
 

 

 

 

3D Printability of Blends of Recycled Ocean Plastics and their Biocarbon 

Composites using Fused Filament Fabrication 

 

by 

 

Benjamin Maldonado Garcia 

A Thesis 

presented to  

The University of Guelph 

In partial fulfilment of requirements 

for the degree of 

Master of Applied Science  

of 

Engineering 

Guelph, Ontario, Canada 

 ©Benjamin Maldonado Garcia, September, 2021 



ABSTRACT 
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Three-dimensional (3D) printing technologies have captured the attention of academia 

and industry for their ability to fabricate functional and complex geometry components. 

Unlike traditional manufacturing methods, 3D printing can produce complex designs that 

contain moving parts without the need of a mold or production chain. Fused deposition 

modelling is one of the most used 3D printing techniques due to its versatility and ability to 

combine polymers with fillers.  

In the present research, recycled materials recovered from the ocean and agroindustry 

waste product (soy hulls) were transformed through extrusion processing to obtain filaments 

for 3D printing. Filaments of polyethylene and polypropylene, as well as soy hulls, were 

mixed to make 3D printed products. Furthermore, thermomechanical, and rheological 

properties of composites were studied. 3D printing parameters were optimized to achieve 

defect-free printing samples.  
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THESIS STRUCTURE 

This thesis has been structured into several chapters to cover and connect different 

areas of my graduate research project. Chapter 1 includes the objectives and hypothesis 

of my research, the significance of performing this research, an introduction to plastics, 

and the problems associated with ocean pollution and additive manufacturing 

technologies. 

Chapter 2 summarizes the existing literature of blends and composites that utilizes 

recycled materials for 3D-printing. It examines important characterization approaches 

used to characterize material behaviour, such as mechanical, thermal, rheological, and 

morphological aspects. Additionally, it highlights some of the conclusions provided by 

earlier studies. This chapter also looks at 3D printing parameters and research 

approaches, as well as other significant features of fused filament fabrication (FFF). 

Chapter 3 further investigates the synergistic role of important 3D printing process 

parameters such as bed temperature, nozzle temperature, and a robust and efficient 

design of experiments (DOE). Taguchi L9 orthogonal design was used.  

Chapter 4 lays out the most important findings, future work suggestions and 

recommendations.  
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1. Chapter I: Introduction 

1.1 Problem Statement 

Overproduction of plastic has damaged the environment resulting in ocean waste 

which has negative effects on marine life. Organizations around the world are seeking to 

reduce damage by restricting use and/or regulating production. 3D printing is a 

technology that permits high-accuracy manufacturing of complex shapes which is not 

easily accomplished with traditional melt processing such as injection moulding. 

Unfortunately, the advent of 3D printing has resulted in tonnes of plastic wastes. 

A large amount of plastic waste comes from traditional plastic commodities such as 

high- and low-density polyethylene (HDPE, LDPE) and polypropylene (PP) from 

traditional manufacturing methods. Currently, there is a reliance on petrochemical 

sources due to the demand of HDPE, LDPE, and PP, which are non-compatible with 3D 

printing because of their high Coefficient of Linear Thermal Expansion (CLTE) and Melt 

Flow Index (MFI). The printability of 3D printed materials is defined by its low flowability 

and thermal stability. 

Recently, researchers have established that the addition of non-petrochemical natural 

fillers can improve mechanical properties for high performance applications, such as 

automotive parts, thus helping to reduce dependence on non-renewable petrochemical 

sources. 

The addition of natural fillers to the polymeric matrix could enhance its mechanical 

properties when it is 3D printed. Additionally, natural fillers can also help to optimize the 

CLTE and MFI. Among all the natural fillers that can be added into a matrix polymer, 

biocarbon can provide thermal and dimensional stability which is required for 3D printing 

parts and helps the flowability needed for 3D printing.  
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Using waste from the agro industry as biomass, which is known for its high biocarbon 

content, can valorize the filaments used in 3D printing while enhancing the mechanical 

properties of the polymeric matrix. 

Such research could be done inexpensively with the vast amount of wasted HDPE, 

and recycled PP from the ocean and industries, to obtain strands that could be used in 

3D printing to produce high added-value products. Some research has been carried out 

on 3D printing, recycling, and pyrolysis, separately. But very few have focused on the 

addition of biomass to post-consumed plastic for fused filament fabrication.  

1.2  Hypothesis and Objectives 

Objective 1 :To develop blends and composites from recycled HDPE, and PP for FDM. 

• The addition of soy hulls biocarbon will improve the mechanical properties and 

thermal stability of the blends 

• By selecting a range of values of the most important 3D printing parameters, the 

mechanical properties of 3D printed products will be enhanced 

Objective 2:To perform an experimental design while varying parameter to evaluate 

3D printing effects on mechanical properties. 

• The line pattern used will significantly affect the mechanical properties of the 

printed parts 

1.3 Significance 

Composite materials offer environmental benefits due to their low weight, good 

mechanical properties, and the possibility of being sustainably sourced. Valorization of 

recycled materials, combined with natural waste sources can bring benefits to society, 

the environment, and the economy. 

• HDPE/PP with biocarbon has potential use within the automotive industry 
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• From a societal perspective: the use of recycled material from the ocean helps to 

encourage small businesses that collect plastic waste 

• From an environment standpoint: plastic debris in the ocean can be reduced in 

size and simultaneously the risk of jeopardizing marine life will be minimized 

• From an economist point of view: the use of waste material significantly reduces 

the cost of 3D printed parts 

1.4  Plastic’s global consumption 

The high consumption of single-use plastic skyrocketed annual production from 46 

million metric tons (MT) in 1975 to 213 MT in 2000 [1]. In the past 20 years, the growth of 

annual plastic production was 10%, reaching almost 300 MT. It is estimated that from 

1950 to 2015, 8 300 MT of plastic waste were produced, and 93% of all plastic was 

fabricated from 2002 to 2015. It has been estimated that 6 300 MT of waste has been 

generated since 1950 [12], [13]. 

With the highest production of plastics, the dominant industrial sector in 2015 was 

packaging which generated 36%, followed by construction which generated 16% [12], 

[13].The most common plastics generated in these industries are low-density 

polyethylene (LDPE), low linear density polyethylene (LLDPE), polypropylene (PP) and 

high-density polyethylene (HDPE). 

Plastics can have three outcomes after being used. First, plastics can be recycled. 

That means plastics can be transformed into a secondary material [14]. Recycling only 

delays the final disposal unless a primary material is replaced. Second, plastics can be 

terminally destroyed by using pyrolysis, from which fuel is extracted [15]. However, 

incineration can emit dangerous gases into the atmosphere, unless adequate control 

equipment is used. Lastly, plastics can be discarded in sanitary landfills or natural 

environments [16].  

From 6 300 MT of plastics waste generated since 1950, approximately 9% has been 

recycled, and 12% (800 MT) have been incinerated, whereas 4900 MT of plastics have 
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been discarded in sanitary landfills or open dumps [13], [17]. Over the last 6 decades, 

poor waste management has resulted in waste polluting the hydrosphere, including rivers 

and groundwater storage, before it reaches the ocean [18]. 

1.5 Ocean Pollution 

Researchers, environmentalists, and the public have been prone to plastic 

contamination within the environment. Contamination ensues mainly because marine life 

can ingest small pieces or get entangled in it. Hence, plastic waste can jeopardize 

ecosystems and marine wildlife.  

To understand the magnitude of plastic leakage into the ocean, it is important to 

consider the fact that there are around 2 billion people living on coasts worldwide. This 

means that, should the waste not be well-managed, there is a significant risk that it will 

end up in the ocean[13], [17]. As reported by Jambeck in 2010, mismanagement of plastic 

waste resulted in 31.9 MT material leaked into the ocean. Mismanaged plastic can end 

up entering the ocean by inland water. Such as East Asia and South Asia have not 

managed their plastic waste properly with 60% and 11%[13], [17]. 

The most common way in which plastic can enter the ocean is through inland river 

transportation. Plastic waste can reach the coast and end up in the ocean. The rivers that 

have transported the most plastic waste material are in India and China (Yangtze and 

Ganges) which have transported 333,000, and 115,000 tons, respectively, of plastic 

waste into the Pacific Ocean [19]–[21]. 

Once all the waste reaches the ocean, the surface current and wind patterns distribute 

it to an area where it accumulates [22], [23]. Most plastics have a density lower than 1.027 

g/cm3 (average ocean’s density), this means that the plastics are buoyant, or they float, 

and they remain on the surface and possibly get dragged with wind currents [22]. 
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Therefore, high concentration ocean gyres are formed out of plastic at the center of the 

ocean basins. 

In 2015, it was estimated that the mass of plastic that lies on the surface of the Pacific 

Ocean was the highest, having 96,400 tonnes, followed by the Indian ocean with 59,130 

tons of plastic [19].  

1.6  Impact to Marine Life 

The most abundant plastic found on the mass surface is also the most produced, 

LDPE, LLDPE, HDPE, PP, and polyethylene terephthalate (PET). The common 

characteristic of these materials is the chemical resistance; therefore, they are considered 

as hard-degradable materials and they might persist in the environment for up to a 

century. 

