32 

Cross-sectional area 
of layer 1 

19.32 25.78 32.06 

Cross-sectional area 
of layer 2 

22.40 26.73 32.24 

Cross-sectional area 
of layer 3 

22.74 28.10 35.39 

 
 
Tables 3.2, 3.3, and 3.4 show the different gantry speeds in inches per minute identified for each 

of the 27 different processing parameter combinations: 
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Table 3.2: Gantry speeds for the 190/195/200°C, extruder temperature setpoints (note, speeds 
provided in inches/minute) 

 

RPM 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 22 mm2 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 27 mm2 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 32 mm2 

1500 61 50 42 

1875 79 64 54 

2250 100 81 69 

 

Table 3.3: Gantry speeds for the 200/205/210°C extruder temperature setpoints (note, speeds 
provided in inches/minute) 

 
RPM 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 22 mm2 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 27 mm2 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 32 mm2 

1500 62 50 42 

1875 83 67 57 

2250 98 80 67 

 
 

Table 3.4: Gantry speeds for the 210/215/220°C extruder temperature setpoints (note, speeds 
provided in inches/minute) 

 

RPM 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 22 mm2 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 27 mm2 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 32 mm2 

1500 69 56 47 

1875 90 73 62 

2250 105 85 72 

 

The 27 samples are categorized according to the process parameters and shown in Table 3.5: 
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Table 3.5: Characterization of samples according to the process parameters 

Sample 

Identification 

Screw Speed 

(RPM) 

Temperature (°C) Cross-sectional 

Area (mm2) 

1 1500 200/205/210 22 

2 1500 200/205/210 27 

3 1500 200/205/210 32 

4 1875 200/205/210 22 

5 1875 200/205/210 27 

6 1875 200/205/210 32 

7 2250 200/205/210 22 

8 2250 200/205/210 27 

9 2250 200/205/210 32 

10 1500 190/195/200 22 

11 1500 190/195/200 27 

12 1500 190/195/200 32 

13 1875 190/195/200 22 

14 1875 190/195/200 27 

15 1875 190/195/200 32 

16 2250 190/195/200 22 

17 2250 190/195/200 27 

18 2250 190/195/200 32 

19 1500 190/195/200 22 

20 1500 210/215/220 27 

21 1500 210/215/220 32 

22 1875 210/215/220 22 

23 1875 210/215/220 27 

24 1875 210/215/220 32 

25 2250 210/215/220 22 

26 2250 210/215/220 27 

27 2250 210/215/220 32 
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3.2. Surface Preparation of the Sample 

 Preparing the surface of the samples is very significant for obtaining the desired 

characteristic material and topological data for both optical and scanning electron microscopy 

imaging. To determine the fiber orientation, it is essential to obtain accurate measurements of the 

characteristic values of the elliptical footprints [3]. High-quality images, that show the elliptical 

footprints with well-defined edges and provides contrast between the fibers and the matrix that 

surrounds the fibers, are critical for this purpose [3]. Proper sample preparation directly 

influences the quality of the images. Sample preparation steps include 3D printing chopped 

carbon fiber filled ABS on Baylor’s LAAM system, sectioning samples using a low-speed saw, 

placing samples into a mold, polishing the molds to expose the sample surface, cleaning the 

sample surface during polishing, and culminating in etching the polished samples to expose the 

fibers. 

 
3.2.1 3D Printing the Samples with LAAM System  

 Baylor’s Large Area Additive Manufacturing (LAAM) system, shown in Figure 3.1, was 

custom built and assembled by previous researchers. The cold-rolled steel rails, ¼” aluminum 

build plate, and 3” tubing that make up the main structure of the system were bought locally, and 

the tubing was cut and welded together in-house [100]. The system is operated by three 

unconnected sets of controls, those that control the gantry system, the extruder, and the heated bed. 

The extruder used in the LAAM system is a Strangpresse Extruder Model 19 [100]. The system 

fabricated is currently limited to a build area of 48” x 48”, but this is only limited by the steel 

tubing lengths selected for fabrication and can be readily extended to larger print volumes [100]. 
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Figure 3.1: Baylor’s Large Area Additive Manufacturing (LAAM) system 

 
 The LAAM system in the present study is used to process chopped carbon fiber filled 

ABS beads to print the required samples. Prior to manufacturing, 13% weight fraction carbon 

fiber filled ABS beads are dried for 4 hours in a convection oven at 80-85°C to evaporate all the 

moisture and then kept in a dry environmental chamber at room temperature in the air with a dew 

point of -40°C until testing. The samples are composed of three layers of ABS strips deposited 

directly on top of each other in the LAAM system, as shown in Figure 3.2. In Figure 3.2, one of 

the three-layer ABS strips used in this study is shown from a top view and a side view of the 

sectioned surface. The strips are formed by placing successive layers on top of each other along 

the same direction for each pass. 
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(a) 

 

(b) 

Figure 3.2: Test specimen with 13% weight fraction carbon fiber ABS (a) top-view, (b) cross-
section through the print direction 
 

3.2.2 Sample Cutting: 

 Cutting the sample must be done in such a manner that minimal fiber breakage is 

introduced, and there is minimal deformation of the polymer matrix that induces a change of the 

fiber orientation [3]. This latter scenario can occur if the cutting process produces heat in the 
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sample, thereby softening the matrix [3]. It is vital while cutting the sample that the surface 

preparation of the sample does not disturb, smear, break or alter the fibers [101]. A wrongly cut 

sample can lead to wrong conclusions. The choice of the technique to cut the plane and the 

experience and skill set of the individual who is preparing the sample, therefore, is essential. The 

samples for this study are cut with a low-speed saw to achieve this goal. Figure 3.3 shows the 

Buehler IsoMet Low Speed saw used for cutting the samples.  

 

 

Figure 3.3: Buehler IsoMet Low Speed saw 
 
 

 The low-speed saw maintains the fiber breakage to a minimum and induces a minimal 

distortion of the fiber shapes on the cut surface. Also, low-speed saw cutting keeps the temperature 

down so that no form change of the matrix can happen. Figure 3.4 shows a typical sectioned sample 

prior to polishing. Notice that although a low-speed, high precision saw is used to section the 
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surface, there are still surface variations caused by the cutting process and the resulting fiber 

ellipses are not easily identified from the unpolished sample within the optical image. 

 
 

 

 
 
3.2.3 Sample Polishing and Cleaning:  

Polishing the sample is a very important step to remove all the damaged fibers in 

the cutting operation. For an improved version of metallographic polishing that is 

essential for the surface preparation for fiber reinforced polymer composites, experience, 

technical knowledge, and personal expertise is required  [3]. To prepare the sample for 

Figure 3.4: Sectioned and unpolished specimen 
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the polisher, the sectioned samples are placed face down in 25 mm diameter molds. The 

resin and hardener are mixed and poured into the molds and allowed to be cured and 

hardened for 6 hours prior to polishing. The final resin mold with a sample inside is 

shown in Figure 3.5.  

 
 

 

Figure 3.5: Sample made for polishing within the 25 mm diameter resin puck 

  

 For polishing the samples, a proper recipe is very important to get the best 

micrographs while using microscopes. Some literatures were found on polishing glass 

fibers [3], but for the sample preparation of 3D printed short carbon fiber reinforced ABS, 

a suitable polishing technique with proper timing and weights has been developed in this 

thesis. The carbon fibers are about 15% lighter than the glass fibers and more susceptible 
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to break in shear, thus more prone to breakage [102]. Also the carbon fibers are more rigid 

than the glass fibers [102] posing a polishing challenge of a greater mismatch between the 

matrix and fiber inducing irregular surfaces if the material removal rate is too high. Thus a 

special recipe for carbon fiber reinforced part is needed. The following polishing process 

recipe has been developed with trial and error method. After trying several recipes the 

recipe yielding the highest quality images with minimal fiber breakage was selected.  

 The samples are polished with a Buehler EcoMat 3000 variable speed grinder 

automatic polisher, as shown in Figure 3.6, which is shown in Figure 3.6, with 120, 320, 

400, 600, and 1200-grade silicon carbide electro coated abrasive sandpaper. The sample is 

polished with 120-grade sandpaper for 2 minutes, 320 grade for 4 minutes, 400 grade for 

6 minutes, 600 grade for 6 minutes, and 1200 grade for 12 minutes. Always maintaining 

wet conditions while polishing is essential to avoid excessive fiber breakage as carbon 

fibers are very lightweight and the grinding from the polisher can break the fibers [3]. 

Again the continuous flow of the fluid, in this case, water, helps to eliminate the debris [3]. 

Therefore, continuous water flow was maintained at all times during the polishing process. 

