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ABSTRACT 

 

Full Name : Tarig Yassin Makki 

Thesis Title : 3D printing PLA-graphene oxide nanocomposites using in-situ Fused 

Deposition Modeling         

Major Field : Mechanical Engineering 

Date of Degree : December 2023 

 

This dissertation focusses on fused deposition modeling (FDM) and its crucial role in the 

fabrication of Polylactic Acid (PLA) alongside PLA-graphene oxide (GO) composites. The 

study aims to study the manufacturing, understanding, and utilization of these materials, 

with the objective of enhancing the adaptability and capabilities of FDM technology. 

Commencing with an analysis of PLA, this research aims to explore the advantages, and 

limitations within the context of 3D printing using FDM. Subsequent investigations 

involve the integration of graphene oxide into the PLA matrix using an in-situ nozzle 

impregnation technique. This amalgamation seeks to bolster PLA's fundamental 

characteristics, thereby fostering enhancements in its mechanical and thermal 

characteristics. To evaluate the manufactured the FDM PLA and PLA-GO 

nanocomposites, various characterization methodologies were utilized along with tensile, 

compression, flexural, impact, and hardness tests. The findings of this thesis shed light on 

the improvement in the mechanical and thermal properties of FDM PLA parts with the 

addition of  GO. 
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 ملخص الرسالة  1

 

 

 طارق ياسين مكي  الاسم الكامل:
  

 ونمذجة الأبعاد ثلاثية طباعة باستخدام الغرافين أكسيد - البوليلاتيك  الأحماض مركبات تصنيع الرسالة:عنوان  

 الموقع في المنصهرة الترسيب

 الميكانيكية  الهندسة :التخصص

 

 ٢٠٢٣ديسمبر  :العلميةتاريخ الدرجة 

 

 
بجانب البوليلاتيك حمض تصنيع في تلعبه الذي الحيوي والدور المنصهرة الترسيب نمذجة على الرسالة هذه تركز  

بهدف المواد، هذه واستخدام وفهم تصنيع دراسة إلى الدراسة تهدف .الغرافين أكسيد - البوليلاتيك حمض مركبات  

إلى البحث هذه تهدف البوليلاتيك، حمض تحليل مع بداية ً .المنصهرة الترسيب لنمذجة والقدرات التكيف قابلية تعزيز  

الاستقصاءات تشمل .المنصهرة الترسيب نمذجة باستخدام الأبعاد ثلاثية الطباعة سياق في والقيود المزايا استكشاف  

هذا يسعى .الموقع في بالفوهة الامتصاص تقنية باستخدام البوليلاتيك حمض مصفوفة في الغرافين أكسيد دمج اللاحقة  

لتقييم .والحرارية الميكانيكية خصائصها من يعزز مما البوليلاتيك، لحمض الأساسية الخصائص تعزيز إلى التوحيد  

تم المصنعة، النانوية الغرافين أكسيد - البوليلاتيك حمضً ومركبات البوليلاتيك لحمض المنصهرة الترسيب نمذجة  

نتائج تسلط .والصلادة والصدمات والانثناء والضغط الشد اختبارات إلى بالإضافة متنوعة توصيف منهجيات استخدام  

لحمض المنصهرة الترسيب نمذجة لقطع والحرارية الميكانيكية الخصائص في التحسين على الضوء الأطروحة هذه  

الغرافين أكسيد إضافة مع البوليلاتيك . 
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1 CHAPTER 1 

INTRODUCTION 

1.1 Background 

AM is embraced across industries for its transformative impact. Its widespread adoption is 

fueled by various factors such as its unique capacity for unrestricted design [1]. Unlike 

traditional methods constrained by machining, it enables the creation of intricate 

geometries, empowering engineers to optimize parts for better performance and appearance 

[2]. Other than design freedom, efficiency in cost and waste reduction is another driving 

force behind the widespread acceptance and adoption of AM. This approach streamlines 

inventory management and significantly reduces material costs [3]. Over the last couple of 

decades, AM has undergone a staggering amount of development. [4] 

Numerous AM techniques, including SLA [4], (SLS) [5], FDM [6], and so forth, have 

emerged due to the development of AM technologies. Among the various 3D printing 

methods available, FDM is considered the most utilized AM process due to its low cost 

compared to other AM processes. In recent years, FDM has expanded quickly across an 

array of trades, such as the automotive, aerospace, electronics, and biomedical sectors [7]–

[10]. 

Researchers have used several materials for FDM such as PLA, PC, and ABS, however 

PLA stands out as the most utilized polymer in FDM owing to several factors, notably its 

biodegradability [11]. PLA's biodegradation occurs when exposed to oxygen and UV light, 

distinguishing it from other polymers. PLA offers minimal posing a minimal 
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environmental hazard as it decomposes into carbon dioxide and water [12]. The notable 

advantages of this thermoplastic filament in 3D printing encompass its user-friendly nature 

and exceptional dimensional precision [13]. Nonetheless, PLA faces limitations in its 

applications due to its relatively low strength and resistance to heat. 

Predicting the mechanical behavior of manufactured parts subjected to external loads is 

essential to any engineering design and is the biggest barrier for FDM parts [14]. In order 

to improve the properties, researchers have tried to add various additives to increase part 

strength. In comparison to the pure polymer, the properties of the reinforced polymers are 

improved by nanoparticles, short fibers, or continuous fibers [15]. To identify the crucial 

aspects of the FDM process and the characteristics of the filaments used as the feedstock, 

further research must be carried out in the future [16].   

As discussed previously, researchers have used several fillers to improve the performance 

of conventional FDM materials [17], [18]. The fillers are added to FDM filaments by using 

either direct mixing or solution mixing techniques [20]–[24]. Due to its superior 

mechanical properties, graphene oxide (GO) has also been used by researchers as a 

nanofiller to improve the properties of FDM parts [19]–[23]. Belaid et al. [19] used 

graphene oxide to improve the TS (by 14%) of PLA by mixing the solutions and extruding 

a PLA-GO filament. Zhang et al. [20]  generated FDM PLA-GO flexible circuits by 

solution mixing and melt blending via a twin-screw extruder resulting in improved TS and 

modulus. Chen et al. [22] conducted a similar study, with a PLA/TPU copolymer and 

showed a 90% increase in the TS of FDM PLA/TPU-GO parts. However, in all the studies, 

the elongation at break diminished due to an increase in TS and stiffness [19], [20].  
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1.2 Motivation 

While FDM offers design flexibility, parts produced may have weaker mechanical 

characteristics. For instance, compared to parts from traditional manufacturing methods 

like CNC machining or injection molding, FDM parts have lower strength and toughness 

due to the layered deposition process [17]. As nanofillers can improve the part performance 

of FDM parts, this work investigates the effect of GO nanofiller on the mechanical, 

thermal, and molecular behavior of FMD PLA parts. In addition, unlike the conventional 

method discussed previously, this work uses a novel in-situ nozzle impregnation method 

where PLA is combined with the GO filler during manufacturing.  

1.3 Thesis objectives 

This thesis focuses on the effect of using GO as a nanofiller for FDM-PLA parts. The 

objectives of this thesis are as follows: 

I. Manufacture 3D printed/additively manufactured (AM) FDM PLA and PLA-

GO parts with in-situ nozzle impregnation technique with varying layer heights 

II. Characterize the FDM PLA and PLA-GO parts for mechanical, thermal, and 

morphological properties. 

III. Analyze the PLA and PLA-GO part performance under uniaxial tension, 

compression, flexural and impact loading 

IV. Characterize the fracture behavior of FDM PLA and PLA-GO parts 

V. Assess the importance of PLA-graphene oxide composites for FDM 

applications, facilitating advancements in additive manufacturing processes. 
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1.4 Methodology 

The primary objective of this thesis is to investigate and characterize the influence of GO 

as a nanofiller on the mechanical and thermal behavior of FDM-PLA. The preparation of 

FDM PLA-GO composites involved thorough mixing and homogenization of the graphene 

oxide to ensure uniform dispersion in the PLA matrix. FDM process with optimal process 

parameters were employed to manufacture various PLA and PLA-GO test specimens with 

varying layer heights.  

DSC was employed to analyze thermal transitions of PLA and PLA-GO parts. TGA was 

used to investigate thermal stability and decomposition behavior of the FDM samples. 

Similarly, XRD and FTIR were employed for identification of crystalline phases and 

chemical composition/bonding. 

The FDM PLA and PLA-GO samples with varying heights were also characterized to 

understand their tensile, compression, bending, impact, and hardness properties according 

to ASTM standards. Tensile and bending fracture mechanisms were also evaluated. The 

experimental data was analyzed statistically to discern trends and correlations. In addition, 

comparative analyses were conducted to comprehend the impact of GO as a nanofiller. 

The inclusion of the work performed in this dissertation aims to provide a thorough 

interpretation of the morphological, structural, and chemical aspects of the FDM 

nanocomposites, complementing the mechanical and thermal property analyses. The 

outcomes of this research are expected to contribute valuable insights into optimizing the 

formulation of PLA-graphene composites for FDM applications, facilitating advancements 

in additive manufacturing processes. 
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2 CHAPTER 2 

LITERATURE REVIEW 

2.1 Steps in AM 

AM processes possess a sequence of crucial steps to produce three-dimensional objects as 

shown in Figure 2.1 [24]. It starts with designing a digital model using CAD software, 

serving as a detailed blueprint for the printing process. Special software then divides the 

digital model into thin layers, generating instructions (G-code) for the printer. Parameters 

like layer height, nozzle speed and temperature are adjusted to achieve the desired quality. 

Choosing the appropriate material for the desired application and preparing it for printing 

is crucial. The 3D printer then interprets instructions and constructs the object layer-by-

layer. Post-printing processes, such as removing supports or refining surfaces, may be 

required. Finally, a thorough quality check ensures the printed object meets specifications. 

Together, these steps enable the creation of precise and customized objects applicable 

across various industries. 

 

Figure 2.1 AM process flowchart 

Model 
Generation(CAD)

CAD to STL 
Conversion

Layer Slicing 3D-Printing

Post Processing
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2.2 Types of AM processes 

This section highlights the various AM technologies classified by the type of feedstock and 

the bonding method. There are seven types of AM processes, and they are discussed in 

detail below.  