Once the material reaches the ocean, the material becomes brittle due to constant UV 

radiation and exposure to sea water; therefore, the material breaks into small pieces [19], 

[24]. These small plastic particles, known as microplastics (<5 mm) can be ingested by 
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marine life and can pollute food chains. Larger items are known as macroplastics. Plastic 

ingestion is shown in Figure 1-1. 

 

Figure 1-1:Plastic pathway. Obtained from [24] with permission 

Ingestion of plastics is not the only way in which plastic may affect marine life. Animals 

can get trapped in plastic debris; this is known as entanglement [26], [27]. ‘Interaction’ 

can include obstruction, whereby plastic debris may have an impact on light penetration. 

And, ‘collision’ has affected organisms by causing abrasion to coral reefs [24], [28]. 

Of these, ingestion of microplastics is the most severe, since they may affect sub-

cellular structures to ecosystems as a whole [26], [29]. It has been demonstrated that 

ingestion of microplastics rarely causes mortality. These exceptions would be a result of 

a high lethal concentration in an environment of high contamination [26]. However, it has 

been demonstrated that the ingestion of microplastics can affect organisms’ digestive 

systems as they reduce their feeding systems [30], [31]. 
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1.7  Recycling and Alternative Solutions 

Waste management is based on the principles of reducing, reusing, recycling, and 

recovering waste. The primary issue is to reduce and reuse production and consumption 

[14]. However, as far as recycling is concerned, it may be challenging because it requires 

recovery, cleaning, and sorting. As mentioned above, plastic may be recycled after the 

product’s life cycle is conceived [14]. This means it can be used again, transformed into 

another product or it can be incinerated to obtain energy and other chemical products.  

There are four types of recycling categories. First, primary recycling is when the 

material is reprocessed to become a similar product with equivalent mechanical 

properties [14]. With secondary recycling, the material is reprocessed to become a new 

product with lower mechanical properties [14]. Tertiary recycling is known as ‘chemical 

recycling’ and is used to depolymerize plastics to its monomers. Finally, quaternary 

recycling is when the material is used to recover energy out of waste [14].  

In the last two decades, there has been a growth in environmental awareness to stop 

polluting not only the oceans but all ecosystems [24]. An alternative to reduce the amount 

of plastic leaking into the oceans is to redesign products so that they use as little plastic 

as possible. Use of alternative materials like biodegradable materials or bio-based 

materials is  another alternative [24]. 

1.8 3D Printing 

Recently, there have been three main techniques used in the manufacture of objects: 

(1) the gradual subtraction of material to form an object, (2) the combination of various 

materials or (3) the deformation of material to give it the desired shape (molding, folding). 

The manufacture of an object is a combination of these three procedures, which requires 

use of numerous tools and materials [32]. 

3D printing (3DP) works in a completely different way. The part is created in one single 

step, layer by layer. The created object may consist of internal mechanisms such as a 

ball bearing, woven and interlocking shapes, or even holes and curves. Although there 
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are numerous 3DP processes, they all are produced by overlapping, successive layers. 

This technique is called ‘additive manufacturing’ (AM) since it is carried out by adding 

material. 

Among all the AM techniques, the simplest is fused deposition modeling, which 

consists of thermoplastic materials in solid-state filaments, stored in spool. The filament 

is placed into the extruder to create the desired object. The extruder will pull and melt the 

material to deposit it precisely in the form of fine threads which will solidify layer by layer 

due to differences in temperatures. When melted, the material adheres to the built plate 

and forms the object.  

These filaments are fabricated using twin-screw extruders which are utilized to melt 

and combine homogenously. The melted material travels through the screw and reaches 

the die. With the aid of pressure, the filament is extruded. After being extruded, the 

material is cooled in a water bath and collected to be printed. 

This technique is advantageous since the filaments can be tailored-made, that is, the 

materials may be blended. Likewise, the best mechanical properties of each material, 

including natural fillers or fibers, may be obtained. 
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2. Chapter II: Literature review 

2.1 Introduction 

Compared to conventional manufacturing techniques, 3D printing is a complete 

technology. Currently, to manufacture an object conventionally , a set of actions are 

necessary, such as grinding, forging, bending, cutting, welding, gluing, assembling, etc. 

[1]. A large amount of material is often lost during this phase, not to mention the mass of 

energy required for production [2]. In addition, the machines used generally have a single 

function, each having its place in a long and complex production chain [3]. This involves 

producing the object in large quantities to reduce costs and designing it in a standardized 

way so that it is feasible by the existing production chain [1]–[4]. On the other hand, an 

object created by AM is generally produced in a single process, with a single machine, 

requires little or no assembly, and can contain moving parts [3]. 

 However, a post-treatment is often necessary to ensure, for example, the solidity or 

the tightness of the part. Thanks to 3D printing, many industries could therefore enter the 

era of large-scale customization. The objects can be made on demand, considering the 

particular tastes of the consumer [5], [6]. The technology will go hand in hand with the 

development of customization tools, online or offline, which allow the consumer to modify 

shapes or add their own parameters to the object [7]. With 3D printing, designers and 

engineers are able to create new shapes that were not previously possible with traditional 

manufacturing processes [6]. With angles, friction, complex shapes, etc., it is now 

possible to think outside the standards [7]. The objects can thus gain in lightness, solidity, 

and speed of assembly. 

AM techniques would not be as disruptive as they are now if it was not for the variety 

of existent materials that have been developed in the market [1]. Ceramics and metals 

have been utilized in a wide range of 3D printing materials due to the exceptional 

properties these materials can have, which are superior to any polymeric material [8], [9]. 

Metal and Ceramic 3D printed parts can be optimized to maximize performance as well 
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as minimize weight and the number of components for assembly as they have excellent 

physical properties and use difficult-to-process materials [9], [10]. However, the material 

and manufacturing costs associated with metal and Ceramic 3D printing are high, 

additionally the build size of 3D printing systems is limited as precise manufacturing 

conditions and process control are required [1], [5], [6]. All three types of materials have 

the versatility to be printed in powder, liquid and solid depending on the technique used 

[1].  

 Fused deposition Modeling is a 3D printing technique that forms objects by melting a 

filament, or in some cases, converting it into a pellet form [2], [11]. This technique was 

first developed by S. Scott Crump in the 80’s decade and it has been popularized since 

this technique has been adapted to a desktop scale, meaning that anyone can make their 

own object [11]. This technique works by depositing material from a filament [11]. An 

extrusion nozzle, through which this filament is pressed by a pulley mechanism, the 

material is deposited according the path defined by the g-code created. With FDM, many 

materials are possible [11]. Plastics such as acrylonitrile butadiene styrene (ABS) or 

polylactic acid (PLA) are the most common materials used in FDM [12], [13]. The main 

advantage of FDM lies in its ease and multipurpose use [12], [13]. Additionally, the 

building time is shorter than other printing techniques, but accuracy is not always 

achieved, especially for personal printers supplied as a kit which require a previous 

configuration according to the material [1].  

2.2 Polymer Additive Technologies 

AM is a process based on the simple idea of turning a digital model into a solid three-

dimensional object [11]. Over the years, various 3D printing technologies have been 

developed in the industry with the common feature of creating a physical model layer by 

layer [11]. The origin of the concept started in the 1980s when Dr. Kodama of the Nagoya 

Municipal Industrial Research Institute devised a rapid prototyping technique using layer-

by-layer object fabrication [11], [14]. In 1984, a team of French researchers filed the first 

patent before it was finally abandoned a few years later [11]. Chuck Hull was the founder 
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of 3D Systems, to whom the first commercial patent was owed in 1986 for a technique 

called Stereolithography based on photopolymerizing resins [11]. 

The fabrication of object using AM technologies requires a variety of steps, starting 

from the design of the object using a CAD software [15]. Figure 2-1 summarizes the most 

common steps in AM technologies. 

 

Figure 2-1: Additive manufacturing process 

Computer Aided Design, the first step in AM, requires a model of the part to be drawn 

using computer aided design (CAD) software [11], [15]. It is also possible to use reverse 

engineering to digitize an object to obtain a digital model. The next step requires 

conversion to an STL file( file format), the majority of AM machines are compatible with 

STL /.3mf [15]. The model from the CAD software is transformed into this format. The 

stereolithography file only describes the surface geometry of a three-dimensional object 

[15], [16]. This file is the basis for the calculation which will define the different layers to 

be deposited for the manufacture of the part [15], [16]. After, the STL file is transferred to 

the printer [15], [16]. The machine performs manipulations on the file to ensure that the 

geometry, position, dimensions and orientation are adequate for manufacturing [15], [16]. 

The machine parameters must be properly adjusted to obtain a good-quality part. 

Parameters such as layer thickness and extrusion rate are frequently used by machines 
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[15], [16]. The manufacture of the part is generally automated and requires little or no 

human intervention. It is still necessary to monitor the machine to make sure that it is 

functioning correctly and that the part being manufactured does not present any defect or 

that the machine does not lack input material [15], [16]. Once the part is complete, it must 

be removed from the machine [17]. Next is post-processing: once the part has been 

removed from the machine, it sometimes requires additional treatments in order to be 

able to be used [17]. Plastic parts sometimes require heat treatment in order to release 

the residual stresses induced in the part during its manufacture [17]. In addition, some 

post-processing consists of removing the supports that were used to manufacture a part. 

Nowadays numerous AM techniques have been developed and classified according 

to the principle of manufacturing. In Figure 2-2, a basic classification of polymeric AM 

technology is shown. 