The process parameters for polishing are summarized in Table 3.6. 
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Figure 3.6: Buehler EcoMat 3000 Variable Speed Grinder 

 
 

Table 3.6: Stage-1 of polishing- Polishing the samples with abrasive sandpapers 

Polishing grit designation 
(grade of silicon carbide 
electro coated abrasive 

sandpaper) 

 Time (in minutes) Environment 

120  2 Water 

320  4 Water 

400  6 Water 

600  8 Water 

1200  12 Water 
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Next, the sample is polished with micro-cloth with an Alumina polishing 

compound in three stages, summarized in Table 3.7.  At each stage, a successively 

smaller grit of the Alumina polishing compound is used:  5-micron, 1-micron, and then 

0.5-micron. Each step is performed for 30 minutes for each of the three fine polishing 

steps, and polishing compounds are added every 10 minutes. This process of fine 

polishing is repeated once to enhance the surface's smoothness. In all polishing steps, a 

wet environment is maintained continuously to avoid excessive breakage of fibers on the 

surface and to enhance the exposed fiber footprint border [3]. This stage is critical to 

obtain prominent optical footprint borders of the micrographs. 

 
Table 3.7: Stage 2 of polishing: Polishing the samples with polishing cloths  

Polishing cloth Time (in minutes) Environment 

Polishing micro-cloth 30 5-micron Alumina polishing 

compound mixed in water 

Polishing micro-cloth 30 1-micron Alumina polishing 

compound mixed in water 

Polishing micro-cloth 30 0.5-micron Alumina polishing 

compound mixed in water 

Final polishing cloth 30 5-micron Alumina polishing 

compound mixed in water 

Final polishing cloth 30 1-micron Alumina polishing 

compound mixed in water 

Final polishing cloth 30 0.5-micron Alumina polishing 

compound mixed in water 
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 Ultrasonic cleaning is a common procedure for high-quality cleaning. High-

frequency and high-intensity sound waves are used for removing foreign contaminants 

from the surface of a sample in ultrasonic cleaning [96]. During polishing, the sample is 

cleaned with Branson 1510 ultrasound sonicator, shown in Figure 3.7, cleaner for 30 

seconds, every 10 minutes, to remove any debris that can accumulate and scratch the 

surface, negating the polishing. During sonication, an ultrasound polishing compound is 

mixed with water to serve as a cleaning agent. The sample is submerged in a liquid, and 

the liquid needs to be ultrasonically activated. Ultrasound polishing compound mixed 

with water is used as the cleaning agent. The ratio of water and the ultrasonic liquid is 

6:1. The samples need to be washed and cleaned with normal water before and after the 

ultrasonic cleaning step. 

 
 

 

Figure 3.7 BRANSON 1510 Ultrasound Cleaner 
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3.2.4 Sample Etching: 

 Etching is the process of removing material from the surface of a sample. During 

the plasma etching process, highly energetic and reactive species are produced from a 

selected process gas [103]. The plasma reacts with the gases that are present in the 

chamber and creates volatile etch products. As a result, the materials at the surface broke 

down to volatile by the vacuum system the smaller molecules are being removed [103].  

The plasma burns off the ABS and while causing a minimal etch of the carbon fibers. As 

a result, the fibers stick out from the polymer matrix and creating a better contrast while 

imaging. 

 Typically SEM microscopy produces images in grayscale, thus the images can be 

degraded to a low contrast effect [104]. Plasma etching of the polished surface provides 

contrast enhancement between the polymer matrix and the reinforced fibers in the 

composite, which helps to analyze the sample [3]. After etching, the fibers stick out of the 

matrix, which provides a clearer distinction from the matrix [3]. The sample is etched 

with a Plasma-Etch PS-50, shown in Figure 3.8, for 40-50 minutes in a mixed oxygen 

with carbon tetra-fluoride (CF4) environment. The ratio of oxygen and CF4  gas is 3:1.  
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Figure 3.8: Plasma-Etch PS-50 Plasma Etcher 
 
 

 The plasma reacts with the gases that are present in the chamber and creates 

volatile etch products. The plasma burns off the top surface of the ABS and while causing 

a minimal etch of the carbon fibers. As a result, the fibers stick out from the polymer 

matrix and creating a better contrast while imaging, as shown in Figure 3.9. Figure 3.9 (a) 

shows an unetched sample and Figure 3.9 (b) shows an image of an etched sample. 
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(a) 

 

(b) 

Figure 3.9: SEM images (a) before plasma etching and (b) after plasma etching a sample 
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3.3 Image Acquisition Process 

 
 3.3.1 Image Acquisition from Optical Microscope 

 Two different digital Dino Lite optical microscopes were used to acquire a 

qualitative estimate of alignment of the polished sample with the setup shown in Figure 

3.10 depicting the 750x high magnification microscope. The long working distance and 

large depth of field provide clear images, and the polarizer on the low magnification 

system, 10x – 220x, allows for an enhanced contrast of the fibers in the ABS matrix. 

 
 

 

Figure 3.10: 750X Digital Dino Lite 
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In Figure 3.11, an optical image of the polished sample is shown at a 20x 

magnification. Observe in the figure that there are three deposited layers, termed beads. 

For the subsequent analysis, the middle bead will be analyzed for consistency and 

subdivided into 9 sub-regions. These 9 subregions, depicted in Figure 3.11, will be 

analyzed for the local orientation state along with spatial variations in void formation. For 

different variations in surface roughness, the focus level should be adjusted accordingly 

for each sample with necessary changes in the overall microscope settings. From the optical 

image, we can determine how the fibers are positioned in the matrix, but it is difficult to 

distinguish the correct direction due to the limited resolution and the available depth of 

field. Of note from the optical image is the presence of significant voids of varying sizes 

can be observed. This can be observed in the 750x magnification image of the polished 

sample shown in Figure 3.12. Within the observed area, there are many fibers as noted by 

the elliptical shapes all of the same order for the minor axis, and the considerable number 

of irregular features corresponding to internal voids in the ABS matrix. 

 

 

Figure 3.11: Image of the surface of the polished sample 
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Figure 3.12: Image of the polished sample from 750X Dino Lite  

 
3.3.2 Image Acquisition from Scanning Electron Microscope 

 A JEOL JSM-6610LV Scan Electron Microscope was used to capture high-

resolution images with an increased depth of field of the polished sample. The system used 

in the present thesis is shown in Figure 3.13 and can be operated in both low and high 

vacuum mode with backscatter and secondary electron detectors.  The system also has an 

EDX system for material analysis that will be used in this thesis. 

 

fiber 

void 
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Figure 3.13: JEOL JSM-6610LV Scanning Electron Microscope 

 
 

 As shown in Figure 3.11, one layer of the sample bead is divided into nine 

regions. In Fig. 3.14, 3.15, and 3.16, the image acquired from the scanning electron 

microscope of Region 1, Region 2, and Region 3 has been shown, which correspond to, 

respectively the upper left, upper-middle, and upper right side of the deposited bead 

shown in Figure 3.11. In Region 1 and Region 3, the fibers are mostly oriented towards 

the out-of-plane direction, 𝑥𝑥3, (into and out of the page) of the surface as can be noted by 

a large number of circular or near-circular ellipses. In Region 2, we can see that the fibers 

are not uniformly distributed spatially but have a banded nature to the dispersion.  In 

addition, the ellipsoids observed have a larger major to minor axis ratio indicating less 

alignment in the flow direction. This latter observation is made based upon viewing the 
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variations in the cross-sectioned ellipses. It is also clear that there are several significant 

voids present. 

 
 

         

Figure 3.14: Image of the upper-left part of the surface of the polished sample from SEM 
(Region 1) 

 
 

    

Figure 3.15: Image of the upper-middle part of the surface of the polished sample from 
SEM (Region 2) 
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Figure 3.16: Image of the upper-right part of the surface of the polished sample from SEM 
(Region 3) 

 
 

 Continuing to look at the three middle regions of the sample shown in Figure 

3.11, SEM images of Regions 4, 5, and 6 are shown in Figures 3.17, 3.18, and 3.19. 