2.2.1 Fused deposition modeling (FDM) 

FDM (Figure 2.2) is used in this work and is the most common method for manufacturing 

polymer parts [25]. A moveable FDM head is used to extrude threads of molten polymer 

thermoplastic, which is then deposited in a layer-by-layer fashion and solidified to create 

finished parts. Polymers such as PLA and ABS are frequently utilized in this technique. 

Numerous FDM process parameters, including the printing orientation, layer height and 

raster angle can be altered to regulate the quality of printed objects [26]. Although FDM 

has significant drawbacks, such as poor surface quality, slow manufacturing process, and 

delamination, FDM parts are employed in industries such as the automotive, medical, 

electronics etc. [27]. 

 
Figure 2.2: Fused Deposition Modeling (FDM) [28] 
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2.2.2 Binder jetting (BJ) 

Binder Jet printing (Figure 2.3) is a form of AM where liquid binding agents are applied to 

layers of powder to create a specific pattern [29]. These layers are then stacked to form a 

physical object. This method is adaptable to different materials such as polymers, metals 

etc. In addition, binder jetting allows for high production rates and utilizing various 

technologies such as printing techniques, powder deposition, binder-powder interactions, 

and post-processing methods [30]. It has been successful in processing a wide array of 

materials like polymers, metals, and ceramics [31]. 

 
Figure 2.3: Binder Jetting (BJ) [32] 

2.2.3 Stereolithography (SLA) 

In SLA (Figure 2.4), a polymeric resin chain reaction is started using UV light or an 

electron beam [33]. Selective layer-by-layer UV curing of resin is used to manufacture 

parts [34]. Materials like acrylic and epoxy polymers are frequently employed. SLA printed 

parts are exposed to post processing procedures, such as heating, to give them the necessary 

physical performance. The need for post-processing and a limited build volume are some 

of the drawbacks of SLA [27]. 



8 

 

 
Figure 2.4: Stereolithography (SLA) [35] 

2.2.4 Laser powder-bed fusion (LPBF) 

LPBF is divided into SLS and SLM processes (Figure 2.5). In SLS, process polymers are 

used as the feedstock while metals are used in SLM [36].  In the LPBF approach, small 

polymer/metal particles are fused together using a laser source. To create 3D parts, the 

laser scans the powder-bed layer-by-layer [27]. To promote the fusing of several layers and 

avoid thermal deformation, the powder is heated just below its melting point [37]. 

Unbounded powder is removed from the finished product to obtain the final part. Only a 

few polymers, including polyamide, polyethylene, polycaprolactone, and 

polyetheretherketone, are used in SLS [27].  

 

Figure 2.5: Selective laser sintering/melting (SLS/SLM) [38] 
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In SLM, construction begins by spreading a thin metal powder layer onto a base plate 

within a construction area [39]. A highly concentrated laser then melts and merges specific 

sections based on the programmed instructions. Once the laser completes its scan, the base 

is lowered, a fresh powder layer is added, and the laser scans it for the next layer. This 

cycle repeats for subsequent layers until the desired components are fully formed [39].  An 

electron beam could also be utilized to melt and fuse the metal powders in a similar AM 

process known as electron beam melting (EBM) [40].  

2.2.5 Laminated object manufacturing (LOM) 

In LOM (Figure 2.6) successive layers of paper sheets covered with adhesive are bonded 

and laser-cut to manufacture a 3D part [41]. The build material is presented either on a roll 

or in the form of sheet stock, and pressure is increased to enhance the interlayer bonding 

using a heated platen or a moving roller. The melting and fusion of thermoset or 

thermoplastic polymers that permeate the fiber allows LOM of composite materials to 

permit interlayer bonding [42]. The use of CNC milling and room-temperature metal 

deposition in tandem is encouraged by a subclass of LOM known as ultrasonic additive 

manufacturingً (UAM).ً LOM’sً primaryً distinguishingً characteristicً isً itsً abilityً toً

generate complex 3D components with less manufacturing and post-processing expense in 

comparison to other AM processes [35]. 
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Figure 2.6: Laminated object manufacturing (LOM) [43] 

2.2.6 Directed energy deposition (DED) 

DED (Figure 2.7) is carried out by concentrating a laser beam on the build platform while 

simultaneously feeding with a stream of powders [44]. To prevent the formation of oxides 

and undesired alloying, an inert gas is pumped between the laser beam and the powder 

stream [35]. Instead of employing a powder-bed, Directed Energy Deposition (DED) uses 

a power source, such as a laser, electric arc, or electron beam, to deposit and create 3D 

objects out of wire (wire-fed) or powder (powder-fed). The difference between powder and 

wire-fed DED systems lies in the supply system. DED has better flexibility and buildup 

rate compared to LPBF and is encouraged to have an unrestricted build envelope [45]. 
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Figure 2.7: Directed energy deposition (DED) [46] 

 

2.2.7 Material jetting (MJ) 

In the MJ process (Figure 2.8) specialized tanks hold photopolymer substances, dispensed 

as small droplets, forming precise layers on the build platform [47]. Before reaching the 

nozzle, the photopolymer undergoes heating along a transmission line. Subsequently, 

ultraviolet (UV) light is directed onto the liquefied material on the build platform, initiating 

the curing process. This technique employs a specific UV wavelength to solidify the liquid 

monomers or oligomers, a process termed photopolymerization or photo-curing [48]. Once 

each layer is cured, the build platform descends by a defined thickness, and fresh liquid 

material is sprayed onto the preceding layer. This cycle continues, curing each new layer 

until a complete part is entirely fabricated [49]. 
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Figure 2.8: Material Jetting (MJ) [50] 

2.3 Materials used in AM 

Additive manufacturing (AM) materials are typically classified into polymers, ceramics, 

and metals. Among these, polymers have historically been used frequently due to their 

widespread accessibility and ease of handling. However, innovations in technology allow 

for the production of materials other than typical polymers, resulting in a wider choice of 

options. While polymeric materials have been the main focus in 3D printing, recent 

progress has enabled the printing of not just diverse polymers but also metals and ceramics. 

This evolution has made 3D printing a highly adaptable manufacturing choice. The 

elementary materials (polymers, ceramics, and metals) each offer distinct uses, advantages, 

and challenges in additive manufacturing. These key characteristics for each material 

category are succinctly outlined in Table 2.1, providing a clear summary of their 

applications and attributes within the additive manufacturing field. 



13 

 

Table 2.1: Materials utilized in AM [51]. 

  

2.4 AM main applications 

Additive manufacturing (AM) finds widespread applications across various industries, 

including biomedical [52], automotive [53], aerospace [54], electronics [55], and 

construction [56]. In these diverse sectors, AM plays a pivotal role in advancing production 

methods and enhancing efficiency. This section will discuss the main applications of AM 

in detail to help in conveying the importance of AM. 

2.4.1 Biomedical 

Some of the most inventive and promising applications of AM can be found in the medical 

profession. Bioprinting, a cutting-edge technique, allows for the accurate molecular 

creation of human tissues derived from stem cells [57]. This technique has aided in the 

development of personalized prostheses, specialized drug delivery systems, scaffolds 
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essential for tissue engineering, and implants [58]. To ensure compatibility with the body, 

additive manufacturing utilizes polymers, metals, and ceramics, often integrating different 

enhancing agents [51].  

2.4.2 Automotive 

AM parts are utilized in the automotive industry by allowing quick prototyping, 

customization, and the production of intricate, lightweight parts [59], [60]. F1 gearboxes, 

MotoGP air boxes, dashboards, camshaft covers, and suspension systems are being 

manufactured using various AM systems [10]. In the automotive industry, the use of AM 

has led to notable advantages, such as a 20%-25% weight reduction, about 20% less 

volume, twice the torsion stiffness for F1 gearboxes, reduced gear wear, and lower power 

consumption compared to conventional manufacturing methods [10]. 

2.4.3 Aerospace 

Additive manufacturing (AM) is reshaping various sectors in the aerospace field [61], 

spanning commercial and military aircraft, space exploration, and missile systems [62].  

The aerospace industry has adopted AM technologies by integrating numerous parts, 

including exclusive nonmetallic elements. For example, Boeing's venture into titanium AM 

parts foresees substantial per-aircraft cost reductions [63]. Similarly, GE Aviation's use of 

metal AM to build numerous fuel nozzles for the LEAP engine each year demonstrates the 

technology's importance in aerospace [62]. 

2.4.4 Electronics 

3D-Printed electronics play a substantial role in electronics manufacturing, offering 

benefits in large-scale production and adaptability in material support and system processes 
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[64]. Additive manufacturing research is increasingly concentrating on printing 

components like traces, interconnects, passive elements (such as resistors and capacitors), 

and specialized electronic devices [65]. Furthermore, when conductive substances are used, 

AM composites can be deployed as electrical devices, including an array of sensors such 

as piezo resistive and capacitive sensors created using AM techniques [66]. 

2.4.5 Construction 

Additive manufacturing is witnessing global growth, notably in the construction domain 

[51]. This technology enables continuous construction from a distance, utilizing materials 

like concrete, glass, metal, and wood [67]. Large-scale 3D printers are crucial for building 

structures and infrastructure, as they can swiftly solidify concrete in substantial amounts 

[68]. Unlike traditional construction processes, which require specialized individuals to 

prepare concrete, which is time-consuming and expensive, 3D printers continuously 

manufacture materials for each stage of the project. This feature allows people in the 

construction sector to manage multiple projects concurrently using a single 3D printer, 

resulting in significant savings in time and expenditure [51]. 

2.5 Fused deposition modeling (FDM) 

The growth of FDM owes its advancement to the emergence of affordable home printers 

introduced by pioneering companies like MakerBot® and Ultimaker®. Presently, there is 

a widespread presence of FDM printers, with over a hundred manufacturers and 

distributors worldwide [69]. The FDM setup (Figure 2.9) consists of four main 

components. A heated printing bed is used to help printed layers adhere to each other. The 

extruder pushes and melts the filaments on the heated bed to build the model. Moreover, 
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there are moving parts in the FDM machine that move the heated bed and extruder in X, Y 

and Z-axis.  

 
Figure 2.9: Fused Deposition Modeling setup (FDM) 

 

FDM, known for its versatility using filament feedstock and moderate melting temperature, 

primarily focuses on thermoplastic polymers and their composites [15]. Traditionally, it 

relied on amorphous polymers, notably ABS and PLA, mainly for prototypes, not suitable 

for critical components needing high strength and stiffness. However, continued FDM 

advancements have resulted in the generation of diverse polymeric materials and 

composites, allowing the creation of functional parts [70], [71]. Figure 2.10 outlines the 

key milestones in FDM technology. The relationship between materials and processes 

underscores the importance of considering FDM feedstock and process parameters for 

achieving practical 3D printed parts. 
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Figure 2.10: The history of FDM [15] 

2.5.1 FDM material properties 

This section offers a broad overview of the mechanical, thermal, and physical 

characteristics of the various thermoplastics utilized in the production of FDM filaments. 