 

Figure 2-2: AM Classification [11] 

2.2.1 Sheet Lamination (LOM) 

This process was first commercialized in 1991 by a company called Helisys, under the 

name ‘laminated object manufacturing’ (LOM) [2], [11], [18]. LOM uses sheets, which are  

ultrasonic welded [2], [11]. The process requires post-processing on CNC machining to 

remove the unbound material, normally during the welding process [2], [11]. The LOM 

utilizes a method which uses cross hatching during the printing process to enable an easy 

removal [2], [11]. Figure 2-3 shows a representative image of the LOM technique. 
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Figure 2-3: LOM process technology. (Obtained from [18]. With permission) 

2.2.2 Directed Energy Deposition 

This 3D printing technique produces successive layers of metal, polymer or ceramic 

parts [2], [11], [18]. In this process, thermal energy is focused to fuse materials by melting 

them as they are placed [2], [11], [18]. This AM process refers to a set of technologies 

that fall under the category of concentrated energy deposition manufacturing [2], [11], 

[18]. The material, powder, or wire, is deposited by a nozzle, usually mounted on a 5-axis 

robot arm, and immediately melted by a laser or electron beam [2], [11], [18]. The powder 

is injected laterally or co-axially while the wire feed is made laterally with respect to the 

energy projection [2], [11], [18]. This process is most often used with powders or metal 

wires (aluminum, titanium, etc.), but it also works with polymers or ceramic materials [2], 

[11], [18]. 
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2.2.3 Material Jetting 

This AM technology was first implemented in 1999 by the company Object. PolyJet 

technology also uses light-curing techniques [2], [11], [18]. Here, the software of the 

machine divide the 3D modeling into very thin slices and provides for the support clips 

that will be necessary for the printing to run smoothly [2], [11], [18]. The object is 

manufactured by successive jets of photopolymers on a surface, layer after layer, until 

the final object is formed [2], [11], [18]. The material is projected onto the platform 

accordingly, with precision the layout of the room. Ultraviolet treatment is applied as soon 

as a coat is deposited, which immediately hardens the material [2], [11], [18]. The part is 

then dipped in water to free it from its support fasteners, then it is cleaned. As the carrier 

material is a water-soluble gel, this is one of the major advantages of PolyJet technology 

since it does not require any lengthy finishing phase [2], [11], [18]. 

 

 

Figure 2-4: Material Jetting process technology. (Obtained from [19]. With permission) 
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2.2.4  VAT Photopolymerization 

Photopolymerization is a printing process which uses liquid polymers capable of 

solidifying in light. It is the basis of the oldest 3D printing technique: “stereolithography” 

[2], [11], [18]. Stereolithography (or SLA) is the first printing technique to have emerged 

and developed in 1986 by the company 3D Systems [2], [11], [18] It is equipped with a 

UV laser beam to solidify layer by layer of liquid photopolymers [2], [11], [18]. 

Photopolymers are synthetic substances with physical properties that change over time 

when they are in contact with the light. Liquid photopolymers are sensitive to ultraviolet 

rays and harden in contact with the laser [2], [11], [18]. 

SLA printers are equipped with a reservoir filled with several liters of photo-liquid 

polymers, a mobile platform submerged in this tank, a ray laser ultraviolet light, and a 

computer that controls the laser and the moving platform [2], [11], [18]. Like any 3D 

printing process, the machine’s software first analyzes the CAD file and cuts it into very 

thin slices, 0.05 to 0.1 mm thick [2], [11], [18]. The STL file is a modified file so that it 

becomes a real physical object, by adding a base and temporary supports for the parts 

which could lamber [2], [11], [18]. These supports are required only during the printing 

time and can then be dissolved [2], [11], [18]. Figure 2-5 shows a representative image 

of VAT polymerization technique. 
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Figure 2-5: VAT polymerization process technology. (Obtained from [18]. With permission) 

2.2.5 Binder Jetting 

Binder Jetting is an Additive Manufacture method which builds parts additively using 

binding agent [2], [11], [18]. This process utilizes a liquid binding agent that is deposited, 

layer by layer, according to the 3D model [2], [11], [18]. In each layer, the powder is cured 

for solidification. When the printing process is complete, the part can be assembled and 

removed from the printer and placed in an oven for curing [2], [11], [18]. When the process 

is finished, an operator carefully removes the pieces from the box to assemble and 

remove the remaining dust with brushes and air blowers. When the process is finished, 

the parts are separated from their support and then cleaned [2], [11], [18].  

2.2.6 Powder Bed Fusion 

Powder Bed Fusion (PBF) was developed by the Swedish company Arcam. The 

printing is carried out from a polymer powder, melted by an electron beam in a vacuum 

chamber, at a temperature between 100- 250 ºC [8], [20]. The electrons, projected at very 

high speed through a narrow beam, allow the polymer particles to melt and fuse, layer by 

layer. The most common PBF technique is called Selective Laser Sintering (SLS) [8], 

[20]. The SLS process uses a laser that heats the layer of powder selectively, thereby 

fusing the particles of powder forming the first section of the object [8], [20]. For each new 
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layer, the tray descends, and a new layer of powder is deposited above the first. While 

the second layer is created, it is merged with the first, thus constituting a solid object. The 

process is repeated in this way until the object is completely obtained. Various 

advantages exist for using this technique including an excellent part resistance, ability of 

complex shapes which can be printed that are not subject at the same gravitational 

constraints as the FDM, a high volume of part production, diversity of parts produced, and 

a possibility to make articulated parts or with inclusions of elements [8], [20]. However, 

the parts can have aesthetical problems since the surface can be grainy, to obtain a good 

ratio cost-part the production rate must be at the highest possible. Figure 2-6 shows a 

representative image of PBF technique. 

 

Figure 2-6: Powder Bed Fusion process technology. (Obtained from [18]. With permission) 

2.2.7 Material Extrusion 

The fused deposition modeling (FDM) process, also known as material extrusion. 

Fused Filament Fabrication was developed by the Stratasys company in the late 1980s 

and released to the market for the first time in 1991 [5]. 3D printing starts with preheating 

the extrusion head (around a temperature of 200°C), necessary to allow filament pass 

from one state solid into a viscous state [5]. Once the heated machine, a filament of 
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material, form around 1.75 to 3 millimeters of diameter, it is then extruded onto a platform 

through a nozzle moving on two or three axes depending on the plate which is fixed or 

mobile [5], [11], [21]. On some models, the platform can also be mobile horizontally [5], 

[22]. It goes down one level with each new layer applied, until the object is finished printing 

[5], [22]. Generally, supports are required when there is a negative angle greater than 30 

degrees [5]. These brackets are removed manually (by cutting or brushing) or chemically 

(by dissolution) in a finishing phase when the object is completed (phase post impression) 

[5]. Figure 2-7 shows a representative image of FDM technique. 

 

 

Figure 2-7: Fused Deposition Modeling process technology. (Obtained from [11]. With 

permission) 

Nowadays, there are three different material extrusion 3D printing technologies used 

to print objects; (I) filament feeding extruders, (II) screw extruders, and (III) syringe 

extruders which typically feed pellets [23]. Filament-fed extruders use pulleys to push 

down the filament into a chamber where the material is melted and extruded onto a bed 
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surface. Filament strands are fabricated with diameter dimensions of 1.75 and 3 

millimeters (mm) [23]. 

The most important parameters to consider when 3D printing is done with filament-fed 

extrusion are the filament diameter size, printing temperature and the deposition speed 

rate [23]. Like filament feeding, screw extruder has the melted material enclosed into a 

barrel and it is extruded out by the screw torque [23]. The processing parameters are 

similar to filament-fed extruders, however, screw speed is also taken into consideration 

[23]. Additionally, screw extruders have an advantage over filament-fed systems since 

the materials can be in the form of pellets. Nonetheless the, system has a high cost [23]. 

In a syringe extrusion system, the material is found in a large container syringe-shaped 

and the printer depresses the material by gravity [23]. Syringes are typically filled with 

polymers that become soft when heated through a heat jacket [23]. 

2.3 3D Printing Materials 

2.3.1 PLA 

Polylactic acid is a thermoplastic polymer of the polyesters family that is obtained 

from renewable sources such as corn starch, tapioca, and sugar cane. It can be obtained 

from the bacterial fermentation of agricultural products, such as corn. The molecular 

weight that can be increased by coupling agents [24], [25]. This rigid material has a 

density in the range of 1.23 to 1.24 g/cm3. However, polyethylene terephthalate (PET) 

and polypropylene (PP) cannot withstand high temperatures [26]. In general, it is not very 

resistant and brittle, although its tensile strength and elastic modulus are comparable to 

PET [27], [28]. 

Regarding its thermal properties, it has a low resistance to temperature when it is 

used in amorphous grade, although its melting temperature is between 155 to 170°C, its 

glass transition temperature (Tg) is between 55 to 65°C [26], [27]. It has good chemical 

resistance to some alcohols but not to alkaline substances such as chlorinated 

hydrocarbons and ketones [26], [27]. Its biocompatibility is one of its most attractive 
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qualities since it can be used for biomedical applications to not produce toxic or 

carcinogenic effects [26], [27].  

PLA is the most popular material used in FDM, since it has excellent thermal stability 

and its filament production cost is lower than other materials, however there are difficulties 

inherent to its quality and processability since continuity and uniformity on the diameter 

are hard to achieve since this material is brittle [28]. Figure 2-8 shows the chemical 

structure of PLA. 