These three regions, Region 4, 5, and 6, are, respectively, the center-left, center-middle, 

and center-right parts of a layer of the sample. Similar to that of Regions 1 and 3, the 

fibers in Regions 4 and 6, are mostly oriented in the 𝑥𝑥3, direction, whereas in Region 5, 

the fibers are more randomly oriented as noted by their higher propensity to have 

ellipsoids with higher ratios of the major to the minor axis.  Again, it is worth 

highlighting the high aerial percentage of voids in the sectioned samples. This was 

unexpected and will be discussed in detail in the results section. 
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Figure 3.17: Image of the center-left part of the surface of the polished sample from SEM 
(Region 4) 

 
 

    

Figure 3.18: Image of the center-middle part of the surface of the polished sample from 
SEM (Region 5) 
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Figure 3.19: Image of the center-right part of the surface of the polished sample from 
SEM (Region 6) 

 
 

 Figures 3.20, 3.21, and 3.22 show the SEM image of Regions 7, 8, and 9, which 

are, respectively, the lower-left, lower-middle, and lower-right regions of the deposited 

layer. The fiber orientation of these areas shows a similar trend to that of regions 1-6, 

specifically Regions 7 and 9, the outer edges, have mostly orientated fibers whereas 

Region 8, the interior region, has more randomly oriented fibers. Of note are the regions 

of voids observed by either the dark regions or the bright white regions.  The dark regions 

are voids with empty space, whereas the white regions are voids that were filled in with 

the polishing compound used in preparing the samples. The use of a sonicator for 

cleaning removes most of the polishing compound from the voids, but it did not remove 

all of the compounds. 
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Figure 3.20: Image of the lower-left part of the surface of the polished sample from SEM 
(Region 7) 

 
 

    

Figure 3.21: Image of the lower-middle part of the surface of the polished sample from 
SEM (Region 8) 
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Figure 3.22: Image of the lower-right part of the surface of the polished sample from 
SEM (Region 9) 
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CHAPTER FOUR 

4. Fiber Orientation and Porosity Identification 

 
4.1 Fiber Orientation Quantification 

 In Figure 4.1, the geometrical parameters as they are defined in the method of 

ellipses (MoE) are shown, the coordinate system and parameter definition of which follows 

that of Velez-Garcia [6]. 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Definition of geometrical parameters measured in the method of ellipses: 
(Image based upon [3], [87], and [6] ) 
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 Here, M is the major axis and m is the minor axis of an elipse.  The orientation of 

the fiber can be determined in terms of the semi-major and semi-minor diameters. Every 

fiber is traced from the image created using microscopy by tracing the perimeter of each 

fiber and collecting the 𝑥𝑥1 and 𝑥𝑥2 coordinate data from each point.  An outline is created 

for the cross-sectional area of the fiber and a quadratic curve is fitted using equation 4.1. 

The ellipses are drawn around the cross-section from the data as shown in Figure 4.2 by 

clicking at least 6 points. For bigger ellipsoids, there are upto 15 points drawn around the 

perimeter for getting the best fit. A simple optimization algorithm written in MATLAB is 

then used to identify the best-fit orientation, in the least-squares sense, for the ellipsoid to 

the fiber cross-section.  

 The general quadratic curve equation for the fitting is 

 
𝑎𝑎𝑥𝑥12 + 2𝑏𝑏𝑥𝑥1𝑥𝑥2 + 𝑐𝑐𝑥𝑥22 + 2𝑑𝑑𝑥𝑥1 + 2𝑖𝑖𝑥𝑥2 + 𝑔𝑔 = 0                              (4.1) 

 
 where center (𝑥𝑥0, 𝑦𝑦0), semi-major axis (𝑀𝑀′), and semi-minor axis (𝑚𝑚′), can be 

calculated [105], 

 
𝑥𝑥0 =  𝑐𝑐𝑑𝑑−𝑏𝑏𝑓𝑓

𝑏𝑏2−𝑎𝑎𝑐𝑐
                                                                                         (4.2) 

𝑦𝑦0 =  𝑎𝑎𝑓𝑓−𝑏𝑏𝑑𝑑
𝑏𝑏2−𝑎𝑎𝑐𝑐

                                                                                         (4.3) 

𝑀𝑀′ =  � 2(𝑎𝑎𝑓𝑓2+𝑐𝑐𝑑𝑑2+𝑔𝑔𝑏𝑏2−2𝑏𝑏𝑑𝑑𝑓𝑓−𝑎𝑎𝑐𝑐𝑔𝑔
(𝑏𝑏2−𝑎𝑎𝑐𝑐)[�(𝑎𝑎−𝑐𝑐)2+4𝑏𝑏2−(𝑎𝑎+𝑐𝑐)]

                                                     (4.4) 

 𝑚𝑚′ =  � 2(𝑎𝑎𝑓𝑓2+𝑐𝑐𝑑𝑑2+𝑔𝑔𝑏𝑏2−2𝑏𝑏𝑑𝑑𝑓𝑓−𝑎𝑎𝑐𝑐𝑔𝑔
(𝑏𝑏2−𝑎𝑎𝑐𝑐)[−�(𝑎𝑎−𝑐𝑐)2+4𝑏𝑏2−(𝑎𝑎+𝑐𝑐)]

                                                   (4.4) 

 For the counterclockwise angle of rotation, which is the in-plane angle, 𝜙𝜙𝑓𝑓 , shown 

in Figure 4.1, from the 𝑥𝑥1 axis to the major axis calculated of the ellipse is 
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𝜙𝜙𝑓𝑓 =  

⎩
⎪
⎨

⎪
⎧

0                                                           𝑖𝑖𝑐𝑐𝐺𝐺 𝑏𝑏 = 0 𝑎𝑎𝑠𝑠𝑑𝑑 𝑎𝑎 < 𝑐𝑐
1
2
𝜋𝜋                                                       𝑖𝑖𝑐𝑐𝐺𝐺 𝑏𝑏 = 0 𝑎𝑎𝑠𝑠𝑑𝑑 𝑎𝑎 > 𝑐𝑐
1
2
𝑐𝑐𝑐𝑐𝐺𝐺−1 �𝑎𝑎−𝑐𝑐

2𝑏𝑏
�                                 𝑖𝑖𝑐𝑐𝐺𝐺 𝑏𝑏 ≠ 0 𝑎𝑎𝑠𝑠𝑑𝑑 𝑎𝑎 < 𝑐𝑐

𝜋𝜋
2

+ 1
2
𝑐𝑐𝑐𝑐𝐺𝐺−1 �𝑎𝑎−𝑐𝑐

2𝑏𝑏
�                          𝑖𝑖𝑐𝑐𝐺𝐺 𝑏𝑏 ≠ 0 𝑎𝑎𝑠𝑠𝑑𝑑 𝑎𝑎 > 𝑐𝑐

               (4.5) 

 
 Figure 4.2 shows the tracing of each fiber on the surface of Region 7 of sample 15 

from the layer in the sample. 

 

 

Figure 4.2: Fiber orientation measurement by MoE (Region 7) 

 
 The semi-major and semi-minor axis lengths along with the direction of the major 

axis are extracted from the best fit ellipse and this information is then used to evaluate the 

out-of-plane angle 𝜃𝜃𝑓𝑓 from equation 2.1. With the in-plane and out-of-plane angle values, 

the unit vector 𝑝𝑝 is evaluated from equation 2.2. The from equations 2.7 and 2.8, the 

orientation tensor 𝐴𝐴𝑖𝑖𝑖𝑖 is evaluated.  
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 We have studied a total of 27 samples in this thesis with different processing 

parameters. In Table 4.1, the orientation tensor value from Figure 4.1 is generated for every 

nine regions, as shown in Figure 3.9. The orientation states are also shown as a function of 

the region in Figure 4.4. 

 
Table 4.1. Orientation tensor for different regions of the sample 

Region Fiber Count A11 A22 A33 

1 83 0.21 0.20 0.59 

2 64 0.18 0.26 0.56 

3 77           0.30 0.12 0.58 

4 86           0.10 0.26 0.64 

5 53 0.41 0.24 0.36 

6 75 0.26 0.20 0.54 

7 80           0.20 0.13 0.67 

8 54 0.43 0.07 0.50 

9 91 0.14 0.20 0.66 

 

 From the fiber orientation measurement given in Table 4.1, it is evident that fibers 

are most aligned towards the 𝑥𝑥3 direction (highest 𝐴𝐴33), the direction of deposition, at 

regions 1, 3, 4, 6, 7, and 9. At the centers of the deposited bead, regions 2, 5, and 8, the 

orientation state is less aligned along the flow direction 𝑥𝑥3 indicating significant spatial 

inhomogeneity of the orientation state within the individual deposited bead. Although, in 

this particular sample the Region 2 has a higher alignment, in most of the samples the 

Region 2 has low fiber alignment, which is discussed later. It is also worth noting that the 

fiber count is directly proportional to the fiber orientation of a particular area, but as will 
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be shown shortly this does not significantly impact the confidence of the measured 

orientation state.  