Being a polymer-based process, FDM process dictates certain criteria for the raw filaments 

used for manufacturing. The polymer's amorphous or semi-crystalline structure and their 

respective crystallization temperatures affect the FDM process [17]. Amorphous polymers 

are well suited for FDM printing due to their rapid solidification, resulting in minimal 

shrinkage [72]. This swift solidification is also crucial for layer adherence. However, it 

might take longer to print semi-crystalline polymers due to their high crystallinity and 

cooling rates [17]. The crystalline structures also lead to increased shrinkage and potential 

distortion of printed parts, making them less suitable for FDM. Table 2.2 presents a 

summary of these materials and their respective properties. PEEK shows the highest 

melting temperature (343°C) and glass transition temperature (143°C). These attributes 
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pose significant challenges for FDM production using commonly available machines, 

resulting in the rare utilization of PEEK. Additionally, PEEK exhibits the highest heat 

deflection temperature (156°C), signifying its suitability for use in high-temperature 

applications. 

Contrarily, widely employed FDM materials like ABS and PLA feature a melting 

temperature around 200°C, allowing their accommodation on most FDM machines. 

Amorphous polymers such as ABS lack a distinct melting point; instead, they tend to 

transition from a glassy state as they approach the glass transition temperature [73]. 

Table 2.2: FDM pure polymer properties 

Polymer Thermoplastic 

Type 

Melting 

temperatu

re (°C) 

Glass 

transition 

temperature 

(°C) 

Density 

(g/cm3) 
Melt-mass flow 

rate * 

(g /10 min) 

Heat deflection 

Temperature 

(°C) 

PLA  [74] Semi-crystalline 152 59.1 1.24 6.1 58.8 

ABS [75] Amorphous - 101 1.1 41 86.6 

PVA [76] Semi-crystalline 175 58.4 1.23 17 - 

PEEK 

[77] 

Semi-crystalline 343 143 1.3 - 156 

PETG 

[78] 

Amorphous - 77.4 1.27 6.2 76.2 

NYLON 

[79] 

Semi-crystalline 188 55.1 1.14 6.2 89.2 

PP [80] Semi-crystalline 131 - 0.89 20 64.1 

PET [81] Amorphous - 71 1.33 16.3 63 

PC [82] Amorphous - 111 1.18 32 111 

TPU [83] Semi-crystalline 217 - 1.22 15.9 50.3 

*The melt-mass flow rate is conducted at 225 °C, 1.2 kg. 
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2.5.2 FDM process parameters 

The FDM process parameters are chosen to optimize part performance, based on the 

material properties (Figure 2.11). Build orientation refers to the positioning of the part 

concerning the X, Y, and Z axes on the build platform. The X and Y-axes align with the 

build platform, while the Z-axis corresponds to the part's height. The raster angle denotes 

the direction of deposition relative to the build bed. Layer thickness specifies the thickness 

of the layer utilized in creating the final part and significantly impacts its properties [62]. 

The nozzle diameter determines the size of the nozzle, with most commercial printers using 

a 0.4 mm diameter [63]. When printing short fiber or particle-reinforced composites, larger 

nozzle sizes are employed to prevent nozzle blockages due to aggregated reinforcements 

[64]. The number of contours outlines the outer part contours, while raster width indicates 

the width of the pattern used to fill the parts. 

The spacing between neighboring rasters, known as the air gap, is a critical consideration 

in FDM. Zero air gap printing is strongly recommended since a positive air gap can lead to 

the separation of rasters [65]. Lastly, infill density defines the percentage of solid material 

used in constructing the part. For instance, the inner layers of a component might be printed 

in a hexagonal pattern [18]. 



20 

 

 
Figure 2.11: FDM process parameters [84] 

 

2.5.3 FDM composites 

A composite material or filament typically blends two or more phases or constituents to 

yield specialized characteristics that a single constituent cannot achieve [85]. In most 

composites, the matrix and reinforcement represent the primary components, with efforts 

often directed toward enhancing the matrix's attributes to bolster overall performance. 

To improve the overall properties of FDM parts, reinforcement materials such as 

particulates, fibers, and nanoparticles are added as additional constituents into the polymer 

matrix (Figure 2.12). The composition, particle size, fiber alignment, and type of 

reinforcing material all influence the properties of composite materials [17]. While 

reinforcing materials are often introduced to reduce expenses, they concurrently elevate 

the functional qualities of FDM constructed components. 
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(a) (b) (c) 

Figure 2.12: In composite filaments, a variety of reinforcing materials are used; (i) Particulate 

reinforcement (ii) Short fiber reinforcement (iii) Continuous fiber reinforcement 

 

Traditionally, fiber and particulate reinforcements in composites have relied on matrices 

composed of polymers, metals, or ceramics. In present-day composites, polymers 

commonly serve as matrix materials and polymer matrix composites possess distinct 

properties compared to pure polymers [86], making them well suited for the FDM process. 

The methods used for manufacturing FDM composite filaments and parts are described 

below. The filler and matrix volume fraction is constrained by the volume fraction of the 

filler and matrix in the filament. Therefore, any new filler type or volume fraction requires 

a new filament with the desired volume fractions.  

2.5.4 FDM composite preparation methods 

FDM composite preparation techniques focus on crafting composite materials tailored for 

FDM 3D printing. Their primary goal is to improve the mechanical, thermal, or visual 

qualities of the printed items. The leading approaches for composite preparation are: (a) 

solution mixing, (b) direct mixing, and (c) in situ. 

a. Solution mixing 

Solution mixing combines reinforcing elements like carbon fibers, glass fibers, or additives 

in a solvent to form a consistent solution as shown in Figure 2.13 [87]. This technique 

enables meticulous management of reinforcing agents within the matrix material, 

commonly a polymer such as PLA or ABS. Once a uniform solution is attained, the solvent 
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is evaporated, leaving a composite material. The FDM filament is then obtained from the 

composite material by extrusion or molding. This method ensures effective dispersion of 

additives, potentially enhancing the mechanical properties of the final FDM object. 

 
Figure 2.13: Solution mixing [87] 

 

Belaid et al. [19] reported that the addition of GO as a reinforcement to PLA through 

solution mixing  enhanced the tensile strength of FDM PLA parts by 15%.  The solution 

containing GO was introduced into the polymer solution while continuously stirring 

magnetically until achieving a uniform mixture. This composite polymer solution was then 

poured into a Teflon dish and left to dry overnight at room temperature. The resulting dried 

polymer formed a film that was subsequently cut into pieces and fed into a single screw 

extruder to fabricate filaments suitable for FDM. 

b. Direct mixing 

In the direct mixing method, the reinforcing agents, like fibers, nanoparticles, or other 

fillers, are directly and physically combined with the base polymer. This can be achieved 

through different methods such as melt-compounding or conventional blending techniques 

(Figure 2.14). Unlike solution mixing, direct mixing does not rely on a solvent and typically 

demands specialized equipment to guarantee a consistent distribution of additives within 
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the polymer matrix [88]. While direct mixing can simplify the production of composite 

filaments, achieving uniform dispersion of fillers can be challenging.  

 

Figure 2.14: Direct mixing via extrusion 

 

Ferreira et al. [88]ًreported that the addition of carbon fiber as a reinforcement to PLA via 

direct mixing enhanced the tensile modulus of FDM PLA parts by 113%. Furthermore, 

Plymill et al. [89] prepared FDM nanocomposites by reinforcing PLA with graphene and 

multi-walled carbon nano tubes (MWCNT) using a twin-screw extruder. An enhancement 

in the tensile strength of the printed components was noted with the inclusion of 0.2 wt% 

graphene and 0.1 wt% MWCNT by 47% and 41% [89]. 

c. In-situ  

In situ FDM printing involves the incorporation of additional reinforcements directly into 

the printed raster. This includes simultaneously printing and integrating fillers like fibers 

and particulates. Essentially, it enables the creation of composite structures or functional 

parts where multiple reinforcements or functionalities are embedded or introduced during 

the printing process. This technique expands FDM printing capabilities, allowing for the 
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creation of more intricate, multifunctional, or customized objects in a single manufacturing 

step as shown below (Figure 2.15).  

 
Figure 2.15: FDM in-situ [86] 

 

Some FDM machines are equipped with an additional nozzle to deposit reinforcement 

materials simultaneously with the polymer layers (Figure 2.15.a). On the other hand, in-

situ FDM composites can also be fabricated using one nozzle (Figure 2.15.b). Polymer 

filament and reinforcement are supplied from two distinct spools that mix in the extruder 

before being deposited onto the build platform [86]. Li et al. [90]  conducted an 

examination on the effects of continuous carbon fibers on the tensile strength and flexural 

strength of FDM PLA components. As per their experimental findings, the tensile strength 

and flexural strength of composite FDM parts exhibited an increase of 185% and 11%, 

respectively, when compared to parts constructed solely with pure PLA. Hu et al. [91] 

employed continuous carbon fiber prepreg PLA filament to manufacture composite FDM 

parts. The FDM machine nozzle was modified to dispense pre-processed continuous 

carbon fiber prepreg filament. Consequently, the composite parts displayed an increase in 

both flexural strength and flexural modulus in comparison to the pure FDM PLA parts. 

(a) (b)
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2.5.5 Graphene based FDM studies 

Nanocomposites have undergone the least amount of analysis in comparison with 

particulate, short and continuous fiber-reinforced composites [85]. As this research focuses 

on GO nanofillers, a broad overview on graphene-based publications is shown in Table 

2.3. In all studies, graphene or GO are used as the reinforcements for FDM parts. Graphene 

is a singular carbon atom thick sheet composed of sp2 carbon atoms organized in a 

honeycomb pattern. Inner and outer plane bonds connect two corresponding sub-lattices of 

carbon atoms, forming a delocalized network of electrons [92]. These distinct properties 

are why graphene was chosen as a reinforcement for polymeric matrices in FDM. In 

graphene based FDM composites, the adhesion between the graphene nanoparticles and 

polymeric matrices is crucial in order to achieve better parts with superior properties [93]. 