 

 

Figure 2-8: PLA Chemical structure 

To improve processability and printability, numerous researchers have looked to 

obtain new PLA-based composites. Heidari developed PLA composites for 3D printing by 

adding continuous reinforced carbon fiber (CERF) on an embedded system [26], [27]. 

The experimental results showed a significant increase of 35% of tensile strength in 

comparison with neat PLA [29]. Other researchers have focused on creating composites 

based on natural fillers, such as coffee. Yu Chung et al used different coffee oil extraction 

ratios which resulted in a printable filament with excellent impact strength which was 

improved over 400% over neat PLA [30].  

Natural fibers have been used with PLA to match carbon fiber properties, but with a 

greener approach. Eleonora Ferraris et.al. utilized flax fibers and bamboo fibers to 

strengthen PLA [31]. Filaments were compounded with different ratios of bamboo fibers 



26 

 

 

 

and plasticizer [31]. Results showed a significant reduction in the porosity and the 

Young’s modulus was positively affected [31]. Three factors were identified to be the 

cause of the Young’s modulus improvement being: orientation efficiency factor, the 

porosity factor and fiber length efficiency [31]. Comparing the composites with neat PLA, 

the increment in stiffness was detected in the bamboo reinforced PLA filaments. Higher 

improvements were obtained when using longer bamboo fibers. Cisneros-López et. al. 

studied the printability of Polylactic Acid (PLA)/recycled PLA (rPLA) blends. In this study, 

injection molding and 3D printing mechanical properties were compared [32]. A chain 

extender was added to control the MFI which helped to improve impact strength, however 

due to porosity. the 3D printed samples had inferior mechanical performance than 

injection molding samples [32]. 

2.3.2 ABS 

ABS is thermoplastic built with three different monomers. The acrylonitrile block from 

which it is formed provides rigidity, chemical resistance, and stability at high temperatures 

[33]. These plastics are much harder than normal and are used in more demanding 

applications [33]. The block made of butadiene provides toughness at any temperature 

[26], [33]. This feature is essential in applications that demand low temperatures where 

other plastics would become more brittle. Finally, the styrene block is responsible for 

providing mechanical resistance and rigidity [26], [33]. All these properties are what make 

ABS plastics have a synergistic effect [26], [33]. And this means that the blocks work with 

a greater effect together than the sum of their effect separately. That is, the final product 

has better properties than the sum of the three blocks [26], [33]. Figure 2-9, shows the 

chemical structure of ABS. 
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Figure 2-9 :ABS Chemical structure 

ABS plastic is very popular in 3D printing due to its physical properties, most notably 

its impact strength, stiffness and tensile strength, and the deflection temperature when 

heated [3], [13]. 

Additionally to its chemical resistance and mechanical properties, ABS material is an 

excellent printable material due to its low melting point, but only for low-temperature 

applications [33]. 

In the literature, research to improve processability of ABS was conducted by Kuo C. 

et. al. using starch, glycerol an enzyme called amylase, who created a thermoplastic 

styrene (TPS) as a plasticizer to combine it with ABS to improve processability of the 

filaments [34]–[36]. ABS is used in electrical applications such as domestical appliances, 

but combined with polycarbonate (PC) [37]. Mohamed, O. A. et. al developed filaments 

using these two materials and studied the parameters to obtain the highest mechanical 

properties [36], [37]. Modification is done on ABS by addition of short glass fiber, 

plasticizer, and compatibilizer. Weighon Zhong et al. improved tensile strength of an ABS 

filament by incorporating glass fiber, but it reduces toughness and processability of the 

composite. These properties were improved by adding a plasticizer [38].  

Fuda N. et al. mixed carbon fiber with ABS plastic to enhance the mechanical 

properties of FDM-fabricated parts and studied the new properties of a composite with 

carbon fiber content [39]. Tekinalp et. al. studied the orientation of the carbon fibers to 

assess the properties along the 3D printed samples [40]. 
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2.3.3 High Density Polyethylene 

High density polyethylene (HDPE) is a synthetic, thermoplastic obtained from a 

reaction known as the polymerization of PE made from ethane. HDPE is semi-crystalline 

(70-80%), colorless, odorless, non-toxic and can be found in all transparent and opaque 

shades [33]. The properties of high-density polyethylene, like those of any other polymer, 

depend fundamentally on its structure, including its molecular weight and crystallinity [26], 

[41]. HDPE has a density of 0.941-0.965 g/cm3 [41], [42]. It has a high degree of 

crystallinity, thus being an opaque material [26], [41]. HDPE is mainly used in the 

packaging sector but it is also present in the food sector, electrical industry, construction 

etc. [26], [41].  

HDPE is an inexpensive thermoplastic with an easy to obtain process and very good 

physical, chemical, mechanical, electrical, thermal, and optical properties that make it the 

most consumed plastic in the world [30], [43]. Unlike LDPE, HDPE stands out for its 

hardness and higher density. It is mainly used in high-strength packaging, bags for 

supermarkets, kitchenware, oils, drums, pipes for gas, telephony, drinking water, chain 

guides and mechanical parts etc. [26], [41]. Figure 2-10 shows the chemical structure of 

PE. 

 

Figure 2-10 :PE Chemical structure 

HDPE is gaining popularity as a 3D printing material since it is one of the easiest 

materials to transform, but more so recognized for its recyclability [26], [41]. Making it into 

3D printing filaments generates a new use for the millions of tons of waste humans 

produce [26], [41].  
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Adhesion is important in 3D printing as the formation of the first layers can result in 

the success of the part’s formation. In the case of HDPE, the material only adheres to hot 

polyethylene [44]. In the research by Schirmeister et al. [44], the printability of neat HDPE 

was assessed and they studied the effects of different 3D printing parameters, as well as 

the type of bed for the adhesion. In this study, several problems that previous research 

had experienced when printing HDPE such as adhesion, warping and dimensional 

stability, were successfully overcame. 

2.3.4 Polypropylene 

Polypropylene is a semi-crystalline thermoplastic, which is produced by polymerizing 

propylene in the presence of a catalyst [33]. Polypropylene has multiple applications, 

which is why it is considered one of the most developed thermoplastic products. It is an 

inert product, totally recyclable, its incineration does not have any polluting effect, and its 

production technology is the one with the lowest environmental impact [26]. This is an 

attractive feature compared to alternative materials [26]. 

As in the synthesis of other polymers, the length of the polypropylene chains created 

in the same batch is not uniform [26]. A wide dispersion of molecular weight is obtained, 

which conditions the mechanical properties of the grade produced [26]. The molecular 

weight distribution is restricted by the manufacturing processes and the operating 

conditions [26].  

Many researchers have investigated printability of PP as blend and composites. 

Carneiro et.al. [45] used fiber glass to reduce the CLTE of PP and the mechanical 

properties of 3D printing were matched with injection molding. Milosevic et al. [46] studied 

FDM using recycled PP with different percentages of treated Hemp and Harakeke fibers 

with NaOH and Na2SO3 treatment. It was found that 30 wt.% hemp and harakeke filament 

had a Young’s modulus of 2163 MPa and 2202 MPa, respectively. The tensile strength 

had an improvement of 143% when compared with the unfilled PP. Figure 2-11, shows 

the chemical structure of PP. 
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3. Chapter III: Sustainable 3D Printed Composites from 

Recycled Ocean Plastics and Pyrolyzed Soy-Hull: 

Optimization of Printing Parameters, Performance Studies 

and Prototypes Development 

3.1 Introduction 

An exponential increase in the leakage of plastics into the oceanic environment has 

severely impacted the marine ecosystem, ultimately affecting human health through its 

food chains [1]. Plastics floating at sea surface mainly dominate thermoplastics with lower 

density than ocean water, such as high-density polyethylene (HDPE) and polypropylene 

(PP). Plastics are low-cost, durable, lightweight materials and have revolutionized every 

aspect of our daily lives, from clothing to cleaning products and automotive parts [2]. 

However, the accumulation of petroleum-based plastics in the environment seeks 

attention from scientists, industrialists, government, and end-users. Among the various 

modes of plastic waste transportation, marine pollution raises greater concern globally 

[3]. Annually, plastic production has reached up to 400 million metric tons worldwide. 

Since 1950, approximately 7.8 billion tons of plastics have been accumulated [4]. 

Approximately, 55% have been discarded to landfill, 30% are currently being used, 8% 

have been used to recover energy by incineration and only 7% have been recycled for a 

second use. In addition, it has been estimated that around 100,000 tons of plastics have 

been found in the surface waters [4]–[6]. 

Plastics found on the shoreline are likely to be leaked to the ocean and will be more 

likely to break down over time into microplastics due to abrasion caused by wind and 

sand, or by solar radiation, high temperatures or oxygen [7]. Furthermore, it is well known 

that plastics can contain a wide range of additive chemicals that can change their initial 

properties, which may cause slow degradation. 
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Ignoring this problem has been not only harmful to people, but also to marine life. 

Since most common plastics (HDPE, LDPE, PP and PET) found in the ocean are buoyant 

(~1.026 g/cm3) [8], [9] in the ocean water and break down into microplastics (from 5 mm 

to 1 µm) [10]. Marine creatures may eat it as food or get entangled, causing death in the 

worst scenario. A food chain can return toxic food that humans consume, causing 

digestion problems in some cases [11]. 