 The change of fiber count along the nine regions of sample 15 is shown with graphs 

in figure 4.3: 

 

 

Figure 4.3: Change of fiber count at 9 different regions of a layer of the deposited bead 

 
 The change of 𝐴𝐴11, 𝐴𝐴22, and 𝐴𝐴33 along the nine regions are shown with graphs in 

figure 4.4. The summation of the orientation tensor values 𝐴𝐴11, 𝐴𝐴22, and 𝐴𝐴33 for one 

region is 1. The higher values of a tensor mean a high orientation state towards that 

direction.  
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Figure 4.4: Change of 𝐴𝐴11, 𝐴𝐴22, and 𝐴𝐴33 at 9 different regions of a layer of sample 15 in 
the deposited bead 

 
 

  The error bars have been calculated by two different methods. A colleague has 

also calculated the values of the fiber orientation tensors for five different SEM images, 

and the error in results between two persons has been calculated on average as nearly 

6.9%. Again, tensor values have been calculated five times each for one very highly 

oriented and one very low oriented SEM. The error in the results of the same image five 

times comes out to be on average 6%. The results are shown in Tables 4.2 and 4.3. The 

error bars for a 6% error are shown for each point in Figure 4.4 but will be disregarded 
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throughout the remainder of the images for clarity.  Regardless, variations on the order of 

6% or less cannot be considered statistically significant, whereas changes greater than 6% 

may be significant. 

 
Table 4.2: Error Calculation for two different persons calculating the tensors 

Sample No. Person 1 Person 2 Error Value Error percentage (%) 

1 0.50 0.49 0.02 2 

2 0.35 0.37 0.057143 5.714286 

3 0.60 0.55 0.083333 8.333333 

4 0.52 0.45 0.134615 13.46154 

5 0.4 0.38 0.05 5 

   Average 6.9 
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Table 4.3: Error Calculation for one person calculation the tensors several times  

Sample No Value of 𝐴𝐴33 Error Value Error percentage (%) 

 0.32 0 0 

 0.3 0.066667 6.666667 

Sample 1 0.35 0.085714 8.571429 

 0.34 0.058824 5.882353 

 0.36 0.111111 11.11111 

  Average 6.4 

 

Sample No Value of 𝐴𝐴33 Error Value Error percentage (%) 

 0.66 0 0 

 0.6 0.1 10 

Sample 2 0.59 0.118644 11.86441 

 0.69 0.043478 4.347826 

 0.68 0.029412 2.941176 

  Average 5.8 

 Total Average 

Error  

 6.1 

  
 
 In this thesis, 27 samples have been studied with three different temperatures, 

screw speeds and cross-sectional areas as discussed in Section 3.1, with the entire 

parameter set for each sample provided in Table 3.4. From within each sample, the 

imaging is divided up into the 9 regions discussed in chapter 3, and the orientation state, 

specifically 𝐴𝐴11, 𝐴𝐴22 and 𝐴𝐴33 for all 27 samples and their respective 9 regions are shown 

in totality in Figure 4.5.  
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Figure 4.5: Plots of 𝐴𝐴11, 𝐴𝐴22, and 𝐴𝐴33 for each sample by regions 
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 From Figure 4.5, it is evident that the value of 𝐴𝐴33 is higher on the sides and 

corner regions, specifically regions 1, 3, 4, 6, 7, and 9, for almost every sample indicating 

that the fibers are mostly oriented in the flow direction at the sides and corners of the 

deposited layer. In almost all the samples the fiber count is highest in the same regions 

where the alignment is highest. Also, at the center part of the layer, the fibers are more 

randomly oriented with increasing values of 𝐴𝐴11 and 𝐴𝐴22. 

 In this thesis, three different process parameters have been selected to study fiber 

orientation: temperature, screw speed, and cross-sectional area. 27 samples with three 

different temperatures, three different cross-sectional areas, and three different screw 

speeds have been 3D printed to observe the fiber orientation change with changing each 

parameter to find the greatest alignment towards the print direction. As the orientation 

tensor towards the print direction 𝑥𝑥3 is 𝐴𝐴33, thus the highest value of 𝐴𝐴33 is investigated. 

 To measure how the error in the measurement properties such as the major axis,  

𝑀𝑀, the minor axis, 𝑚𝑚, and the in-plane-angle, 𝜙𝜙𝑓𝑓 from the manual curve fitting, affects 

the error in the calculation of orientation tensor 𝐴𝐴33, a Monte-Carlo simulation on 

equation 2.1. 2.2, 2.7 an 2.8 have been run. The typical standard deviation of the 

parameters are considered to be 0.05. For the simulation, the average criteria have been 

selected with 500 sets of 80 samples and the results are shown in Figure 4.6 with 500 

iteration. From the simulation, the mean of 𝐴𝐴33 is 0.45 and the standard deviation is 0.02 

From the simulation, the standard deviation is 0.02. From this figure, it is evident that 

with a 6% error in measurement parameters, the error in the actual calculation propagates 

to 2%.  
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Figure 4.6: Mean and standard deviation from the Monte-Carlo simulation for error 
measurement  

 
 

4.1.1 Effect of Nozzle Temperature on Fiber Orientation 

 With screw speed 1500 and cross-sectional area 22 mm2 the variation of 

orientation tensors 𝐴𝐴11, 𝐴𝐴22, and 𝐴𝐴33 in 9 regions for changing the nozzle temperature to 

190/195/200 oC, 200/205/210 oC, and 210/215/220 oC are shown in Figure 4.7. Then the 

average values of these three tensors for the 9 regions of this sample are calculated. And 

the average values of the tensors for the sample with changing temperature are shown in 

Figure 4.8.  
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Figure 4.7: Change of orientation tensors at 9 regions with changing the temperature with 
RPM = 1500 at A = 22 mm2 

 
 

 
 

Figure 4.8: Change of the average orientation tensors with changing the temperature with 
RPM = 1500 at A = 22 mm2 
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200/205/210 oC. That means the highest alignment of the fibers towards the print 

direction can be achieved at these settings of parameters.  

 Keeping the same screw speed at 1500 RPM and changing the cross-sectional 

area to 27 mm2, the variation of the average values of the orientation tensors for the 

sample with changing temperature is shown in Figure 4.9. For this process parameter 

settings, the sample with nozzle temperature 210/215/220 oC presents the highest 

alignment towards the print direction and 200/205/210 oC shows the lowest alignment.  

  
 

 

Figure 4.9: Change of the average orientation tensors with changing the temperature with 
RPM = 1500 at A = 27 mm2 
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parameter settings, the sample with nozzle temperature 210/215/220 oC presents the 

highest alignment towards the print direction and 190/195/200 oC shows the lowest 

alignment. But the change of values for 𝐴𝐴33 is not so drastic for the three different 

temperatures as before.  

 

190 200 210 220

 Temperature (
o

C)

0.15

0.2

0.25

0.3

0.35

0.4

 A
11

,A
vg

 Average A
11

, RPM = 1500, Area = 27 mm
2

190 200 210 220

 Temperature (
o

C)

0.1

0.15

0.2

0.25

0.3

0.35

 A
2,

A
vg

 Average A
2

, RPM = 1500, Area = 27 mm
2

190 200 210 220

 Temperature (
o

C)

0.35

0.4

0.45

0.5

0.55

0.6

 A
33

,A
vg

 Average A
33

, RPM = 1500, Area = 27 mm
2



 

 83     
  

 

Figure 4.10: Change of the average orientation tensors with changing the temperature 
with RPM = 1500 at A = 32 mm2 
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process parameter settings, the sample with nozzle temperature 190/195/200 oC and 

210/215/220 oC presents higher alignments towards the print direction and  

200/205/210 oC shows the lowest alignment.  
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Figure 4.11: Change of the average orientation tensors with changing the temperature 
with RPM = 1875 at A = 32 mm2 
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alignment towards the print direction and 210/215/220 oC shows the lowest alignment 

state. 

 
4.1.2 Effect of Screw Speed on Fiber Orientation 

 With 190/195/200 oC temperature of the nozzle and cross-sectional area 22 mm2, 

the variation of orientation tensors 𝐴𝐴11, 𝐴𝐴22, and 𝐴𝐴33 in 9 regions for changing the screw 

speed to 1500 RPM, 1875 RPM, and 2250 RPM are shown in Figure 4.12. Then the 

average values of these three tensors for the 9 regions of this sample are calculated. And 

the average values of the tensors for the sample with changing screw speed are shown in 

Figure 4.13.  

 

Figure 4.12: Change of orientation tensors at 9 regions with changing the screw speed 
with Temperature = 190/195/200 oC at A = 22 mm2 
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Figure 4.13: Change of the average orientation tensors with changing the screw speed 
with Temperature = 190/195/200 oC at A = 22 mm2 
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and cross-sectional area 22 mm2, the highest values of 𝐴𝐴33 is obtained at screw speed 

2250 RPM. That means the highest alignment of the fibers towards the print direction can 

be achieved at these settings of parameters. For 1500 and 1875 RPM the orientation is 

lower towards the print direction. 
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sectional area to 27 mm2, the variation of the average values of the orientation tensors for 

the sample with changing screw speed is shown in Figure 4.14. For this process 

parameter settings, the sample with screw speed 2250 RPM presents the highest 

alignment towards the print direction, and screw speed 1500 RPM shows the lowest 

alignment.  
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Figure 4.14: Change of the average orientation tensors with changing the screw speed 
with Temperature = 190/195/200 oC at A = 27 mm2 

 
 

 Again, keeping the same nozzle temperature at 190/195/200 oC and changing the 

cross-sectional area to 32 mm2, the variation of the average values of the orientation 

tensors for the sample with changing screw speed is shown in Figure 4.15. For this 

process parameter settings, the sample with screw speed 1875 RPM presents the highest 

alignment towards the print direction, and 1500 and 2250 RPM shows lower alignment 

states.   