Belaid et al. [19] reinforced PLA by incorporating graphene oxide as a nanofiller via 

solution mixing to manufacture FDM PLA-GO scaffolds and investigate their mechanical, 

thermal, and morphological properties. Overall, the results depicted that the integration of 

GO resulted in rougher surfaces and enhanced hydrophilicity, unchanged transition 

temperature, reduced polymer crystallinity, and improved scaffold mechanical properties. 

Zhang et al. [20] created FDM PLA-GO flexible circuits via melt blending by utilizing 

graphene and employing a two-step in-situ tailored reduction technique for synthesizing 

reduced GO. The printed parts were mechanically and morphologically characterized to 

analyze the FDM PLA-GO parts. Their findings suggested that the FDM PLA-GO parts 

exhibited smooth surfaces with tremendous mechanical properties. 
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Table 2.3: Publications on FDM PLA-graphene  

Reference  Matrix Nanocomposite 

Material 
Filler % Printer 

Belaid et al. [19] PLA Graphene oxide 0.2% Prusa i3 MK2S 

Zhang et al. [20] PLA Graphene oxide 4-6% MakerBot 

Replicator2 

Wei et al. [21] ABS, PLA Graphene Oxide 0.4-7.4% HOF1-X1 

Chen et al. [22] TPU+PLA Graphene Oxide 0-5% - 

Wu et al.[23] PLA Graphene Oxide 0-9% AllcctTank dual-

nozzle 

N. Vidakis et al. 

[94] 
PLA Graphene  _ da Vinci 3-in-1 Pro 

Bustillos et al. [95] PLA Graphene - MakerBot Replicator 

Prashantha and 

Roger [96] 
PLA Graphene  10% - 

Javaid et al. [97] PLA Graphene  - Anet ET4 Pro  

Shi et al. [98] PLA Graphene 0.5-10% RepRap X350pro 

Camargo et al. [99]  PLA Graphene - Delta_3D  

Daniel et al. [100] PLA Graphene 5.6% MakerGear M2 

Ivanov et al. [101] PLA Graphene 0-6% - 

Novotny et al. [102] PLA  Graphene - Prusa i3 MK3 

Spinelli et al. [103] PLA Graphene  3-6% Rep Rap X400 Pro 

Flavio et al. [104] PLA Graphene 0.5-5% Ultimaker S3 

Plymill et al. [89] PLA Graphene 0.1-0.5% LulzBot Mini printer 

Caminero et al. 

[105] 
PLA Graphene  - BQ  WitBox 

Batakliev et al. 

[106] 
PLA Graphene      1.5-12%  RepRap X400 pro 

Rostom and 

Dadmun [107] 
PLA Graphene 0.5-2% LulzBot TAZ5 

 

Chen et al. [22] showcased the FDM fabrication of PLA/TPU-GO composites and 

evaluated their suitability in terms of biocompatibility. The FDM composites were 

developed using a solvent mixing technique. The addition of GO significantly improved 

the mechanical characteristics and thermal stability of the composites.  
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Vidakis et al. [94] experimentally determined the mechanical response of FDM specimens 

produced using PLA and PLA-graphene. The PLA-graphene FDM parts were printed using 

a commercially available PLA-graphene filament. Various standard mechanical tests were 

conducted to assess their mechanical properties and enable a comparison between the two 

materials. Ultimately, the results showed that, under identical printing parameters, the 

FDM PLA parts exhibited superior stiffness, and a greater extent of brittleness compared 

to the FDM-graphene parts.  

Bustillos et al. [95] compared the characteristics of FDM parts made from PLA-graphene 

filaments to those of pure PLA parts. According to their experimental investigation, all 

mechanical properties (creep resistance, elastic modulus, wear resistance and nano 

hardness) showed improvement. Moreover, because of the weak interlayer bonding, PLA-

graphene architectures showed significant levels of porosity when compared to pure PLA 

components 

Camargo et al. [99] evaluated the mechanical properties of 3D printed FDM PLA-graphene 

components that were printed using a commercially available PLA-graphene filament. 

Using a statistical central composite design approach, they investigated variations in infill 

density and layer thickness. Their research demonstrated that increasing layer thickness 

improved mechanical characteristics.  

Flavio et al. [104] assessed the impact of graphene on the tensile and compressive 

properties of FDM PLA parts. The PLA-graphene parts were printed with PLA-graphene 

filaments. The tensile and compressive properties of their FDM PLA-graphene parts were 
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superior to the pure FDM PLA parts. Furthermore, the mechanical properties of the FDM 

PLA-graphene parts were improved by increasing the graphene weight percentage.  

Plymill et al. [89] conducted tensile and impact study to evaluate the mechanical properties 

of FDM PLA-graphene parts manufactured by the means of dry mixing followed by twin-

screw extrusion. DSC was used to examine the thermal parameters of the feedstock 

material and printed parts. The inclusion of graphene improved mechanical characteristics 

of FDM PLA parts. Prashantha et al. [96]  investigated the tensile properties of FDM PLA-

graphene parts using a commercially available 10% PLA-graphene filament.  In 

comparison to pure PLA parts, nanocomposite parts showed increased tensile modulus, 

TS, with lower ductility.  

The results from literature highlight the importance of GO in improving the FDM part 

properties with various materials. In this work, FDM PLA-GO parts were studied using a 

novel in-situ nozzle impregnation technique. The PLA and PLA-GO part properties under 

various loading conditions are described and compared to these experimental works in 

Chapter 4. 
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3 CHAPTER 3 

EXPERIMENTAL METHODOLOGY 

 

This chapter entails a detailed discussion on the novel in-situ nozzle impregnation 

technique that was implemented in this work to fabricate the FDM PLA-GO parts. In 

addition, details about the various characterization and testing techniques are presented. It 

should be noted that all tests were conducted on three repetitions to guarantee repeatability 

of experimental data.  

Commercial polylactic acid (PLA) filament was used as a matrix and Graphene oxide (GO) 

1% dispersion acquired from GOgraphene® was used as a reinforcement. In this work, 3D 

printing was carried out on a Creality Ender 3 pro with a filament size of 1.75 mm, nozzle 

size of 0.4 mm, extrusion speed of 30 mm/s, nozzle temperature of 230°C and a build plate 

temperature of 70°C. All parts were printed with an infill of 100% using variable layer 

thicknesses (0.15 mm and 0.3 mm). To fabricate PLA-GO 3D printed composite parts, the 

GO solution was loaded in a 5mL syringe and held inside an automatic syringe pump at a 

control rate of feed of 0.5mL/hr. This control rate helped maintain the back pressure in the 

print head. The GO solution was injected into the hot end through secondary tubing as 

shown in Figure 3.1. The mixing of GO and PLA was achieved in a custom designed hot 

end assembly. Upon reaching the heating block, the GO solution evaporated leaving a 

mixture of PLA and GO (Figure 3.1). This mixture was further mixed inside the nozzle 

before being deposited on the build plate to produce FDM-GO parts. Table 3.1 summarizes 
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the FDM process parameters used to print the pure PLA and graphene oxide infused PLA 

parts. 

3  

3 Figure 3.1: FDM nanocomposite preparation method 

4  

Table 3.1: Selected FDM process parameters 

Parameter Specification 

Material PLA & PLA-GO 

Nozzle diameter 0.4mm 

Nozzle temperature 230°C 

Print bed temperature 70°C 

Filament diameter 1.75mm 

Layer thickness 0.15, 0.3 mm 

Infill density  100% 

Nozzle speed 30 mm/s 

Raster angle 45° 

5  

Characterization of the PLA and PLA-GO samples was conducted on various sample types 

as discussed below. In addition, PLA and PLA-GO samples with varying layer heights 

GO solution

Extruder

PLA filament

Heat block

Syringe pump

Build plate 

Nozzle

GO

PLA
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were manufactured to test the tensile, compressive, flexural and impact properties. Detailed 

dimensions are given in Figure 3.2. 

 
 

 
 

(a) (b) 

 

 

 

(c) (d) 

Figure 3.2 Dimensions of PLA and PLA-GO samples for; (a) Tensile tests, (b) Flexural tests (c) 

Compression tests, (d) Impact tests 

 

3.1 Scanning electron microscopy (SEM)  

SEMoscope IEM11+ (Figure 3.3) was used at 20 kV under vacuum for the characterization 

of printed samples. All samples were sputter coated pre analysis for 30s and the as-printed, 

and fracture surfaces from tensile samples were analyzed.  
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Figure 3.3: SEMoscope IEM11+ 

3.2 Thermogravimetric analysis (TGA) 

 TGA was carried out using a SDT Q600, TA Instruments machine (Figure 3.4) to evaluate 

thermal stability of PLA and PLA/graphene samples. Samples were heated from 25°C to 

600°C, under a 50 mL/min flow of nitrogen at heating rate of 10°C/min. TRIOS software 

(TA Instruments) was used to analyze the data. 

 

Figure 3.4: TA Instruments SDT Q600 TGA machine 
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3.3 Differential scanning calorimetry (DSC) 

 DSC employing a heat/cool/heat regimen (DSC Q2000, TA Instruments) was employed 

to assess thermal characteristics (Figure 3.5). The samples underwent heating at a rate of 

10°C per minute up to 220°C and subsequent cooling at the same rate to 30°C, all 

conducted under a nitrogen atmosphere at a flow rate of 50 ml/min. Analysis of the data 

was performed using TRIOS software (TA Instruments). The calculation of crystallinity 

(Xc) for the PLA polymer was found using the equation below. 

 𝑋𝑐 = (∆𝐻𝑚/∆𝐻
𝑜
𝑚)𝑥100 (1) 

where ∆𝐻𝑜
𝑚 is the melting enthalpy of 100% crystalline PLA (∆𝐻𝑜

𝑚 = 93 J/g), is the 

crystallinity% and ∆𝐻𝑚 is the recorded melting enthalpy for the FDM parts. 

 

Figure 3.5: (DSC) Q2000 V24.9 TA instruments® machine 

3.4  X-ray diffraction (XRD)   

The FDM PLA-GO parts crystallinity and phases were identified using Rigaku Mini Flex 

II XRD machine (Figure 3.6). The peaks and diffraction angles for both FDM PLA and 

FDM PLA-GO were obtained between 0° to 100° with a step size of 0.02°. 
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Figure 3.6: Rigaku® Mini Flex II XRD machine 

3.5 Fourier transform infrared spectroscopy (FTIR) 

FTIR was performed on the samples using Thermo scientific Nicolet iS10 spectrometer 

(Figure 3.7) equipped with ATR technique. The Measurements were taken in the range of 

wave numbers of 400 to 4000 cm−1.  