Solving this problem will take decades. Hundreds of initiatives must be taken to 

overcome this growing issue. In recent years, cleaning the beaches has been prioritized, 

intercepting plastic before they reach the ocean, and implementing recycling plans to 

avoid leakages. Nonetheless, few initiatives have been taken to find an efficient way to 

separate, clean, and measure the size of the waste collected from the ocean. In some 

other cases, the material has some degradation, precluding the use of recyclable material 

for some other applications. 

The most common initiatives are the ones that involve collection and material 

recycling. Among these initiatives, some efforts have been driven by worldwide 

companies like Coca-Cola which has implemented a fifth material in its bottles, collected 

from the Mediterranean sea [12]. North Point, Ocean Cleanup and Sea2see are some of 

the brands that are using ocean plastics and fishnets recycled material to make 

sunglasses frames [9], [13], [14]. Adidas is also using plastics and fishnets from the ocean 

to make sport footwear [15].  

Plenty of research has been done regarding the damage of plastics and microplastics 

to marine life and the environment. Nonetheless, research about what could be done with 

the collected material has scarcely been investigated. Panahi et al. [16] studied 

sulfonated polyethylene (PE) composites from post-consumer use with carbon fiber and 

nanotubes. Cavalieri and Padella [17] studied blends of post-consumer PE and PP with 

fibers from dismantled tires. Vones et al. [18] developed filaments from ocean plastics to 

fabricate prototypes for children using 3D printing. 
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Among the waste found in the ocean, HDPE and polypropylene together exceed 

almost a third part of the plastic waste generated [4]. These thermoplastics have various 

things in common; both are easy to process and have a low production cost [19], [20]. 

HDPE is commonly used in jugs, bottles, caps, films, tools, and fuel containers for its 

excellent chemical resistance and flexibility [20], whereas PP is mainly found in rigid 

packaging applications due to its chemical resistance and weldability [21]. It can be 

certainly found on automotive applications because of its ability to be molded and very 

low density for light weighting [22]. 

3D printing, also known as additive manufacturing (AM) or rapid prototyping (RP), is 

the newest progressive technology revolutionizing product design and engineering [23]. 

This technology converts digital information into a physical 3D object. The additive 

manufacturing process starts with designing a 3D model with a computer-aided design 

software. Once the object is completed, the file is transformed into a .STL file format. In 

this format, the object uses triangular facets to approximate the geometry of the part. The 

model is sliced into cross-section layers to be manufactured across the various 

techniques [24]–[27]. The mesh is important to provide flexibility and a better approach 

regarding the visualization. Errors in mesh topology, such as gaps, can result in 

unprintable layers or high-complex layers, leading to an extended processing time [28]. 

The objective of this tessellated mesh is to represent the object’s surface and the interior 

of the solid [25]. In 3D printing, a part is created in a single step, layer by layer. The 

created object may consist of internal mechanisms (such as a ball bearing), woven and 

interlocking shapes, or even holes and curves. Although there are numerous 3D printing 

processes, they all are produced by overlapping, successive layers [24]. 

3D printing has been considered a potential technology that can help to upcycle post-

consumer plastics. It has been considered that 3D printing can close the loop for 

thousands of products. Its versatility to print complex-shaped objects that traditional 

manufacturer cannot do the same at low cost has drawn attention to be utilized in several 

industrial sectors [29], [30].  
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Recycling and reusing post-consumer HDPE and PP have been investigated in the 

literature. Some of the approaches studied the mixture of recycled resin with virgin resin 

in different ratios to mixing with different materials and the addition of fillers to produce 

blends and composites with properties higher or like the original materials. In some cases, 

such material’s printability was assessed. The recycled PP (rPP) and HDPE (rHDPE) are 

expected to reduce mechanical properties because of degradation during processing. 

Nonetheless, the incorporation of a natural filler may improve the performance of recycled 

materials to meet engineering requirements. 

Recycled conventional polymers such as polyethylene terephthalate (PET) and PP 

can also be transformed into filaments for 3D printing, as concluded from the previous 

research [31], [32]. A blend of rPP, recycled polyethylene terephthalate (rPET), and 

recycled polystyrene (rPS) was targeted to measure the mechanical properties in the 

presence of styrene-ethylene-butylene-styrene (SEBS) as a compatibilizer. The results 

revealed that 3D printed rPP and rPET samples showed tensile strength comparable to 

commercial high-impact polystyrene (HIPS), whereas SEBS did not help improve the 

tensile strength [18], [33]. 

The research on the properties analysis of FFF-based 3D printed specimens can be 

challenging and tedious as various distinct 3D printing parameters such as nozzle 

temperature, bed temperature, cooling rate and raster angle can entirely modify the 

mechanical and other properties of 3D-printed parts. Harris et al. [34] performed research 

on the compatibility between HDPE and acrylonitrile butadiene styrene (ABS) using 

maleic anhydride for 3D printing applications. It was observed that the tensile strength of 

the compatibilized blend improved by the increasing bed and printing temperatures. 

Harris et al. [35] studied the 3D printing parameters that would enhance ABS/PP blends' 

mechanical properties and effected the aging properties of the samples. This study 

determined that the bed temperature and printing temperature were the most significant 

parameters, improving the tensile strength of ABS from 25 to 31 MPa. This improvement 
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was due to the bed temperature changing the material's crystallinity; therefore, the tensile 

strength increased.  

Adhesion between the printing bed and the first printed layer is critical in 3D printing 

as the first layer can define the success of the part’s formation [36]. Similarly, strong 

adhesion among the printed layers is also equally important to improve the mechanical 

performance of the printed product. If the polymer does not adhere properly, the part 

might have a warpage issue or detach from the bed. Some polymers can adhere to all 

kinds of plastic, unlike HDPE or LDPE or PP, which only stick to themselves [37]. In the 

research by Schirmeister et al. [37] the printability of neat HDPE and the effect of 3D 

printing parameters were assessed. In this study, the issues related to lousy adhesion, 

warping and dimensional stability were resolved when printing with HDPE. Similar 

properties of injection molding counterparts were analyzed. 

Biocarbon (BioC) is a sustainable filler obtained from the pyrolysis of biomass in an 

inert atmosphere [38], [39]. The utilization of biocarbon for polymer filler in 3D printing is 

still not well developed. The elemental structure of biocarbon depends on the organic 

material, pyrolysis temperature, and dwelling time [38], [40]. The addition of biocarbon 

has been proven to increase mechanical properties such as Young's modulus and flexure 

modulus of the biocomposites [41]. Idrees et al. [42] has developed a novel, low cost 

three-dimensional rPET/BioC composite with improved thermal and mechanical 

properties using 3D printing technology. The PET polymer and biochar were collected 

from used Aquafina water bottles and packaging wastes respectively. The addition of 0.5 

and 5 wt% biocarbon in PET has improved ~32% in tensile strength and ~60% in tensile 

modulus over neat PET . 

To the best of our knowledge, this is the first research paper on FFF-based 3D printing 

by using recycled ocean plastics blend as matrix with low-cost sustainable biocarbon from 

agro-industrial wastes as filler and malleated PP with malleated PE as compatibilizers. 

The design of the experiment (DoE) was performed using Minitab software to find out the 

set of experiments before 3D printing followed by properties measurement. The observed 
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properties were compared with injection molding counterparts. Additionally, the 

experimental data from Young's modulus, flexural modulus and impact strength from 3D 

printed specimens was compared with the theoretical data obtained from DoE 

experiments using the Taguchi method in Minitab software. 

3.2 Materials and Methods 

3.2.1 Materials 

The recycled ocean high-density polyethylene pellets (rHDPE; grade: 190121; color: 

light grey; melting point: 130-135°C; melt flow index: 0.683 g/10min at 190 ºC, 2.16 kg) 

and recycled ocean polypropylene (rPP; grade: 190252; color: green; melting point: 150-

160°C; melt flow index: 3.09 g/10min at 230 ºC, 2.16 kg) were purchased from 

Oceanworks® USA. The waste soy hulls chips were collected from Nieuwland Feed & 

Supply Ltd., based in Elora (Ontario, Canada), to produce biocarbon using the pyrolysis 

technique and its further use to prepare composites. The detailed chemical composition 

of soy hull chips can be found in previous literature [38]. The commercial maleic 

anhydride-grafted-polyethylene (MA-g-PE) (FusabondTM M603) and maleic anhydride-

grafted-polypropylene (MA-g-PP) (FusabondTM P353) were supplied by Dupont, USA. All 

the procured chemicals were consumed without any further treatment or modification. 

3.3 Experimental Methods 

3.3.1 Pyrolysis of Soy Hulls Biocarbon 

The soy hull chips were dried at 85°C for 24 h prior pyrolysis experiment to remove 

the associated moisture content. After drying, the chips were placed into a container then 

placed in a Carbolite furnace (GLO 10/11). A heating rate of 7.5°C/min was employed to 

reach the set operating temperature of 900°C. The temperature was held for 30 min; then, 

the furnace was cooled down to room temperature. After pyrolysis, the biocarbon was 

collected and ball-milled in a Fritsch Pulverisette 5 (Fritsch GmbH) for 2 h, using 

Zirconium dioxide balls (Diameter: 1 cm) to reduce the particle size as shown in Figure 3-
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1. Finally, the biocarbon was placed in an oven at 85°C to prevent moisture absorption 

until further use. 