 

 

Figure 4.15: Change of the average orientation tensors with changing the screw speed 
with Temperature = 190/195/200 oC at A = 32 mm2 
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with changing screw speed is shown in Figure 4.16.  For this process parameter settings, 

the sample with screw speed 1500 RPM presents the highest alignment towards the print 

direction, and 1875 and 2250 RPM shows lower alignment states. 

 

 

Figure 4.16: Change of the average orientation tensors with changing the screw speed 
with Temperature = 200/205/210 oC at A = 22 mm2 
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 Furthermore, changing the nozzle temperature parameter to the last setting at  

210/215/220 oC and the cross-sectional area to 22 mm2, the variation of the average 

values of the orientation tensors for the sample with changing screw speed follows the 

same trend as shown in Figure 4.15. For this process parameter settings, the sample with 

screw speed 1875 RPM presents the highest alignment towards the print direction, and 

1500 and 2250 RPM shows lower alignment states. Keeping the same nozzle temperature 

at 210/215/220 oC and changing the cross-sectional area to 27 mm2, the variation of the 

average values of the orientation tensors for the sample with changing screw speed is 

shown in Figure 4.17. For this process parameter settings, the sample with screw speed 

1500 RPM presents the highest alignment towards the print direction and 2250 RPM 

shows the lowest alignment states.  

 

 

Figure 4.17: Change of the average orientation tensors with changing the screw speed 
with Temperature = 210/215/220 oC at A = 27 mm2 

 
 

 Finally, keeping the same nozzle temperature at 210/215/220 oC and changing the 

cross-sectional area to 32 mm2, the variation of the average values of the orientation 

tensors for the sample with changing screw speed presents the trend as shown in Figure 

4.16. For this process parameter settings, the sample with screw speed 1500 RPM 

1600 1800 2000 2200
 RPM

0.15

0.2

0.25

0.3

0.35

0.4

 A
11

,A
vg

 Average A 11, Area = 27 mm2, T = 215 oC

1600 1800 2000 2200
 RPM

0.1

0.15

0.2

0.25

0.3

0.35

 A
22

,A
vg

 Average A 22, Area = 27 mm2, T = 215 oC

1600 1800 2000 2200
 RPM

0.35

0.4

0.45

0.5

0.55

0.6

 A
33

,A
vg

 Average A 33, Area = 27 mm2, T = 215 oC



 

 90     
  

presents the highest alignment towards the print direction, and 1875 and 2250 RPM 

shows lower alignment states. 

 
4.1.3 Effect of Cross-sectional Area on Fiber Orientation 

 With screw speed 1500 and nozzle temperature to 190/195/200 oC the variation of 

orientation tensors 𝐴𝐴11, 𝐴𝐴22, and 𝐴𝐴33 in 9 regions for changing the cross-sectional area to 

22 mm2, 27 mm2, and 32 mm2 are shown in Figure 4.18. Then the average values of these 

three tensors for the 9 regions of this sample are calculated. And the average values of the 

tensors for the sample with changing cross-sectional area are shown in Figure 4.19.  
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Figure 4.18: Change of orientation tensors at 9 regions with changing the cross-sectional 
are with RPM = 1500 at nozzle temperature = 190/195/200 oC 
 
 

 

Figure 4.19: Change of the average orientation tensors with changing the temperature 
with RPM = 1500 at nozzle temperature = 190/195/200 oC 
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 From the above figures, it is evident that for nozzle screw speed 1500 RPM and 

nozzle temperature 190/195/200 oC, the highest values of 𝐴𝐴33 is obtained at the cross-

sectional area of 22 mm2. That means the highest alignment of the fibers towards the 

print direction can be achieved at these settings of parameters. For cross-sectional areas 

22 mm2   and 32 mm2, the orientation is lower towards the print direction. 

 Keeping the same screw speed 1500 RPM and changing the nozzle temperature at 

200/205/210 oC, the variation of the average values of the orientation tensors for the 

sample with changing cross-sectional area is shown in Figure 4.20. For this process 

parameter settings, the sample with the cross-sectional area of 22 mm2 presents the 

highest alignment towards the print direction, and the cross-sectional area of 27 mm2 

shows the lowest alignment. 

 

 

Figure 4.20: Change of the average orientation tensors with changing the temperature 
with RPM = 1500 at nozzle temperature = 190/195/200 oC 
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presents the highest alignment towards the print direction, and 32 mm2 shows the lowest 

alignment state.   

 

 

Figure 4.21: Change of the average orientation tensors with changing the temperature 
with RPM = 1500 at nozzle temperature = 210/215/220 oC 
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sample with changing cross-sectional area is shown in Figure 4.22.  For this process 

parameter settings, the sample with the cross-sectional area of 32 mm2 presents the 

highest alignment towards the print direction, and the cross-sectional area of 22 mm2 

shows the lowest alignment. 
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Figure 4.22: Change of the average orientation tensors with changing the temperature 
with RPM = 1875 at nozzle temperature = 190/195/200 oC 
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Figure 4.23: Change of the average orientation tensors with changing the temperature 
with RPM = 1875 at nozzle temperature = 210/215/220 oC 
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4.1.4 Correlation Among All Three Process Parameters with The Orientation Tensors 

 The change of the value A33 for different print conditions is shown in figure 4.24: 

 

Figure 4.24: Change of A33 value for different print conditions 

 
 From the above figure, it is evident that the highest alignment of fibers in the 𝑥𝑥3 
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 Figure 4.24 shows a trend that generally at higher screw speeds, the fiber 

orientation is the greatest towards the print direction at lower nozzle temperatures. Again, 

for the lowest RPM and lowest cross-sectional area, and the highest RPM and highest 

cross-sectional area, the fiber orientation towards the print direction can be obtained at 

nozzle temperature 200/205/210°C.  

 Studying and analyzing all the 27 samples by changing three process parameters, 

it can be concluded that there is not much correlation between the process parameters and 

the orientation tensors.  

 
4.1.5 Fiber Orientation Measurement for Different Samples with All the Same Processing 
Conditions 
 
  To study the fiber orientation across the length of the 3D printed part, a single 

deposited bead is cut at 6 random locations, and then the orientation tensors 𝐴𝐴11, 𝐴𝐴22, and 

𝐴𝐴33 are measured. In Figure 4.25, the orientation tensors along the studied 6 samples are 

shown. These 6 samples are printed at a nozzle temperature of 190/195/200°C, screw 

speed 1875 RPM, and cross-sectional area of 32 mm2. After studying and analyzing these 

6 samples with the same process parameters, it can be concluded that there is significant 

variation in the value of the tensors along the length of the printed part, in contradiction 

to the assumed state of uniformity along the deposited bead length. The 𝐴𝐴33 component 

varies across the six samples.  For example, in Region 1, the 𝐴𝐴33 ranges from 0.36 to 0.67 

with a mean and standard deviation of, respectively, 0.56 and 0.06.  
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Figure 4.25: Plots of 𝐴𝐴11, 𝐴𝐴22, and 𝐴𝐴33 for each sample with sample process parameters 
by regions 
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 It can be observed from the above figure that the orientation tensor values follow 

the same trend as discussed before of having the highest values in the print direction on 

the corners and near-the-surface regions and on the middle regions having lower values 

in the print direction. But variation of tensor values in the same region for all the samples 

with the same processing condition is very different.  

 
4.1.6 Potential Solution of Ambiguity Problem 

 As shown in Figure 2.6, the method of ellipses poses a problem of ambiguity while 

calculating the out-of-plane angle 𝜃𝜃𝑓𝑓. The SEM generates a much clearer and three-

dimensional-like image due to the secondary and backscattered contrast of a surface. In the 

SEM image, an under-surface shadow of each fiber can be traced; thus, the actual 

orientation of each fiber in the matrix can be determined. It can resolve the ambiguity 

problem that is the main concern with optical microscopy. This can be observed in Figure 

4.26 of Region 2. Notice that some of the fibers have a contrasting shadow for the part of 

the fiber that lies under the surface. 
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Figure 4.26: Tracing under the surface shadow of fiber to determine the orientation 
(Region 5 of sample 15) 

 
 

 Again, there are some fibers in Figure 4.23, whose cross-sections are not fully 

circular but ellipsoidal, but from the image, its under-surface shadow is not evident. So, it 

is not possible to determine the direction of these fibers with full confidence. It has been 

observed from the SEM images that the under-surface shadow for fibers with long 

ellipsoidal cross-sections is easier to determine, but with smaller or nearly circular cross-

sections, it is much more difficult to determine. But this process has much scope for 

future work. 