 

Figure 3.7: Nicolet iS10 FTIR machine 
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3.6 Tensile, compressive, and flexural test  

The tensile tests specimens were prepared according to the ASTM D638 standard 

consisting of different compositions and layer heights. Tensile tests were conducted using 

a Instron® 3367 Universal Testing System as shown in Figure 3.8.a with a load cell of 30 

kN and a cross-head velocity of 2 mm/min. The analysis of the experimental data provided 

essential mechanical properties, including TS, tensile strain, and tensile modulus, for both 

FDM PLA and FDM PLA-GO specimens. Furthermore, a 12 mm extensometer was also 

equipped for this test to precisely measures changes in length as the material stretches or 

deforms. An Instron®, catalogue 2620-601 12 mm extensometer with the range of ± 5mm 

was also used to record the strain in the gauge section of the tensile tests. 

The compression test samples were prepared following the ASTM D695 standard and were 

tested on an Instron 5569® Universal Test System (Figure 3.8.b) was utilized with a load 

cell of 50kN at a cross-head velocity of 2 mm/min. Following the standard's requirements, 

the compressive strength, and the compressive modulus of the tested specimens were 

recorded. 

Flexural tests were performed according to ASTM D790 (three-point bending of polymers) 

All flexural tests were carried out on an Instron® 3367 Universal Test System at a cross-

head velocity of 2 mm/min (Figure 3.8.c). Bending characteristics such as flexural strength, 

flexural modulus, and displacement were obtained from these tests. 
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(a) (b) (c) 

Figure 3.8: (a) Instron® 3367 Universal Test System tensile test setup (b) Instron® 5569 Universal Test 

System compression test setup (c) Instron® 3367 Universal Test System flexural test setup 

3.7 Impact test 

In accordance with ASTM D6110 guidelines, FDM specimens were created for impact 

testing using a 25 Nm gunt® WP 400 impact testing machine (Figure 3.9). The test was 

conducted to determine the impact energy (J) of both FDM PLA and FDM PLA-GO 

samples. 

 

Figure 3.9:  gunt® WP 400 Impact test machine 



37 

 

3.8 Hardness and micro-hardness  

The Rockwell-R testing scale was used for macro-hardness measurements and were carried 

out using a Rockwell apparatus by Tinius Olsen (Figure 3.10.a) with a load of 60kgf. 

Additionally, the Vickers test was used to find the microhardness of the FDM samples. A 

Nextgen NG-1000CCD machine (Figure 3.10.b) was selected for this test using a 0.1 kg 

load with a 15 s indentation duration. The specimens' polished surfaces were pressed with 

a conventional Vickers diamond pyramid indenter.  

  

(a) (b) 

Figure 3.10: (a) Tinius Olsen hardness test machine (b) Nextgen Micro Vickers hardness machine 

 



38 

 

4 CHAPTER 4 

4 RESULTS AND DISCUSSION 

This chapter delves into an in-depth examination of the findings stemming from an array 

of mechanical, thermal, and morphological evaluations conducted on FDM-produced PLA 

and PLA-GO components. The exploration of these outcomes serves as a critical 

investigation, providing insights on the impact of integrating GO and the change in layer 

height on the mechanical attributes, thermal properties, and surface characteristics of FDM 

PLA parts, offering a deeper comprehension of their potential applications and 

performance across diverse scenarios. 

4.1 Scanning electron microscope (SEM) 

SEM is an excellent tool for determining the purity, level of aggregation, dispersion, and 

homogeneity of the GO nanoparticles in the FDM PLA-GO parts [108]. An example of the 

printed PLA and PLA-GO parts is shown in Figure 4.1.a. Printed PLA-GO clearly show 

the presence of GO in the PLA matrix. SEM images from the PLA and PLA-GO samples 

are also shown in Figure 4.1b-c. Compared to the PLA samples; the PLA-GO clearly show 

a lack of surface cracks. This might have an effect on the mechanical properties of these 

parts as presence of cracks may facilitate early fracture resulting in low ductility and 

strength. 
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Figure 4.1: (a) PLA and PLA-GO samples SEM images of (b) PLA, (c) PLA-GO 

Furthermore, the SEM images below (Figure 4.2) verify the existence of GO nanoparticles 

embedded in the PLA matrix. Figure 4.2 shows the presence of GO nanoparticles 

embedded between the FDM PLA layers while the inset shows a GO particle within the 

PLA matrix.  

 
Figure 4.2: FDM PLA-GO SEM images 

4.2 Thermogravimetric analysis (TGA) 

TGA stands as a potent method for assessing the thermal stability of various materials, 

including polymers [109]. This technique involves monitoring changes in a specimen's 

weight as its temperature is incrementally raised. TGA is capable of measuring both 
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moisture and volatile contents within a sample. The apparatus comprises a highly sensitive 

scale to track weight variations and a programmable furnace to regulate the sample's heat 

levels. The thermal stability of FDM PLA and PLA-GO were analyzed using TGA to 

examine the influence of the GO nanofiller on the PLA matrix and assess the percentage 

of GO in PLA-GO samples (Figure 4.3). A 5 wt% loss was recorded at 306°C for the FDM 

PLA sample, while the FDM PLA-GO samples measured a 5 wt% loss at 317°C. 

Furthermore, the temperatures at which the FDM samples recorded a 50 wt% loss 

(Maximum degradation temperature peak) were also measured. According to the results 

summarized in Figure 4.3, the FDM PLA samples recorded a 50 wt% at 357°C and the 

FMD PLA-GO samples recorded the same wt% at 362°C. This is important as it indicates 

the presence of graphene oxide in the PLA matrix because the T50 increased with the 

addition of GO. Therefore, the addition of GO increased the maximum thermal degradation 

temperature as shown in Figure 4.3. The interfacial interactions between GO and PLA 

caused by hydrogen bonds and/or van der Waals forces may account for this shift [110], 

[111]. In addition, the residual wt% was measured to account for the addition of graphene. 

The FDM PLA samples recorded a residual wt% of 1.32, while the FDM PLA-GO showed 

an increase with a measured value of 2.32% (Table 4.1). Therefore, the PLA-GO samples 

are assumed to have an average 1 wt% GO. 
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Figure 4.3: TGA curves for FDM PLA and PLA-GO 

Belaid et al. [19] carried out TGA tests on FDM PLA and PLA-GO samples to investigate 

the addition of graphene oxide as a nanofiller. According to the study, the adsorbed water 

was the cause of the 1% weight loss for PLA that was observed below 200°C. Between 

300 and 400°C, theًsecondًsignificantًweightًlossًwasًdueًtoًtheًpolymer’sًdegradation.ً

The derivative weight curves indicated that in the nanocomposites containing 0.3% GO, 

the highest degradation temperature peak shifted from 298°C to 366°C [19]. In their work, 

the thermal stability of FDM PLA-GO parts improved as a result of the strong interactions 

with GO, as a result of a reduction in chain mobility at the GO interface [112]. When 

reinforced with GO, the PLA-GO pyrolysis of labile oxygenation groups causes the 

thermochemical breakdown of the remaining organic content from PLA and GO [113], 

which was the cause of the final weight loss from 400 °C [19]. 

Table 4.1: TGA results for PLA and PLA-GO 

 

 

Sample  T5 (°C) T50 (°C) Residual wt (%) DTG Peak (°C) 

PLA 306 357 1.31 357 

PLA-GO 317 362 2.32 362 
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On the other hand, Chen et al. [22] reported different findings as their FDM PLA/TPU 

parts had a better thermal resistance compared to the FDM PLA-GO/TPU-GO parts. It has 

been reported that at the highest temperature the FDM PLA/TPU-GO sample measured a 

greater weight loss percentage than that of pure PLA/TPU sample. This difference could 

be attributed to the use of copolymer as a matrix (PLA/TPU) instead of PLA.  

4.3 Differential scanning calorimetry (DSC)  

The DSC technique holds immense significance in polymer analysis due to its ability to 

offer critical insights into their thermal properties [114]. It identifies melting and 

crystallization temperatures, delineating transitions from solid to liquid states. 

Additionally, DSC determines the Glass Transition Temperature (Tg), indicating when 

polymers shift from a rigid to a flexible state as well as the degree of crystallinity (Xc % ) 

in semi-crystalline polymers, making it possible to evaluate their mechanical 

characteristics and structural arrangement. Figure 4.4 shows the DSC spectra of both PLA 

and PLA-GO samples to analyze the effect of GO on the PLA matrix. According to the 

results summarized in Figure 4.4, the Tg was slightly decreased with the addition of 

graphene oxide from 59.3 to 59°C, while the Tm remained unaltered at 148.9°C. 

Furthermore, the Xc % reduced with the incorporation of GO from 35.8 to 27.6 %. Other 

studies have also concluded that the addition of graphene oxide and graphene had a 

negative impact on the Tg and Xc % of FDM PLA parts [19], [95]. This was attributed to 

the swift cooling observed in FDM PLA-GO parts during the FDM process, which limits 

its fluidity and mobility and prevents polymer chains from rearranging themselves resulting 

in the reduction of crystalline regions in the FDM nanocomposite [115]. The PLA part 

measured a Xc of 34%, meanwhile the FDM PLA-graphene recorded a Xc of 31% [95].  
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Figure 4.4: PLA and PLA-GO DSC curves 

 

On the other hand, GO has also been reported to increase the Xc% of FDM PLA-GO parts 

as a higher number of interactions are expected between the polymer chains with the 

incorporation of the functionalized nanofiller [19]. The following study investigated the 

effect of different graphene oxide (GO) wt% on the Xc% of FDM PLA parts [19]. The 

FDM PLA-GO sample with a 0.1% GO wt% recorded the lowest Xc (0%), while the FDM 

PLA-GO part with a 0.3% GO wt% achieved the highest Xc (45%) [19].  The reported 

increase was attributed to the increase in the crystalline regions of the FDM PLA part with 

the addition of GO (Figure 4.5). The presence of GO in the FDM PLA parts can lead to an 

increase in its molecular weight, which can result in an increase of the Vander Waal forces. 