 

3.3.2 Melt Extrusion for Composites Fabrication 

Based on the results (Table 3-1) from the preliminary experiments mentioned in 

supporting information, a 70%rHDPE/30%rPP blend was selected for further processing 

to prepare composites. Before processing, to limit the moisture content below 1% rHDPE, 

rPP and ball-milled soy hulls biocarbon were dried overnight at 80°C in an oven. The 

calculated amounts of rHDPE and rPP were mixed vigorously with or without the 

calculated amounts of biocarbon (CE) and malleated polymers in a closed zip-lock plastic 

bag before extrusion. The corotating twin-screw extruder (Liestritz-Micro-27, Nuremberg, 

Germany; screw diameter: 27 mm and length/diameter ratio: 48:1) was used to produce 

the filaments and pellets for 3D printing and injection molding experiments. The extrusion 

was performed at 180°C (all zones), 100 rpm (screw speed) and 6 kg/h (feed rate) for all 

the formulations. The molten material came out from the die in the shape of filaments and 

passed through a cold-water bath. The filaments were collected and dried at 70°C 

overnight in an oven. The fabricated filaments were used in FFF-based 3D printing to 

fabricate specimens as shown in Figure 3-1 Some of the filaments were pelletized and 

further used in injection molding to fabricate specimens. The prepared blend and 

composites are mentioned in Table 3-1: Acronyms for blend and composites fabricated in this 

research work. 
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Figure 3-1: Overall representation of experimental plan. 

 

 

Table 3-1: Acronyms for blend and composites fabricated in this research work. 

Sample Name Acronym 
rHD

PE 
(wt%) 

rPP 
(wt%) 

Soy 
hulls 

Biocarbon 
(wt%) 

Compatibilizer 
(wt%) 

MA-
g-PE 

MA-
g-PP 

70%rHDPE/30%rP
P 

rHDPE/rPP 70 30 - - - 

80%[70%rHDPE/3
0%rPP]/20% Soy hulls 

Biocarbon 

80[rHDPE/rPP]/20Bio
c 

56 24 20 - - 

78%[70%rHDPE/3
0%rPP] /20% Soy 

hulls Biocarbon/2% 
[70% MA-g-PE/30% 

MA-g-PP] 

78[rHDPE/rPP] 
/20Bioc/2Comp 

54.6 23.4 20 1.4 0.6 

 

 

3.3.3 Injection Molding 

Before processing, the pellets from blend and composites (as mentioned in Table 3-1: 

Acronyms for blend and composites fabricated in this research work. were dried overnight in an 
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oven at 70°C. All the three formulations were processed using a twin-screw micro-

compounder (DSM Xplore, Netherlands) having an L/D ratio of 150:18 followed by an 

injection molder. The processing temperature, screw speed and retention time in the 

micro-compounder were fixed at 180°C, 100 rpm and 2 min, respectively. The exact 

temperature (180°C) was fixed for the transfer device. In the injection molder, the filling, 

packing, and holding pressures were fixed at 12 bar with a holding time of 6 sec. Five 

specimens of each types were fabricated to observe the standard deviation. The 

fabricated specimens from the blend and composites were further used for mechanical, 

thermal, and other analyses. 

 

3.3.4 Design of Experiments (DoE) for FFF-based 3D Printing 

A Minitab software (version 19.1.0) was used to set up a Taguchi-based DOE [3-level 

factorial (L9)] to assess the influences and interactions among the factor levels. The bed 

temperature, nozzle temperature and line pattern were the three most sensitive 

parameters that can directly affect the properties of 3D printed objects and were selected 

as the three-factor levels in this research work. The rest of the variables in the 3D printing 

experiments were fixed. The first level factor was bed temperature, and the three values 

for this factor were selected as 80, 90 and 100°C. Prior to DoE, 3D printing was conducted 

at lower bed temperatures than 80°C, and the noticeable warpage of the samples was 

observed. The second factor was nozzle temperature, and its values were fixed as 200, 

215 and 235°C. Like the bed temperatures, different nozzle temperatures below 200°C 

were used to check the quality of 3D printed specimens and observed that the specimens 

were detached during printing. Finally, the third factor was the line pattern, and the values 

were fixed as -45°/45°, 90° and 180°. The experiments were performed in random order. 

Based on the selected factors and levels, Taguchi-based DoE confirmed to perform 09 

sets of 3D printing experiments for each blend and composites. The setup of experiments 

is shown in Table 3-2  
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Table 3-2:Set of experiments generated from Taguchi DoE using Minitab software. 

Experiment 
No. 

Bed Temperature 
(°C) 

Nozzle 
Temperature 

(°C) 

Line 
Pattern 

1 80 200 -45°/45° 
2 80 215 90° 
3 80 235 180° 
4 90 200 90° 
5 90 215 180° 
6 90 235 -45°/45° 
7 100 200 180° 
8 100 215 -45°/45° 
9 100 235 90° 

 

3.3.5 FFF-based 3D Printing 

The extruded filaments of all three formulations were used for FFF-based 3D printing. 

The schematic representations of FFF-based 3D printer and used printing patterns are 

shown in Figure 3-2(a) and (b), respectively. All experiments (as per DoE) were 

performed on an FFF-based 3D printer (Lulzbot Taz 6, USA), equipped with a single 

screw extruder, using a nozzle diameter of 0.5 mm. All the fixed parameters during 3D 

printing are shown in Table 3-3. The layer width and layer height were set as 0.7 and 0.3 

mm, respectively, to balance quality (or layer resolution) and build time. The programming 

was made using Cura Lulzbot v 3.6.20. It is noteworthy that two layers of heavy-duty PP 

tape were used to cover the built plate to improve the adhesion between the build plate 

and the printed layer. No cooling fan was used during 3D printing to avoid warpage issues. 

The nozzle and printing bed were heated as per the planned set of experiments. Overall, 

the quality of 3D printed specimens was excellent in most of the experiments performed 

at higher printing bed and nozzle temperatures, i.e., 100 and 235°C, respectively. On the 

contrary, the slight warpage occurred when the printing bed and nozzle temperatures 

were at their lowest factor levels, i.e., 80 and 200°C. After the completion of 3D printing, 

the specimens were removed from the printing bed. The dimensional accuracy may 
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depend on the nozzle diameter and line width. At least five specimens of each type were 

fabricated to observe the standard deviation. 

Table 3-3: Fixed parameters to perform 3D printing experiments based on DoE 

3D Printing Parameters Fixed Values 

Line width 0.7 mm 
Layer height 0.3 mm 
Overlapping 3% 

Nozzle diameter 0.5 mm 

Infill 100% 

Printing speed 35 mm/s 

Cooling rate 0% (no fan cooling) 

Bed preparation Two-layers of heavy-duty tape 
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Figure 3-2:Schematic representations of (a) FFF-based 3D printing and (b) used different 

printing patterns. 
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3.4 Characterizations Performed 

3.4.1 Melt Flow Index (MFI) 

The melt flow index of developed blends and composites (~5g) was measured using 

a melt flow indexer (Qualitest, USA) operated at 190°C to analyze the flow behavior. The 

analysis was repeated three times for each formulation to check the repeatability. 

3.4.2 Rheological Behavior 

An Anton Paar rheometer (MCR 302, Germany) was used to investigate the 

rheological behavior of the fabricated blends and composites. The experiments were 

performed using a set-up of 25- mm diameter parallel plate with  a 1-mm gap plate  under 

an inert atmosphere of nitrogen with frequency sweep in the range between 0.01 and 100 

rad/s at 0.1% strain. Rheological analysis of materials was performed at 215°C in dynamic 

oscillatory mode. The literature has advised that rheological assessment of 3D printed 

polymers can help in the successful printing and identifying the printable materials [43].  

 

Analyses for Injection Molded and 3D Printed rHDPE/rPP-based Specimens 

3.4.3 Differential Scanning Calorimetry (DSC) 

A TA Instrument DSC-Q200, USA, performed DSC analysis of IM and 3D printed 

samples to identify transition temperatures [melting temperature (Tm), heat of fusion 

(ΔHm) and crystallization temperature (Tc)]. The setup for blends and composites was 

based on the heat/cool/heat process and performed under nitrogen atmosphere. The first 

cycle was started from 25°C with a heating rate of 10°C/min to 200°C followed by 

isothermal conditions for 2 min. The cooling cycle was set to -30°C at a rate of 10°C/min. 

The second heating cycle was fixed to reach 200°C. DSC was used to calculate the 

degree of crystallinity of IM and 3D printed samples. The % crystallinity values for rPP 

(Xc,rPP) and rHDPE (Xc,rHDPE) were calculated using Equations (1) [44] and (2) [45], 

respectively. 
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Xc,rPP =
∆HmPP

(∅rPP)∆Hmpp
∗

× 100                                                                                                                 (1) 

Xc,rHDPE =
∆HmHDPE

(∅rHDPP)∆HmHDPE
∗ × 100                                                                                                     (2) 

Where, ∆HmPP and ∆HmHDPE are the melting enthalpies (J/g), respectively. ∆Hmpp
∗  and 

∆HmHDPE
∗  are the melting enthalpies of 100% crystalline PP (207.1 J/g) [44] and 100% 

crystalline HDPE (293 J/g) [45], respectively. ∅rPP and ∅rHDPE are the weight fractions of 

rPP and rHDPE in the polymer blend and composites. 