 
4.2 Void Identification and Measurement 

 In both optical and SEM images, the presence of voids in the ABS matrix is 

found. The presence of voids significantly impacts the mechanical and thermal properties 

negatively of the chopped carbon fiber filled ABS. In Figure 4.27, a zoomed-in view of 

Fiber direction 

ambiguity 

Fiber direction 

Fiber direction 



 

 101     
  

Region 8 shows the clear presence of voids within the matrix. These voids would not be 

present in injection or compression molded composites due to the presence of high 

packing pressures, but due to the die swell, lower pressures during extrusion, and due to 

the fact that there is no holding pressure used within the FDM process, voids can form 

during processing. This issue is less prevalent in the neat ABS polymer when the fibers 

are not compounded with the resin, but as fibers are introduced to the polymer matrix the 

propensity of voids to form increases. 

 
 

 

Figure 4.27:  Void identification 

 
 The perimeter of each void present in an SEM image is traced as a polygon and 

the area of the polygon is calculated as shown in Figure 4.28. The total area of the void is 

divided by the total area measured from that image to get the area fraction of the voids 

present in one sample.  



 

 102     
  

𝐴𝐴𝑓𝑓𝑟𝑟𝑎𝑎𝑐𝑐𝑡𝑡𝑖𝑖𝑓𝑓𝑛𝑛 =  𝑇𝑇𝑓𝑓𝑡𝑡𝑎𝑎𝑇𝑇 𝐴𝐴𝑟𝑟𝑒𝑒𝑎𝑎 𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑒𝑒 𝑉𝑉𝑓𝑓𝑖𝑖𝑑𝑑𝑉𝑉
𝑇𝑇𝑓𝑓𝑡𝑡𝑎𝑎𝑇𝑇 𝐴𝐴𝑟𝑟𝑒𝑒𝑎𝑎 𝑖𝑖𝑛𝑛 𝑡𝑡ℎ𝑒𝑒 𝐼𝐼𝑚𝑚𝑎𝑎𝑔𝑔𝑒𝑒

                                            (4.6) 

 

 

Figure 4.28: Void area fraction measurement 

 
  The area fraction along the studied 29 samples is shown in Figure 4.26. 
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Figure 4.29: Area fraction of voids present along 27 samples 

 
 The area fraction of the voids have been calculated five times each for one with a 

very high area fraction and one very low area fraction sample. The error in the results of 

the same image five times comes out to be on average nearly 2%. The results are shown 

in Table 4.4. The error bars for a 2% error are shown for each point in Figure 4.26 but 

will be disregarded throughout the remainder of the images for clarity. 
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Table 4.4: Error Calculation for one person calculation the area fraction several times  

Sample No Value of 𝐴𝐴𝑓𝑓𝑟𝑟𝑎𝑎𝑐𝑐𝑡𝑡𝑖𝑖𝑓𝑓𝑛𝑛 Error Value Error percentage (%) 

 17.78 0 0 

 18.5 0.038919 3.891892 

Sample 1 18.41 0.034221 3.422053 

 17.59 0.010802 1.080159 

 17.92 0.007813 0.78125 

  Average 1.83 

 

Sample No Value of 𝐴𝐴𝑓𝑓𝑟𝑟𝑎𝑎𝑐𝑐𝑡𝑡𝑖𝑖𝑓𝑓𝑛𝑛 Error Value Error percentage (%) 

 5.08 0 0 

 5.2 0.023077 2.307692 

Sample 2 5.33 0.046904 4.690432 

 5 0.016 1.6 

 5.02 0.011952 1.195219 

  Average 1.95 

 Total Average 

Error  

 1.9 

 
 

4.2.1 Effect of Nozzle Temperature on Area Fraction of Voids 

 With screw speed 1500 and area 22 mm2, the void quantity is measured to be the 

greatest at 200/205/210 oC temperature of the nozzle. The void content at nozzle 

temperature 210/215/220 oC is the lowest. The area fraction with changing temperature 

with a fixed RPM and a fixed area is shown in figure 4.30: 
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Figure 4.30: Change of area fraction of void with changing the temperature with  
RPM = 1500 at A = 22 mm2 

 
 

 Keeping the same screw speed at 1500 RPM and changing the cross-sectional 

area to 27 mm2, the variation of the area fraction for the sample with changing 

temperature is shown in Figure 4.31. For this process parameter settings, the sample with 

nozzle temperature 200/205/210 oC presents the highest area fraction of void and 

190/195/200 oC shows the lowest area fraction. 
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Figure 4.31: Change of area fraction of void with changing the temperature with  
RPM = 1500 at A = 27 mm2 

 
 

 Again, keeping the same screw speed at 1500 RPM and changing the cross-

sectional area to 32 mm2, the variation of the area fraction of the voids for the sample 

with changing temperature is following the same trend as shown in Figure 4.30. For this 

process parameter settings, the sample with nozzle temperature 200/205/210 oC presents 

the highest area fraction of void and 190/195/200 oC shows the lowest area fraction. 
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settings, the sample with nozzle temperature 210/215/220 oC presents the highest area 

fraction and 200/205/210 oC shows the lowest area fraction. 

 

 

Figure 4.32: Change of area fraction of void with changing the temperature with  
RPM = 1875 at A = 27 mm2 
 

 Next for screw speed to 1875 RPM and the cross-sectional area to 32 mm2, the 
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sample with nozzle temperature 200/205/210 oC presents the highest area fraction of void 

and 190/195/200 oC shows the lowest area fraction.  
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keeping the screw speed to 2250 RPM and the cross-sectional area to 22 mm2 and then to 

32 mm2, the variation of the area fraction of the voids for both the samples with changing 

temperature follows the same trend as shown in Figure 4.31. For this process parameter 

settings, the sample with nozzle temperature 200/205/210 oC presents the highest area 

fraction of void and 190/195/200 oC shows the lowest area fraction. 

 
4.2.2 Effect of Screw Speed on Area Fraction of Voids 

 With 190/195/200 oC temperature of the nozzle and area 22 mm2, the variation of 

area fraction of the voids present in a sample for changing the screw speed to 1500 RPM, 

1875 RPM, and 2250 RPM is shown in Figure 4.33. The void quantity is measured to be 

greater at screw speed 2250 RPM and 1500 RPM, and the lowest at 1875 RPM for this 

setting. 

 

 

Figure 4.33: Change of area fraction of void with changing the screw speeds with 
temperature 190/195/200 oC at 22 mm2 
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 But the void content at temperature 200/205/210 oC of the nozzle, and cross-

sectional at 22 mm2, the quantity of void content or the area fraction is reversed with the 

highest void content at screw speed 1875 RPM and lowest at 2250 RPM as shown in 

Figure 4.34.  

 

 

Figure 4.34: Change of area fraction of void with changing the screw speeds with 
temperature 200/205/210 oC at 22 mm2 

 
 

 Keeping the same cross-sectional area to 22 mm2 and changing the nozzle 

temperature at 210/215/220 oC, the variation of the area fraction of the voids for the 

sample with changing screw speed is shown in Figure 4.35. For this process parameter 

settings, the sample with screw speed 2250 RPM presents the highest area fraction of the 

voids, and screw speed 1500 RPM shows the lowest area fraction.  
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Figure 4.35: Change of area fraction of void with changing the screw speeds with 
temperature 210/215/220 oC at 22 mm2 

 
 

 Now changing the cross-sectional area to 27 mm2 and nozzle temperature to 

190/195/200 oC and, the variation of the area fraction of the voids for the sample with 

changing screw speed is shown in Figure 4.36. For this process parameter settings, the 

sample with screw speed 1500 RPM presents the highest area fraction, and screw speed 

2250 RPM shows the lowest area fraction.  
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Figure 4.36: Change of area fraction of void with changing the screw speeds with 
temperature 190/195/200 oC at 27 mm2 

 
 

 Next, keeping the same cross-sectional area to 27 mm2, and changing the nozzle 

temperature to 200/205/210 oC, the variation of the area fraction of the voids for the 

sample with changing screw speed is shown in Figure 4.37. For this setting, the highest 

area fraction of the voids can be seen at screw speed 1500 RPM and for 1875 RPM the 

area fraction is the lowest.  
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Figure 4.37: Change of area fraction of void with changing the screw speeds with 
temperature 200/205/210 oC at 27 mm2 

 
 

 Again, keeping the same cross-sectional area to 27 mm2 and changing the nozzle 

temperature 210/215/220 oC, the variation of the area fraction of the voids for the sample 
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shown in Figure 4.35. For this process parameter settings, the sample with screw speed 

2250 RPM presents the highest area fraction of the voids, and screw speed 1500 RPM 

shows the lowest area fraction.  