These intermolecular forces can contribute to the stabilization and organization of the 

crystalline regions [116]. Hence, an increase in crystallinity (Xc) can bolster a material's 

capacity to endure external forces without experiencing undue distortion or structural 

breakdown [117]. 
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Figure 4.5: The effect of graphene on the crystallinity of PLA 

 

Moreover,ًtheًmeltingًenthalpyً(ΔHm)ًhasًbeenًreportedًtoًdiminishًwithًthe iًntroductionً

ofًGO.ًTheًFDMًPLAًpartsًrecordedًaًΔHmًofً33.6ًJ/g,ًwhileًtheًFDMًPLA-GO parts 

achieved a ΔHm of 25.9 J/g (Table 4.2). The result is in-line with other observations as the 

ΔHmًwasًexpected tًoًdecreaseًwith tًheًadditionًofًGOًdue tًo tًhe rًeduction iًnًcrystallinity.ً

Theًenergyًrequiredًtoًmeltًtheًmaterialً(ΔHm)ًisًdirectlyًproportionalًtoًtheًcrystallinityً

of the FDM parts, henceًaًlowerًΔHmًwasًrecordedًbyًtheًFDMًPLA-GO parts since its 

Xc% decreased [118]. Results in literature have also reported that the FDM PLA-GO parts 

withًaً0.2ًandً0.3%ًGOًwt%ًrecordedًhigherًΔHmًvaluesً(43ًandً40ًJ/g)ًcomparedًtoًtheً

parts with the 0.1% loading (27 J/g) [19].     

Table 4.2: FDM PLA and PLA-GO DSC results 

 

 

 

Sample  Tg (°C) Tm (°C) Xc (%) DHm (°C) 

PLA 59.3 148.8 35.8 33.6 

PLA-GO 59 148.9 27.6 25.9 
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4.4 X-ray diffraction (XRD)   

 XRD offers insights into the structure and properties of materials. It aids in assessing 

crystallinity, identifying structural phases, and characterizing materials such as complex 

polymer blends or composites [119]. According to the results (Figure 4.6), the FDM PLA 

parts showed two characteristic peaks at the diffraction angles 20 and 27.5°, while the FDM 

PLA-GO parts recorded two characteristic peaks at 18 and 27°. The peaks were observed 

at similar diffraction angles, however the FDM PLA-GO peak shown at 18° was much 

broader compared to the first peak shown by the FDM PLA parts at 20°. This change is 

attributed to the interactions between GO and PLA, which has the potential to disturb PLA's 

crystalline arrangement. This disturbance occurred as the GO particles impeded the 

creation of clearly defined crystalline regions within the PLA matrix, resulting in a wider 

characteristic peak as shown in Figure 4.6. This explanation was backed by the fact that 

the crystallinity % of the FDM PLA parts decreased with the addition of GO.  

  
Figure 4.6: PLA and PLA-GO XRD results 
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TheًliteratureًreportsًthatًtheًPLAًfilamentًrevealedًfourًdistinctًpeaksًatً2θً=ً15,ً17,ً19,ً

andً23°ًthatًindicatedًtheًαًformًofًPLAً[19], [120]. The alpha form of PLA signifies a 

particular crystalline arrangement within its structure that affects the PLA's properties, 

including mechanical strength and thermal behavior, by organizing its molecular chains in 

a specific lattice structure [121].  Furthermore, the PLA crystalline peaks vanished after 

being subjected to the FDM process [19]. The disappearance of the crystalline peaks in 

PLA after filament extrusion might be attributed to the rapid cooling process during FDM. 

When PLA melts during printing and encounters quick cooling, often in an open 

environment, it prevents the rearrangement of its crystalline structure, leading to the 

absence of distinct crystalline peaks in the material analysis.  

The addition of GO to the FDM PLA parts was also investigated [19]. Before extrusion, 

the PLA-GOً partsً displayedً broaderً PLAً characteristicً peaksً atً 2θً ً =ً 17ً andً 23°ً

compared to PLA filament  due to micro-stresses caused by the addition of GO. The 

absence of a distinctive GO peak could be due to low filler concentration or effective GO 

dispersion [19], [120]. Post-extrusion, a similar pattern was observed with two broad peaks 

shown between 10 and 25° in the FDM PLA-GO part, indicating an amorphous nature of 

the polymer [19]. 

4.5 Fourier transform infrared spectroscopy (FTIR) 

In polymer nanocomposites, enhancing mechanical properties usually depends on ensuring 

an even dispersal of the filler within the matrix, a distribution which is impacted by 

relations between the filler and the matrix  [22]. 
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FTIR is an analytical technique which plays a crucial role in polymer analysis by 

identifying the functional groups within polymer molecules, enabling a detailed 

examination of their chemical structure and composition [122]. FTIR was conducted to 

analyze the interaction between the PLA matrix and GO by investigating their distinct 

functional group vibrations when exposed to particular light wavelengths. This helps in 

understanding the complex molecular arrangements and chemical properties of polymers, 

aiding in their comprehensive characterization and application in diverse industries.  

As depicted in Figure 4.7, the FDM PLA component displays distinct peaks at 1037, 1080, 

and 1180 cm-1, corresponding to C-O-C stretching vibrations [123]. Additionally, a peak 

is evident at 1746 cm-1, associated with the C=O stretching vibration [124], along with 

three other peaks at 2833, 2903, and 2974 cm-1, related to the uneven and even stretching 

vibrations of the CH3 group [123]. Figure 4.7 also shows that the GO characteristic peaks 

were recorded at 3434, 2362 and 1627 cm-1. These distinctive peaks signify specific 

functional groups existing within the FDM PLA-GO parts. The 3434 cm-1 peak typically 

signifies O-H stretching vibrations, indicating the existence of hydroxyl groups in GO 

[125]. At 2362 cm-1, the peak corresponds to C=O stretching vibrations, representing 

carbonyl groups (C=O) inherent in the GO structure [126]. Additionally, the 1627 cm-1 

peak commonly denotes C=C stretching vibrations, implying the existence of aromatic 

rings or double bonds within the GO structure [127]. 
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Figure 4.7: FTIR results for FDM PLA and PLA-GO 

 

Belaid et al. [19] noted that GO's distinct features were identified via bands observed at 

specific frequencies: 1040 cm−1 (C-O elongation vibrations) and 1740 cm−1 (C=O 

elongation vibrations of the carbonyl and carboxylic groups). Furthermore, at 1630 cm−1 

another peak is observed likely denoting the skeletal vibration of graphite domains, while 

a broader range between 3000–3500 cm−1 was associated with hydroxyl groups [19], [22]. 

Despite this, there was no observable difference between the peaks of pure FDM PLA and 

FDM PLA-GO components. The stronger absorption of the PLA peak, which fell within a 

similar range to GO, posed a challenge in identifying specific GO peaks within the FDM 

PLA-GO nanocomposite [19]. 

4.6 Tensile test  

Tensile tests reveal essential characteristics such as TS, tensile modulus, and ductility for 

a plethora of materials [128]. The graphical representation of the tensile stress-strain 
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outcomes for the FDM specimens utilized in this research are presented in Figure 4.8.a. 

These findings highlight the effect of the layer height on the TS of both PLA and PLA-GO 

samples. 

The data indicates that varying the layer height affects the TS of Pure PLA FDM samples. 

For instance, the average TS was measured at 42.5 MPa for the Pure FDM PLA 0.15LH 

samples, while the Pure FDM PLA 0.3LH samples exhibited an average TS of 43.5 MPa 

(Figure 4.8.b). However, according to previous studies, there is a tendency for the TS of 

FDM PLA samples to decrease as the layer height is increased [129], [130]. A larger layer 

height reduces the cooling/heating cycles and leads to fewer sliced layers. Therefore, the 

chance of deformation, delamination, and failure in the produced parts during FDM 

processing hence increases [130].  

Moreover, a similar trend was observed in the FDM PLA-GO samples, where those with 

greater layer heights exhibited higher tensile strengths. Specifically, the PLA-GO 0.15LH 

samples demonstrated an average TS of 48.5 MPa, while the PLA-GO 0.3LH samples 

showcased an average TS of 50 MPa. These findings, depicted in Figure 4.8.b, highlight 

the effect of GO on the TS of both the pure PLA 0.3LH and PLA 0.15LH FDM samples. 

This improvement is attributed to robust intermolecular connections between the nanofiller 

and the polymeric matrix [131], primarily driven by Vander Waals and hydrogen bond 

interactions [132]–[134]. Additionally, the results highlight that the increase in layer 

thickness elevated the TS of PLA samples by 2.4% and PLA-GO samples by 3.1% due to 

adequate bonding between the layers. 
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Figure 4.8: (a) Tensile- stress vs strain curves, (b) Tensile strength (TS) (c) Tensile modulus, (d) 

Reduction in area (e) Elongation at break  

 

Moreover, the height of the layers significantly impacts the tensile modulus of FDM 

samples. As shown in Figure 4.8.c, the FDM PLA 0.15LH samples demonstrated an 

average tensile modulus of 2.6 GPa, whereas the FDM PLA 0.3LH samples exhibited a 

higher average of 2.9 GPa. Adding graphene as a filler increased the tensile modulus of the 

FDM PLA 0.3LH samples from 2.90 to 2.95 GPa (1.7%). Similarly, the FDM PLA 0.15LH 

samples experienced a slight rise from 2.6 to 2.7 GPa (3.8%). This change in tensile 

modulus for both PLA and PLA-GO samples highlights graphene's capacity to fortify and 

improve resistance to elastic deformation when subjected to tensile loads. Therefore, the 
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addition of GO has a higher significance on the tensile properties of FDM PLA parts 

compared to the change in layer height.   

The elongation at break, denotes the percentage increase in length of a material sample 

before it fractures during tensile testing [135]. The elongation at break (%) observed in 

Figure 4.8.e showed a slight reduction in FDM PLA 0.15LH, reducing from 5.1% to 4.8% 

when graphene was added, likely due to potential voids forming between deposited layers 

[96]. Conversely, the presence of graphene in the FDM PLA 0.3LH samples increased the 

elongation at break (%) from 4.1% to 4.7%. This variation could be linked to the specific 

arrangement and controlled distribution of graphene filler within the PLA 0.3LH matrix. 

Higher elongation at break % indicates greater ductility, allowing more plastic deformation 

before failure. 