 

3.4.4 Coefficient of Linear Thermal Expansion (CLTE) 

A TA Instrument TMA Q400, USA, was used to determine the CLTE values of IM and 

3D printed samples (3.2 mm×6.0 mm× 6.0 mm) under N2 atmosphere and an applied 

force of 0.1 N. The analysis was performed following ASTM E 831 standard. The analysis 

was conducted by heating the sample from 30 to 100°C at 10°C/min followed by 

isothermal conditions for 2 min. The sample was cooled up to -60°C and heated again up 

to 100°C at 5°C/min. The CLTE was measured for both IM and 3D printed samples in the 

flow direction. 

3.4.5 Mechanical Properties 

The injection-molded and 3D printed samples were kept in atmospheric conditions for 

48 h after fabrication. The tensile, flexural and impact samples were prepared as per 

ASTM D638 (type IV), ASTM D790 and ASTM D256, respectively. The tensile and 

flexural properties were conducted by a universal testing machine (Instron 3382, MA) at 

5 mm/min and 14 mm/min, respectively. The impact strength of the notched specimens 

was analyzed using a Zwick/Roell HIT25P impact tester (Germany) attached with a 2.5 J 

hammer. Five specimens of each type were analyzed to obtain standard deviation. 

Further, Minitab software was used to calculate the theoretical values of tensile strength, 
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Young’s modulus, flexural modulus and compared with the respective experimental 

values obtained from the 3D printed samples.  

 

3.4.6 Surface Morphology 

The surface morphology of the injection molded, and 3D printed samples was 

observed by scanning electron microscopy (SEM) using a Phenom ProX (Phenom-World 

ProX, Netherlands) at 15 kV. The fractured surface of impact specimens was used for the 

analysis to observe the surface texture. The samples without biocarbon were gold coated 

before analysis using a sputter coater to avoid charging. 

 

3.5 Results and Discussion 

Analyses for Extruded rHDPE/rPP-based Filaments and Pellets 

3.5.1 Melt Flow Index (MFI) 

MFI of rHDPE/rPP-based blend and composites was determined to check the 

flowability of material in the molten state. According to the results, the MFI value for 

rHDPE/rPP blend was determined to be 2.43±0.06 g/10 min, which was found suitable 

for 3D printing. Such a low MFI should not create problems related to nozzle clogging due 

to non-uniform flow of molten material during printing. The MFI value for 

80[rHDPE/rPP]/20Bioc composite reduced significantly as compared to rHDPE/rPP blend 

after the addition of 20% soy hulls biocarbon and observed as 0.52±0.04 g/10 min. It 

clearly means that the addition of biocarbon into rHDPE/rPP blend helps to create 

obstacles in the material’s flow as a result of reduced mobility [46] of polymer chains and 

hence the MFI also reduces. However, the MFI was not affected by the addition of 2% 

compatibilizers into 80[rHDPE/rPP]/20Bioc composite. This reduced MFI must show 

better control in layer deposition as the material’s flow during printing was not triggering 

over-extrusion on the printing bed. 
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3.5.2  Rheological Behavior 

Melt rheology is a technique for obtaining relevant information about the processing 

conditions like operating temperature, shear stress, and polymer flow properties. In 

general, the rheological behavior of polymers, their blends and composites are directly 

related to the polymer chain mobility, filler dispersion, filler size distribution, filler shape, 

matrix-filler interaction and phase compatibility between matrix and filler [44]. The melt 

rheology of rHDPE/rPP, 80[rHDPE/rPP]/20Bioc, and 78[rHDPE/rPP]/20Bioc/2Comp were 

measured at the polymer 3D printing temperature (215°C), and the graphs are shown in 

Figure 3-3(a-c). The storage moduli and loss moduli of the rHDPE/rPP blend and its 

composites were increased with increasing angular frequency, proving that the 

rHDPE/rPP blend and its composites used in this research follow linear viscoelastic 

theory. A similar pattern in polymer blends and composites was recorded by other 

researchers [36], [47]. 

The storage moduli values for 80[rHDPE/rPP]/20Bioc, and 

78[rHDPE/rPP]/20Bioc/2Comp composites were significantly lower than rHDPE/rPP 

blend, which showed more viscous nature of rHDPE/rPP blend after incorporating 20% 

biocarbon with/without 2% compatibilizers. The loss moduli of 80[rHDPE/rPP]/20Bioc, 

and 78[rHDPE/rPP]/20Bioc/2Comp composites was detected significantly lower as 

compared to that of rHDPE/rPP blend as shown  
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Figure 3-3b. This was due to the increased viscous nature of the rHDPE/rPP blend 

and the addition of filler and compatibilizer, which increases the amorphous phase of 

overall composites as supported by DSC analysis. In Figure 3-3c, the complex viscosity 

values for all extruded formulations were decreased by increasing angular frequency. 

This phenomenon is associated with shear-thinning and is due to the disentanglement of 

polymer chains at high shear rate values. Samantaray and Satapathy [48] also provided 

a similar explanation behind shear-thinning. Therefore, the chain entanglement density is 

decreased at higher angular frequency values. Further, a significant decrement in 

complex viscosities of 80[rHDPE/rPP]/20Bioc and 78[rHDPE/rPP]/20Bioc/2Comp 

composites was observed as compared to extruded rHDPE/rPP blend. Such a reduction 

in complex viscosities denotes the manifestation of thermal energy forces, allowing the 
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polymer chains to slide by each other more readily [49]. After the inclusion of biocarbon, 

the reduction in complex viscosity of the rHDPE/rPP blend represents more sensitivity 

towards high shearing action. A similar explanation was also provided by other 

researchers [43], [50]. The shear-thinning behavior of the used polymers can help to 

select the appropriate pressure during the extrusion process in FFF-based 3D printing 

[51]. 

 

Figure 3-3: Rheological behavior of rHDPE/rPP-based blend and composites; (a) storage 

modulus, (b) loss modulus and (c) complex viscosity vs. angular frequency 

 

 

0.1 1 10 100

100

1000

10000

100000

 rHDPE/rPP

 80[rHDPE/rPP]/20Bioc

 78[rHDPE/rPP]/20Bioc/2Comp

Angular Frequency (1/s)

C
o
m

p
le

x
 V

is
c
o
si

ty
 (

P
a
 S

)

(c)

 
 

 

 

0.1 1 10 100

100

1000

10000

100000
(a)

 

 rHDPE/rPP

 80[rHDPE/rPP]/20Bioc

 78[rHDPE/rPP]/20Bioc/2Comp

Angular Frequency (1/s)

S
to

r
a

g
e
 M

o
d

u
lu

s 
(P

a
)

 

 

 
0.1 1 10 100

100

1000

10000

100000

 rHDPE/rPP

 80[rHDPE/rPP]/20Bioc

 78[rHDPE/rPP]/20Bioc/2Comp

L
o
ss

 M
o
d

u
lu

s 
(P

a
)

Angular Frequency (1/s)

(b)

 

 

 



54 

 

 

 

3.6 Analyses for Comparing Injection Molded and 3D Printed rHDPE/rPP-based 

Blend and Composites 

Differential Scanning Calorimetry (DSC) 

The thermal transition states [crystallization (Tc) and melting temperatures (Tm)] of 

injection molded and 3D printed specimens from rHDPE/rPP blend, 

80[rHDPE/rPP]/20Bioc and 78[rHDPE/rPP]/20Bioc/2Comp composites were determined 

using the first cooling and second heating cycles in DSC analysis as shown in Figures 4-

4 and 4-5, respectively and the related % crystallinity data are mentioned in Table 3-4. A 

single sharp crystallization peak was observed at 118°C for the injection-molded 

rHDPE/rPP blend, 80[rHDPE/rPP]/20Bioc and 78[rHDPE/rPP]/20Bioc/2Comp 

composites as shown in Figure 3-4(a). This means that the crystallization peaks for 

rHDPE and rPP had overlapped each other as the Tc values for rHDPE and rPP were 

118 and 120°C, respectively, based on our preliminary analysis. Similar Tc values for 

HDPE and PP were observed by other researchers [52]. A unimodal crystallization peak 

represents the development of uniform crystals in all the injection-molded formulations. 

Meaning that the addition of biocarbon with and without compatibilizer into the rHDPE/rPP 

blend does not alter the crystal structure and supports the formation of homogeneous 

nucleation sites. Other researchers also provided similar thoughts over crystallization 

temperatures [44], [53]. All the injection-molded specimens illustrate two distinct melting 

endotherms, as shown in Figure 3-4(b). One melting endotherm belongs to the melting of 

rHDPE crystals and is observed at 133°C. However, the other melting endotherm belongs 

to the melting of rPP crystals and is observed at 162°C. This means the Tm values remain 

constant after incorporating 20 wt% biocarbon without or with compatibilizer. A similar 

trend in melting behavior after the addition of biocarbon was also observed by other 

researchers [42]. The transition enthalpies were calculated using both endotherms and 

exotherms. The enthalpies were used to determine % crystallinity of individual 

components in polymer blend and composites. The % crystallinity of rHDPE and rPP were 

calculated for injection-molded rHDPE/rPP blend, 80[rHDPE/rPP]/20Bioc and 
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78[rHDPE/rPP]/20Bioc/2Comp composites as mentioned in Table 3-4. It was observed 

that the % crystallinity of rHDPE/rPP blend was reduced slightly after adding 20% 

biocarbon with and without compatibilizer.  