 
4.2.3 Effect of Cross-sectional Area on the Area Fraction of Voids 

 With screw speed 1500 RPM and nozzle temperature 190/195/200 oC the 

variation of area fraction of the voids present in a sample for changing the cross-sectional 

area to 22 mm2, 27 mm2, and 32 mm2 is shown in Figure 4.38. The void quantity is 

measured to be the greatest at cross-sectional area 32 mm2 and the lowest at cross-

sectional area 22 mm2 for this setting. 

 

 

Figure 4.38: Change of area fraction of void with changing the cross-sectional area with 
temperature 190/195/200 oC at 1500 RPM 
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sectional area follows the trend as shown in Figure 4.38. For this setting, the is the area 

fraction is highest at cross-sectional area 32 mm2 and lowest at cross-sectional area 22 

mm2.  

 With changing the nozzle temperature to 210/215/220 oC, for screw speed 1500 

RPM, the variation of the area fraction of the voids for the sample with changing cross-

sectional area is shown in Figure 4.39. For this setting, the is the area fraction is highest 

at cross-sectional area 27 mm2 and lowest at cross-sectional area 22 mm2. 

 

 

Figure 4.39: Change of area fraction of void with changing the cross-sectional area with 
temperature 210/215/220 oC at 1500 RPM 
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lowest at cross-sectional area 22 mm2. Now, with changing the nozzle temperature to 

200/205/210 oC, for screw speed 1875 RPM, the variation of the area fraction of the 

voids for the sample with changing cross-sectional area is shown in Figure 4.40. For this 

setting, the is the area fraction is highest at cross-sectional area 22 mm2 and lowest at 

cross-sectional area 27 mm2. 

 

 

Figure 4.40: Change of area fraction of void with changing the cross-sectional area with 
temperature 200/205/210 oC at 1875 RPM 
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the area fraction for changing the cross-sectional area follows the trend as shown in 

Figure 4.39. For this setting, the is the area fraction is highest at cross-sectional area 27 

mm2 and lowest at cross-sectional area 22 mm2. 
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samples with changing cross-sectional area is shown in Figure 4.41. For this setting, the 

is the area fraction is highest at cross-sectional area 22 mm2 and lowest at cross-sectional 

area 32 mm2. 

 

 

Figure 4.41: Change of area fraction of void with changing the cross-sectional area with 
temperature 190/195/200 oC at 2250 RPM 
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sectional area 22 mm2 and lowest at cross-sectional area 27 mm2. 
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4.2.4 Correlation Among All Three Process Parameters with The Area Fraction  
         of the Voids 
 
 The change of the void quantity or the area fraction of the voids with all the 

changing processing parameters is shown in figure 4.42: 

 

 

Figure 4.42: Change of area fraction of voids with changing all the processing parameters 
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sectional area of 22 mm2 and (2) temperature 190/195/200°C, screw speed 2250 RPM, 

and cross-sectional area of 32 mm2 and (3) temperature 210/215/220°C, screw speed 

1500 RPM, and cross-sectional area of 22 mm2. For lower screw speeds, a trend can be 

observed for presenting the lowest void area fractions at the highest temperature setting. 

Again, for the most screw speed and cross-sectional area settings, the highest void 

contents can be observed at nozzle temperature 200/205/210°C.  

 But unfortunately, after studying and analyzing all the 27 samples by changing 

three process parameters, it can be concluded that there is not much correlation between 

the process parameters and the void area fractions.  

 
4.2.5 Void Measurement for Different Samples with All the Same Processing Conditions 

  To study the void across the length of the 3D printed part, the sample part 

analyzed in section 4.1.5 was analyzed.  This part was cut at 6 random locations and then 

the void area fraction is measured. In Figure 4.43, the area fraction along the studied 6 

samples is shown. The error bars are obtained by the previous methids described in 

section 4.1. This range of error for samples that should have the same void content 

suggest that much larger sample sets would be required to increase the confidence in the 

void content quantification.   
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Figure 4.43: Area fraction of voids present along 6 samples with the same processing 
parameters 
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denotes density, 𝜈𝜈 signifies Poisson’s ratio; 𝑤𝑤𝑓𝑓𝑟𝑟𝑎𝑎𝑐𝑐𝑡𝑡𝑖𝑖𝑓𝑓𝑛𝑛 signifies for weight fraction; 

𝑣𝑣𝑓𝑓𝑟𝑟𝑎𝑎𝑐𝑐𝑡𝑡𝑖𝑖𝑓𝑓𝑛𝑛 denotes volume fraction; 𝑎𝑎𝑟𝑟 is for geometric fiber aspect ratio which is the 

length to diameter ratio.  

 
Table 4.5 Material Properties 

Fiber Properties Matrix Properties 

𝐸𝐸𝑓𝑓 = 230 GPa 𝐸𝐸𝑚𝑚 = 2.25 GPa 

𝜌𝜌𝑓𝑓 = 1700 𝑘𝑘𝑔𝑔
𝑚𝑚3 𝜌𝜌𝑚𝑚 = 1040 𝑘𝑘𝑔𝑔

𝑚𝑚3 

𝜈𝜈𝑓𝑓 = 0.2 𝜈𝜈𝑚𝑚 = 0.35 

𝑤𝑤𝑓𝑓𝑟𝑟𝑎𝑎𝑐𝑐𝑡𝑡𝑖𝑖𝑓𝑓𝑛𝑛,𝑓𝑓 = 0.13 𝑤𝑤𝑓𝑓𝑟𝑟𝑎𝑎𝑐𝑐𝑡𝑡𝑖𝑖𝑓𝑓𝑛𝑛,𝑚𝑚 = 87 

𝑣𝑣𝑓𝑓𝑟𝑟𝑎𝑎𝑐𝑐𝑡𝑡𝑖𝑖𝑓𝑓𝑛𝑛,𝑓𝑓= 𝑤𝑤𝑓𝑓𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑓𝑓𝑛𝑛,𝑓𝑓

𝑤𝑤𝑓𝑓𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑓𝑓𝑛𝑛,𝑓𝑓+(1−𝑤𝑤𝑓𝑓𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑓𝑓𝑛𝑛,𝑓𝑓)
𝜌𝜌𝑓𝑓
𝜌𝜌𝑚𝑚

 

= 0.0838 

𝑣𝑣𝑓𝑓𝑟𝑟𝑎𝑎𝑐𝑐𝑡𝑡𝑖𝑖𝑓𝑓𝑛𝑛,𝑚𝑚= (1-𝑣𝑣𝑓𝑓𝑟𝑟𝑎𝑎𝑐𝑐𝑡𝑡𝑖𝑖𝑓𝑓𝑛𝑛,𝑓𝑓)  

= 0.9162 

𝑎𝑎𝑟𝑟= 35.5  

  

 But the stiffness value, 𝐸𝐸33, obtained from this method represents the value if 

there are no voids in the 3D printed part. But from analyzing the 27 samples in this thesis 

it is evident that there is a significant amount of voids present in the printed beads. The 

stiffness of the bead with porosity can be measured by equation 4.7 [108]. 

𝐸𝐸𝑓𝑓
𝐸𝐸33

≈ (1 − 𝑖𝑖)𝑛𝑛                                                                      (4.7)  

 Where 𝐸𝐸𝑓𝑓 is the stiffness with porosity, 𝑖𝑖 is the volume fraction of the voids and 

𝑠𝑠 is the power-law index. For the fiber volume fraction, an assumption has been made 

that the volume fraction is equal to the area fraction calculated for this study. 