Similarly, the reduction in area % was computed as a measure of ductility exhibited by the 

FDM samples [136]. As illustrated in Figure 4.8.d, FDM PLA 0.15LH parts experienced a 

16.6% reduction in area, while the FDM PLA 0.3LH parts showed an 18% reduction. These 

findings imply that as the layer height increases, the ductility of the FDM PLA components 

also increases. Moreover, the FDM PLA-GO 0.15LH samples displayed a 20.7% reduction 

in area, compared to 20.9% for the FDM PLA-GO 0.3LH samples. These results suggest 

that incorporating graphene improved the ductility of the FDM PLA parts and should also 

improve the impact performance of FDM-GO parts. 

4.7 Tensile fracture surface 

Study of fracture surfaces provide an insight into the material failure modes and 

mechanisms. Therefore, SEM images were recorded from the fracture surfaces of tensile 



52 

 

PLA and PLA-GO samples. The tensile test results (Figure 4.8) showed that the highest TS 

was measured by the PLA-GO samples (PLA-GO 0.3LH - 50 MPa), while the lowest was 

recorded by the PLA samples (PLA 0.15LH - 42.4 MPa). In addition, analysis of printed 

PLA and PLA-GO samples show lack of any macro of microcracks in the PLA-GO 0.3LH 

(Figure 4.1.c) sample along with a uniform distribution of GO (Figure 4.2). This uniform 

distribution resulted in a part with the highest TS. On the other hand, PLA 0.15LH shows 

presence of microcracks and voids that resulted in defect induced failure resulting in the 

lowest TS. The presence of microcracks weakened the part and upon applying external 

loads, resulting in early failure. 

Figure 4.9.a shows the presence of voids due to filament separation in the fracture surface 

of pure PLA 0.3LH. In contrast, the fracture surface (Figure 4.9.b) of PLA-GO sample 

(PLA-GO 0.15LH) shows lack of filament separation which led to presence of fewer voids 

after fracture. This resulted in a higher TS. Comparison of results for elongation at break 

for PLA and PLA-GO samples shows similar trends. The presence of voids in the fracture 

surface of PLA 0.3LH also resulted in lower ductility when compared to PLA-GO 0.15LH 

samples (Figure 4.9).  In addition, the fractography images from the PLA samples show 

brittle failure on raster filaments from the central section while the skin (outer boundary) 

experience ductile fracture. This is due to the surface undulations present in the FDM 

samples that promote crack initiation on the surface which propagates to the center of the 

sample resulting in brittle failure. 
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Figure 4.9: SEM Fracture surfaces, (a) PLA, (b) PLA-GO 

4.8 Compression test  

Compression tests are essential for understanding the materials response to compressive 

loads [137]. They help determine compressive properties (compressive strength, yield, and 

modulus), aiding in material selection and quality control for different applications. Figure 

4.10 presents the compression test results for FDM PLA and PLA-GO samples, indicating 

that increasing layer height negatively affected FDM PLA's compression properties. 

Specifically, FDM PLA 0.15LH parts showed an average compressive strength of 207 MPa 

at 65% strain, a compressive YS of 75 MPa, and a compressive modulus of 2.25 GPa. In 

contrast, FDM PLA 0.3LH parts averaged a compressive strength of 200 MPa, a 

compressive YS of 62 MPa, and a compressive modulus of 2.05 GPa. These results signify 

a 3.5% decrease in compressive strength, a 17.3% reduction in YS, and an 8.9% decline in 

compressive modulus. Thus, the findings suggest an inverse correlation between layer 

height and the compressive strength and modulus of FDM PLA components.  

The introduction of graphene enhanced the compressive strength of FDM PLA-GO 0.15LH 

parts. However, it also resulted in a reduction in compressive YS and modulus (Figure 

4.10). Specifically, while the FDM PLA 0.15LH parts averaged a compressive strength of 
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207 MPa, a compressive YS of 75 MPa, and a compressive modulus of 2.25 GPa, the FDM 

PLA-GO 0.15LH samples showed an average compressive strength of 215 MPa, a 

compressive YS of 60 MPa, and a compressive modulus of 2.24 GPa. The results reveal 

that introducing GO led to a 22.7% increase in the compressive strength of FDM PLA 

0.15LH parts, accompanied by a 20% reduction in compressive YS and a slight drop (0.4%) 

in their compressive modulus.  

Furthermore, it has been reported that a higher graphene content enhances compressive 

properties due to graphene's exceptional bonding capabilities, fostering stronger 

interactions within the PLA matrix [104]. At 5 wt%, the highest compressive strength (96 

MPa) and modulus (3.5 GPa) for PLA-GO were observed, while the lowest values of 

compressive strength (80 MPa) and modulus (2.6 GPa) were recorded at 0.5 wt% [104] . 

 
Figure 4.10: (a) Compression stress vs strain curves, (b) Compressive strength, (c) Compressive 

modulus, (d) Compressive yield stress 
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Conversely, the introduction of GO in the FDM PLA 0.3LH components resulted in a 

reduction in their compressive properties. While the FDM PLA 0.3LH parts showed an 

average compressive strength of 200 MPa, a compressive YS of 62 MPa, and a 

compressive modulus of 2.05 GPa, the FDM PLA-GO 0.3LH parts averaged a compressive 

strength of 186 MPa, a compressive YS of 60 MPa, and a compressive modulus of 0.68 

GPa (Figure 4.10). This may be attributed to insufficient bonding between the graphene 

nanoparticles and the PLA matrix. Additionally, findings from another study indicate that 

incorporating graphene into PLA FDM parts led to reduction in compressive properties 

[94]. In their work, the PLA FDM parts achieved a compressive strength of 71.2 MPa with 

a compressive modulus of 2.02 GPa, whereas the PLA-graphene FDM parts measured a 

compressive strength of 64.4 MPa with a compressive modulus of 1.4 GPa [94].  

4.9 Flexural test 

The tensile and compressive properties provide a thorough analysis on the mechanical 

behavior of PLA and PLA-GO parts. However, uniaxial loading does not provide a 

complete set of mechanical properties. Bending tests, namely three-point and four-point, 

are often used to assess the material behavior under complex loading (tension-

compression) as it provides the complete material response [137], [138]. In this work, PLA 

and PLA-GO samples were also tested under 3-point bending with varying layer heights.  

The outcomes from the flexural tests are depicted in Figure 4.11 and indicate a clear effect 

of increased layer height on the flexural properties of FDM PLA parts. Specifically, the 

FDM PLA 0.15LH parts showed a flexural strength of 85.5 MPa and a flexural modulus 

of 3.2 GPa. With an elevation in layer height to 0.3 mm, PLA 0.3LH samples exhibited an 

increased flexural strength (by 2.1%) of 87.3 MPa, and the flexural modulus grew by 6.3% 
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to 3.4 GPa. Camargo et al. [99] noted a direct correlation between layer height and the 

flexural characteristics of FDM PLA parts. In their research, FDM PLA parts with a 0.27 

mm layer height and 78% infill density displayed a flexural strength of 61 MPa and a 

flexural modulus of 2.5 GPa. In contrast, parts with a 0.13 mm layer height and 22% infill 

density achieved a flexural strength of 32 MPa and a flexural modulus of 1.5 GPa [99]. 

Notably, while FDM parts with larger layer heights displayed enhanced flexural properties, 

it is important to highlight that the infill density influenced the reported results. Higher 

infill density led to fewer voids, resulting in denser parts with superior properties [99]. 

 
Figure 4.11: Flexural test results for PLA and PLA-GO samples (a) Force vs Displacement curves, 

(b) Flexural strength, (c) Flexural modulus 
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Furthermore, the FDM PLA-GO 0.15LH parts exhibited a flexural strength of 102.2 MPa 

and a flexural modulus of 3.6 GPa, while the FDM PLA-GO 0.3LH parts showed a flexural 

strength of 95 MPa and a flexural modulus of 3.8 GPa (Figure 4.11). The rise in layer 

height decreased the strength of PLA-GO samples by 7%. This might be due to the weaker 

adhesion between the PLA and GO nanoparticles in the 0.3 mm LH parts. This trend is in 

contrast with pure FDM PLA samples where the rise in layer height increased the flexural 

strength by 2.1%. Additionally, comparison of PLA (PLA 0.15LH) and PLA-GO (PLA-

GO 0.15LH) samples showed a 19.5% increase in flexural strength PLA-GO samples. 

In a similar study, it was found that FDM PLA-GO parts with a 2wt% composition 

achieved a flexural strength of 94.2 MPa and a flexural modulus of 3.07 GPa, while PLA 

parts showed a flexural strength of 79.2 MPa and a flexural modulus of 2.63 GPa [139]. 

However, their findings showed that FDM PLA exhibited superior flexural properties 

compared to PLA-GO parts with 0.5 and 1wt%. This was attributed to the unique properties 

and controlled distribution of the nanofiller within the PLA matrix [139]. 

Conversely, several studies indicated a decline in the flexural strength of PLA samples (83 

MPa) upon the addition of graphene (78 MPa) [94], [103]. They reported a reduction of 

6% in the flexural strength, attributed to inadequate dispersion of GO and its unique 

molecular geometry [94]. This resulted in a notable decrease in the maximum flexural 

stress with the inclusion of graphene [103]. However, it was noted that adding graphene to 

PLA FDM parts led to an increase in the flexural modulus [94]. Specifically, the FDM 

PLA-graphene parts achieved a flexural modulus of 2.09 GPa, while the PLA FDM parts 

recorded a flexural modulus of 2.03 GPa [94] . 
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The flexural strengths observed in both PLA and PLA-GO samples suggests tensile 

dominated failures. Tensile test results (Figure 4.8) indicate failures beyond a minimum 

threshold of around 40 MPa for both PLA and PLA-GO parts. Thus, a flexural strength of 

80 MPa would lead to failure on the surface under tensile loading. Surface analysis of 

flexural samples (Figure 4.12) clearly displays tensile failure due to asymmetric material 

response. In both FDM PLA and PLA-GO samples, failure occurred on the tensile surface 

due to crack initiation and propagation on the convex side, as the stresses exceeded the 

material's TS. Moreover, Figure 4.12 also illustrates how the rasters on the sample 

boundary acted as barriers, impeding crack propagation before eventual failure. 

 
Figure 4.12: Fracture surface of flexural samples, (a) Top surface, (b) Bottom surface 

4.10 Impact test  

Tensile, compression, and flexure tests reveal how a material responds under static 

conditions, but understanding its behavior during impact, a dynamic situation, is equally 

vital [140]. Although GO has improved the static properties of PLA samples in this study 

(Section 4.6), its effect on dynamic properties needs further investigation. It is crucial to 

note that while enhancements in static performance are observed, superior impact 

(a) (b)
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properties are not guaranteed, as factors such as ductility and surface area compared to 

cross-sectional area also influence impact behavior. 

Figure 4.13 compiles the impact energy findings from both PLA and PLA-GO samples. 

The outcomes demonstrate a noticeable impact of the change in layer height on the impact 

energy of FDM parts. Specifically, the FDM PLA 0.15LH parts averaged an impact energy 

of 0.3 J, while the FDM PLA 0.3LH parts averaged 0.4 J, indicating a 16.2% enhancement 

in impact performance with an increase in layer height. This highlights a direct correlation 

between layer height and the impact energy of FDM samples. Plymill et al. [89] also carried 

out a study on FDM PLA samples and reported a maximum impact energy of 

approximately 0.2 J. 

 
Figure 4.13: Impact test results 

Based on the findings in Figure 4.13, adding graphene had a diverse impact on the impact 

energy of FDM PLA samples. The FDM PLA-GO 0.15LH samples exhibited an impact 

energy of 0.2 J, reflecting a 50% decrease, while the FDM PLA-GO 0.3LH parts 

showcased an impact energy of 0.6 J, resulting in a 50% increase. These results imply that 

altering the layer height within the PLA-GO parts influences interlayer bonding. A related 
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study observed a decrease in impact energy with PLA-GO samples [94]. Vidakis et al. [94] 

concluded that incorporating graphene led to a 31.4% reduction in the impact energy of 

FDM PLA samples. 

In contrast, Plymill et al. [89] found that introducing graphene (at 0.2 wt%) enhanced the 

impact energy of FDM PLA samples by nearly 12% [89]. This distinction between PLA 

and PLA-GO samples could be attributed to optimal parameters and adjusting the filler 

volume fraction in PLA parts. Plymill et al. [89] also investigated the impact of filler 

volume fraction, noting that a 0.1 wt% graphene showed no change in impact energy, while 

a 0.5 wt% demonstrated a slight increase. However, the most significant enhancement 

(11.7%) in the impact energy of FDM PLA parts occurred when employing a 0.2 wt% 

graphene concentration [89]. 

4.11 Hardness test  

Rockwell and Vickers hardness tests are essential for assessing material hardness. 

Rockwell tests measure indentation depth swiftly and suit various materials [141]. The 

Vickers tests provides accurate and reliable microhardness readings, making it valuable for 

evaluating the hardness of small or intricate materials [142]. Figure 4.14.a outlines the 

Rockwell-R hardness test results obtained from the PLA and PLA-GO samples. The data 

suggests that lower layer heights correlated with higher hardness, showing an increase of 

8.2%. Specifically, the FDM PLA 0.15LH parts displayed a hardness of 98 HRR, whereas 

the FDM PLA 0.3LH parts indicated a hardness of 90 HRR. 
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Figure 4.14: (a) Rockwell-R hardness results and (b) Vickers micro hardness test results 

Furthermore, the inclusion of GO within the PLA matrix elevated the HRR hardness of 

both PLA and PLA-GO parts by 11.1% and 17.3%, respectively (Figure 4.14.a). Unlike 

the FDM PLA samples, the hardness of the PLA-GO samples decreased with increased 

layer thickness. Vidakis et al. [94] conducted a similar study, reporting a hardness of 98 

HRR for pure FDM PLA samples and 100 HRR for the PLA-GO parts. 

Figure 4.14.b outlines the Vickers micro hardness findings for both PLA and PLA-GO 

samples. Similar to the HRR results, lower layer height correlated with higher micro 

hardness. For example, the FDM PLA 0.15LH samples exhibited a micro hardness of 17.6 

HV, while the PLA 0.3LH parts showed a slightly lower micro hardness of 17.3 HV (a 

decrease of 1.7%). Similarly, the PLA-GO samples displayed higher hardness compared 

to PLA samples, with a 2.8% increase for the 0.15LH samples and a 3.5% increase for the 

0.3LH parts. Specifically, the FDM PLA-GO 0.15LH samples indicated a micro hardness 

of 18.1 HV, while the FDM PLA-GO 0.3LH achieved a micro hardness of 17.9 HV. 

However, these minor alterations in micro hardness resulting from changes in layer height 

and the addition of GO do not suggest a significant overall rise. 

On the other hand, Vidakis et al. [94] observed a clear enhancement in micro hardness due 

to graphene. They noted FDM PLA samples showing 16.7 HV in micro hardness, while 
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FDM PLA graphene samples exhibited notably higher micro hardness at 9.6 HV [94]. 

These differences might be due to varied FDM process parameters and methods for 

preparing FDM nanocomposites. Additionally, the appearance of aggregates within the 

PLA structure might also contribute to these variations. Poor dispersion of graphene is 

known to result in aggregate formation, leading to reduced micro hardness values [106]. It 

is important to note that error bars for HV exhibit higher deviation than HRR results due 

to increased variability observed in micro hardness measurements. This higher variability 

can stem from inconsistencies during material preparation or testing conditions. 

The experimental observations attained from the PLA and PLA-GO parts highlight the 

importance of several factors (Figure 4.15). If the PLA matrix was not bonded properly to 

the GO nanoparticles, it would lead to lower strength. Similarly, agglomerated GO 

nanoparticles would act as stress raisers leading to lower strength due to layer adhesion 

and debonding issues (Figure 4.15.a). Uniformly distributed GO nanoparticles would 

reduce this effect (Figure 4.15.b). However, as the layer height is a major factor in 

establishing the mechanical properties of PLA and PLA-GO parts, careful examination is 

required to assess the effect of agglomeration and uniform distribution in FDM PLA and 

PLA-GO parts. 

 
Figure 4.15: Dispersion of graphene in PLA (a) Agglomerated, (b) Uniform dispersion 
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5 CHAPTER 5 

CONCLUSIONS 

In conclusion, in this thesis, pure FDM PLA parts were compared to FDM PLA-GO parts. 

The GO was added using an in-situ nozzle impregnation technique. The mechanical and 

thermal properties of the FDM processed parts were thoroughly investigated at varying 

layer heights. Through a rigorous experimental approach, this study illuminated the 

multifaceted impact of graphene oxide on these key material properties. 

FDM PLA and PLA-GO parts were characterized using TGA and the results pointed that 

the degradation temperature of FDM PLA parts and the residual wt% increased with the 

addition of GO. In addition, the TGA results confirm that 1 wt% of GO was used as 

nanofiller in the FDM PLA-GO parts. DSC was also performed to compare the thermal 

transitions between PLA and PLA-GO samples. Results showed that the integration of GO 

resulted in the reduction of the Tg (by 0.5 %) and Xc % (by 22.9 %) of PLA parts. 

Conversely, the Tm increased slightly from 148.8°C to 148.9°C. The XRD results 

interpreted that the characteristic peaks were located at similar diffraction angles for both 

the FDM PLA and PLA-GO parts. However, broader peaks were recorded by the FDM 

PLA-GO parts. Similar to DSC results, broader peaks indicate a reduction in crystallinity. 

The FTIR results showed that the distinct peaks that were observed by the FDM PLA-GO 

parts at 3434, 2362 and 1627 cm-1 were due to the intermolecular interactions caused by 

GO, while other peaks depicted in the FTIR results were mutual between the FDM PLA 

and FDM PLA-GO parts. 
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Tensile, compressive, flexural, impact and hardness of the PLA and PLA-GO samples were 

also analyzed to assess the influence of graphene oxide on the mechanical properties of 

PLA-GO parts. The mechanical test results revealed that the change in layer height and 

addition of GO had a noticeable effect on the mechanical properties of the FDM PLA parts. 

The tensile test results indicated that the FDM PLA 0.3LH parts achieved a higher TS (43.5 

MPA) and modulus (2.9 GPa) with a lower elongation at break (4.1%) compared to the 

FDM PLA 0.15LH parts. The integration of GO enhanced the tensile properties of the FDM 

PLA 0.3LH parts, while the FDM PLA 0.15LH parts exhibited an increase in their TS (48.5 

MPa) and modulus (2.7 GPa) with a slight reduction in the elongation at break (4.8%) with 

the incorporation of GO.  

SEM images from the fracture surfaces of tensile samples were also analyzed to study the 

differences between PLA and PLA-GO samples. SEM results showed the presence of GO 

nanoparticles between the deposited PLA layers. The compression test results showed that 

the FDM PLA 0.3LH parts achieved lower compressive properties (200 MPa compressive 

strength at 65% strain) compared to the 0.15mm layer height (207 MPa compressive 

strength at 65% strain) parts. The presence of GO increased the compressive strength of 

the FDM PLA parts while resulting in a lower compressive YS and modulus.  

The flexural test findings showed that the flexural strength and modulus of the FDM PLA 

parts improved with the growth in layer height from 0.15 to 0.3 mm by 7% and 5.6%, 

respectively. The flexural strength and modulus were also enhanced with the addition of 

GO by 19.5% and 12.5% for the FDM PLA-GO 0.15LH parts, respectively. However, the 

FDM PLA-GO 0.15LH parts recorded higher flexural properties compared to the FDM 

PLA-GO 0.3LH parts. The impact test results illustrated that the impact energies recorded 
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by the FDM PLA parts increased by 16.2% with the increase in layer height. Furthermore, 

at the same layer height, the addition of GO resulted in a 50% increase in the impact energy 

for the FDM PLA 0.3LH samples, while leading to a 50% decrease in the impact energies 

recorded by the FDM PLA-GO 0.15LH samples. 

Macro and micro Hardness tests were also conducted to analyze the effect of the layer 

height and GO on the FDM PLA parts. The macro and micro hardness results depicted that 

the hardness of the FDM PLA parts decreased by 8.2% (0.15LH) and 1.7% (0.3LH) with 

an increase in layer height, while the addition of GO enhanced the hardness of the FDM 

PLA parts by 17.3% (0.15LH) and 2.84% (0.3LH) for the FDM PLA-GO 0.15LH parts.  

The comprehensive analyses performed in this work has yielded a rich dataset, contributing 

to an improved understanding of the interplay between the addition of GO and the resultant 

material properties using a novel in-situ nozzle impregnation approach. In addition, these 

findings not only enhance our knowledge of PLA-GO composites but also offer valuable 

insights for optimizing their formulation in FDM applications. Ultimately, this research 

sets the stage for advancements in additive manufacturing processes, easing the path for 

the development of high-performance PLA-GO composites with superior properties 

tailored for specific applications. 
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