 To validate the assumption of the area fraction being equal to the volume fraction, 

a simulation had been run by creating a box filled randomly with equal sized spheres in 
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that box with a definite volume fraction that represents the voids in a printed part. Then 

the box has been cut at a random plane as shown in Figure 4.44. The total cross-sectional 

area of all the spheres in the cut plane is calculated. With an increasing number of 

samples in the simulation the area fraction converges to that of the void fraction. The 

mean and the standard deviation are calculated from the results and the result is shown in 

Figure 4.45 and Figure 4.46. With 500 iterations for a volume containing N spheres, the 

standard deviation is around 1.5% and for 27 interactions it is 2%. 
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(b) 

Figure 4.44: Void fraction from randomly generated spheres [(a) and (b) are images from 
two different sides to better explain the idea] 

 

 

Figure 4.45: Mean and standard deviation of void fraction measurement with 500 
iterations 
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Figure 4.46: Mean and standard deviation of void fraction measurement with 27 
iterations 

 

 The value of stiffness with the highest, lowest, and mean fiber alignment towards 

the  𝑥𝑥3 direction is calutaled. Then the values are compared with the experimental values 
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[109]. The results are presented in Table 4.6 below: 
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Table 4.6: Stiffness value comparison 

Sample Stiffness Value (Gpa) 

Highest alignment (𝐴𝐴11 = 0.17,𝐴𝐴22 = 0.13,𝐴𝐴33 = 0.70) 

with no voids 

8.87 

Highest alignment (𝐴𝐴11 = 0.17,𝐴𝐴22 = 0.13,𝐴𝐴33 = 0.70) 

with a 3% volume fraction of voids 

8.35 

Highest alignment (𝐴𝐴11 = 0.17,𝐴𝐴22 = 0.13,𝐴𝐴33 = 0.70) 

with a 12% volume fraction of voids 

6.87 

Highest alignment (𝐴𝐴11 = 0.17,𝐴𝐴22 = 0.13,𝐴𝐴33 = 0.70) 

with a 20% volume fraction of voids 

5.68 

Mean alignment (𝐴𝐴11 = 0.25,𝐴𝐴22 = 0.30,𝐴𝐴33 = 0.45) 

with no voids 

5.65 

Mean alignment (𝐴𝐴11 = 0.25,𝐴𝐴22 = 0.30,𝐴𝐴33 = 0.45) 

with a 3% volume fraction of voids 

5.32 

Mean alignment (𝐴𝐴11 = 0.25,𝐴𝐴22 = 0.30,𝐴𝐴33 = 0.45) 

with a 12% volume fraction of voids 

4.38 

Mean alignment (𝐴𝐴11 = 0.25,𝐴𝐴22 = 0.30,𝐴𝐴33 = 0.45) 

with a 20% volume fraction of voids 

3.62 

Lowest alignment (𝐴𝐴11 = 0.39,𝐴𝐴22 = 0.42,𝐴𝐴33 = 0.19) 

with no voids 

3.72 

Lowest alignment (𝐴𝐴11 = 0.39,𝐴𝐴22 = 0.42,𝐴𝐴33 = 0.19) 

with a 3% volume fraction of voids 

3.50 

Lowest alignment (𝐴𝐴11 = 0.39,𝐴𝐴22 = 0.42,𝐴𝐴33 = 0.19) 

with a 12% volume fraction of voids 

2.88 

Lowest alignment (𝐴𝐴11 = 0.39,𝐴𝐴22 = 0.42,𝐴𝐴33 = 0.19) 

with a 20% volume fraction of voids 

2.38 

Experimental value [107] 3.20 

Oakridge National lab value [109] 8.18 
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 From the above table, it is evident that fiber alignment and void volume fraction 

significantly affect the stiffness of a 3D printed chopped carbon fiber reinforced ABS 

part. From the 27 samples studied in this thesis, with the highest alignment and lower 

void volume fractions, the stiffness value comparable to the Oakridge National lab value 

can be achieved. But at low alignment and high porous regions, the calculated value of 

stiffness is much lower than the desired value. The mean alignment and mean to higher 

void fractions present comparable values to the experimental values. For the studied 

samples, the stiffness is the highest at the middle and near-surface regions where the 

fibers are the most aligned compared to the low aligned area. 

 
4.4 Energy Dispersive X-ray Spectroscopy Analysis 

 Energy Dispersive X-ray Spectroscopy (EDS or EDX) analysis is an analytical 

technique for chemical characterization or elemental analysis used in conjugation with 

Scanning Electron Microscopy (SEM) [110]. It relies on the investigation of the absorbed 

energy that is dissipated when the energy source beam electron interacts with the sample 

[111]. The high energy beam simulates characteristic X-rays from the surface of the 

sample; and as each material has a distinctive atomic structure, the peaks on the X-ray 

spectrum are unique for each element [111]. The energy dispersive x-ray spectrometer 

measures the number and energy of the X-rays emitted from a sample and shows 

distinctive results. EDS detects all elements except for H, He, Li, and Be.  

 The EDS analysis of 13% weight fraction carbon fiber-filled ABS sample is 

analyzed in Baylor’s EDAX system and the results are shown in Figure 4.47. As 

expected, the major element in the sample is Carbon (C), which is almost 95%. The 
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sample also has Oxygen (O) of 4%, Magnesium (Mg) of 0.4%, and Aluminium (Al) of 

0.24%.  

 

 

 

Figure 4.47: EDS microanalysis of 13% weight fraction carbon fiber-filled ABS sample  
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 As carbon fiber reinforced ABS is a plastic composite material, there should be 

the highest value of carbon and hydrogen percentage, but the EDS microanalysis cannot 

detect hydrogen. The aluminum and oxygen present is from the alumina polishing 

compound. Again, the EDS shows the presence of magnesium in the sample. There is a 

pungent odor form while processing the ABS and it may cause a problem for the 

applications of ABS [112]. To remove the odor 0.50 weight percentage of either single or 

a combination of zinc oxide and/or magnesium oxide is added to the ABS production 

process [112]. Thus the presence of magnesium is observed in the EDS analysis.  
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CHAPTER FIVE 

5. Conclusions and Future work 

 
 For this thesis, 13% weight fraction carbon fiber reinforced ABS matrix was 3D 

printed and then analyzed with optical and SEM microscopy for studying the fiber 

orientation and void content to determine their effect on mechanical properties of the 

printed part. For studying the variation of fiber orientation and void content with 

changing different process parameters, three process parameters have been selected; 

nozzle temperature, screw speed, and cross-sectional area of the printed beads. A total of 

27 samples with these three changing process parameters were printed to analyzed in this 

thesis.  

 The first major contribution of this thesis was developing a proper recipe for the 

sample preparation of the 3D printed parts to make the surface suitable for optical and 

SEM microscopy. This step includes the cutting, polishing, cleaning, and plasma etching 

of the sample. After many iterations, an acceptable recipe was developed. The samples 

were cut with a low-speed saw to keep fiber breakage to a minimum and then polished in 

several steps with different grits of electro-coated abrasive sandpaper. The final polishing 

step was to polish with micro-cloth and final polishing cloth in an alumina polishing 

compound environment. To obtain a good, polished surface, always keeping a wet 

environment while polishing and cleaning the sample with ultrasound in regular intervals 
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were very important. The etching of the samples was very helpful to get the fibers to stick 

out of the matrix and having good contrast between the fibers and the matrix. 

 The second major contribution of this thesis is the quantification of fiber 

orientation in the 3D printed parts. The variation of fiber alignment was analyzed by 

changing three different process parameters. The parameters were nozzle temperature, 

screw speed, and cross-sectional area of the printed beads. A total of 27 samples were 

printed with changing these three variable process parameters. Each printed bead was 

divided into 9 regions to study how the orientation of fibers change within the printed 

part. From the study, it can be concluded that the fibers are most aligned at the corners 

and near-surface regions of a bead towards the print direction and more randomly 

oriented in the middle regions. The effect of fiber orientation on the stiffness of the part 

was also been studied. The stiffness is the highest at the corners and the near-surface 

regions where the fibers are the most aligned compared to the low aligned area.  But 

unfortunately, a good correlation of fiber orientation at different print conditions by 

changing process parameters could not be concluded. The main cause is the small sample 

sizes used in the perspective of fiber or void counts.  The small sample size will lead to 

large variations in the characterized results, thus making the distinction between the 

processing conditions and the internal microstructure difficult to correlate.     

 The third major contribution of this thesis is the void identification and 

quantification in the 3D printed beads. The area fraction of the voids on each sample was 

calculated. For the 27 samples with three combinations of three different processing 

parameters, there were variations of area fraction of voids from 3% to nearly 20%. The 

stiffness of the part changes with the void content was also been studied. The presence of 
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voids significantly lowers the stiffness in a part. But a good correlation among the void 

area fraction in a sample with different print conditions by changing process parameters 

could not be established.  

 In the future, a lot more samples need to be studied to establish the correlations of 

fiber orientation and void content with the change of print condition. Again, the potential 

of solving the ambiguity issue with SEM imaging was also addressed in this thesis. The 

SEM imaging shows an under-the-surface shadow of the etched fibers, which shows the 

direction of the fiber. But not all fiber showed a very clear shadow. An extension can be 

conducted in the future to solve the ambiguity issue with SEM imaging. The orientation of 

the fibers and the presence of voids directly impact the mechanical, structural, and thermal 

properties of the thermoplastic, and quantitative comparison between the actual part’s 

orientation and the predicted orientation state will provide guidance when looking to 

improve the as processed part quality in comparison to the as-designed performance. 
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