 

Figure 3-4: DSC thermographs of injection molded rHDPE/rPP-based blend and composites; 

(a) first cooling cycle and (b) second heating cycle. 

 

All the three formulations, i.e., rHDPE/rPP blend, 80[rHDPE/rPP]/20Bioc and 

78[rHDPE/rPP]/20Bioc/2Comp composites were 3D printed using a set of experiments 

generated from Taguchi DoE using Minitab software as shown in Table 3-2. The 

crystallization and melting behavior of 3D printed specimens were analyzed using the first 

cooling and second heating cycles, as shown in Figure 3-5(a-f). In all 3D printed samples, 

a single broad crystallization peak and two melting peaks were detected at similar 

temperatures obtained in the injection-molding counterparts. The crystallization peaks for 

3D printed rHDPE/rPP blend, 80[rHDPE/rPP]/20Bioc and 78[rHDPE/rPP]/20Bioc/2Comp 

composites were detected at 118°C, 115.7°C and 117.7°C, respectively in all nine 

experiments as shown in Figure 3-5(a), (c) and (e). The broadness of the crystallization 
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peaks represents the formation of imperfect crystals along with the proper crystals. This 

happens due to the higher nozzle temperature (200°C or more), at which few long 

polymer chains break into smaller chains, representing imperfect crystals. Two broad 

unimodal endothermic peaks for 3D printed rHDPE/rPP blend, 80[rHDPE/rPP]/20Bioc 

and 78[rHDPE/rPP]/20Bioc/2Comp composites were observed as shown in Figure 3-5(b), 

(d) and (f). One melting peak belongs to rHDPE and lies in the temperature range of 133 

to 155°C. However, another melting peak belongs to rPP and lies in the temperature 

range of 162 to 164°C. Overall, the same behavior of crystallization and melting 

temperatures was observed for injection-molded and 3D printed specimens. In the case 

of the 3D printed rHDPE/rPP blend, the % crystallinity for rHDPE in 3D printed samples 

was observed higher in experiment number 9 as compared to injection-molded samples. 

In the case of the 3D printed rHDPE/rPP blend, the % crystallinity for rHDPE in 3D printed 

samples was observed higher in experiment number 9 as compared to injection-molded 

samples. After the addition of 20% biocarbon into the rHDPE/rPP blend, the % crystallinity 

for rHDPE in 3D printed samples was observed significantly higher and achieved up to a 

value of 74.5% in experiment number 8 as compared to injection-molded samples. The 

higher % crystallinity was achieved for 3D printed samples as the materials were 

processed at higher temperatures. 
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Figure 3-5: DSC thermographs of 3D printed specimens; (a) first cooling cycle and (b) second 

heating cycle of rHDPE/rPP, (c) first cooling cycle and (d) second heating cycle of 

80[rHDPE/rPP]/20Bioc and (e) first cooling cycle and (f) second heating cycle
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Table 3-4: Enthalpy and % crystallinity calculations of injection molded, and 3D printed rHDPE/rPP-based blend and composites 
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3.7 Coefficient of Linear Thermal Expansion (CLTE) 

The CLTE values of rHDPE/rPP-based blend and composites, fabricated using 

injection molding and 3D printing, were calculated in the flow direction (FD) at one 

temperature range from -60 to 100°C in the second heating cycle and are shown in Figure 

3-6(a) and (b), respectively. The samples were annealed at 100°C for 2 mins to eliminate 

irregularities in the CLTE curve detected above 60°C during first heating. A similar 

explanation was provided by Lee et al. [54] and Abdelwahab et al. [44] in their research 

work. In the injection molding samples in Figure 3-6(a), the CLTE value of rHDPE/rPP 

blend was observed at 177.5 μm/μm°C, which were further reduced up to155.6 and 146.8 

μm/μm°C after adding 20% biocarbon with and without compatibilizer, respectively. It is 

well-established that the addition of biocarbon as filler significantly reduces the CLTE 

values of the polymer composites due to mechanical constraint of the filler [43], [44], [46] 

and also due to the hinderance [46] in the movement in polymer chains. It also confirms 

that the CLTE value of rigid filler shows lower values than that of the flexible matrix [55]. 

It is also important to investigate the CLTE values for the successful 3D printing of 

polymer blend and composites as CLTE measures the material's expansion at elevated 

temperatures [36]. This analysis can figure out the percentage of swelling/shrinking of 

polymer materials during FFF-based 3D printing. Fitzharris et al. [56] concluded that the 

CLTE contributes to the warpage issue during 3D printing and reduces the thermal 

stability. The CLTE values for 3D printed samples (rHDPE/rPP, 80[rHDPE/rPP]/20Bioc 

and 78[rHDPE/rPP]/20Bioc/2Comp), prepared using various experimental conditions 

generated from Taguchi DOE using Minitab software as mentioned in Table 3-2, are 

shown in Figure 4-6(b). Among the total number of 3D printing experiments, the highest 

(197.5 µm/m°C) and lowest (148.2 µm/m°C) CLTE values for rHDPE/rPP blend were 

observed for experiment numbers 8 and 4, respectively. This significant variation in CLTE 

values of the rHDPE/rPP blend was detected due to the change in printing conditions 

(bed temperature, nozzle temperature and line pattern). Among the three mentioned 

conditions, the line pattern is the most responsible factor for CLTE variation. In 

experiment number 4, the bed temperature, nozzle temperature and line pattern were 

fixed as 90°C, 200°C and 90°C, respectively. However, the line pattern in experiment 
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number 8 was fixed at -45°/+45°. By changing the line pattern from 45° to 90°, the 

orientation of polymer chains and polymer crystals changes during processing. The 

reduction in CLTE values is also possible due to the entrapped air pockets in between 

the layers, which restricts the dissipation of heat or energy into the polymer chains. These 

air pockets show additional effect on CLTE values when printed using line patterns of 90° 

and 180°. It is noteworthy that the CLTE value was found higher for injection-molded 

rHDPE/rPP blend as compared to only those counterparts, which were 3D printed using 

line pattern either 90° or 180°. For 80[rHDPE/rPP]/20Bioc and 

78[rHDPE/rPP]/20Bioc/2Comp 3D printed samples, the highest CLTE values i.e., 184 and 

181 µm/m°C, respectively, were observed for experiment number 8 (as mentioned in 

Table 3-2), same as in the case of 3D printed rHDPE/rPP blend. In this case, the used 

line pattern during 3D printing was -45°/+45°. The addition of biocarbon (20%) 

significantly reduced the CLTE values of the 3D printed rHDPE/rPP blend. However, in 

experiment number 4 and 5, the CLTE values of the 3D printed rHDPE/rPP blend were 

observed higher after the addition of biocarbon, which is associated with the lower bed 

temperature. Among the total number of 3D printing experiments, the lowest CLTE values 

(143 and 157.5 µm/m°C) were observed for 3D printed 80[rHDPE/rPP]/20Bioc and 

78[rHDPE/rPP]/20Bioc/2Comp, respectively. On another note, the warpage angle was 

reduced when biocarbon was added. When the malleated polymer was added to the 

composite, the printing quality improved, and the sample's surface became much 

smoother than 80[rHDPE/rPP]/20Bioc composite. 
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Figure 3-6:CLTE values of rHDPE/rPP-based blend and composites in the flow direction, 

fabricated using (a) Injection molding and (b) 3D printing. See Table 3-2 for experiment numbers in 

3D printing. 

 

3.8 Comparison in Mechanical Properties of Injection Molded and 3D Printed 

Specimens 

The mechanical analysis was performed for injection-molded and 3D printed 

rHDPE/rPP, 80[rHDPE/rPP]/20Bioc and 78[rHDPE/rPP]/20Bioc/2Comp specimens. 

Figure 3-7(a), (b) and (c) represents the mechanical properties of injection-molded 

samples. The tensile strength of the injection-molded rHDPE/rPP blend was reduced by 

12 and 16.7% after adding 20 wt% biocarbon with and without compatibilizer, 
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respectively. The tensile strength of composite samples depends on the interaction 

between matrix and biocarbon filler, particle size, shape, and its porosity [57]. The 

biocarbon pyrolyzed at higher temperatures (900°C or more) removed most functional 

groups and showed non-polar characteristics, reducing the biocarbon interaction with the 

matrix [58]. The larger particle size of biocarbon was observed even after ball-milling due 

to more rigid biocarbon formation at high-temperature pyrolysis [59]. An opposite trend to 

tensile strength was observed for tensile modulus. Hence, an improvement of 40.8 and 

48% in tensile modulus of rHDPE/rPP was observed after adding 20 wt% biocarbon with 

and without compatibilizer, respectively as shown in Figure 3 -7(b). This improvement in 

tensile modulus was due to the addition of high modulus filler in the matrix. Watt et al. 

[38] found that the addition of MA-g-PP improved the interfacial adhesion biocarbon 

particles and PP matrix. In addition, a similar trend was observed for flexural modulus as 

in the case of tensile modulus. Due to the addition of rigid filler in the rHDPE/rPP blend 

matrix, the notched Izod impact strength was reduced significantly in all the composites, 

as shown in Figure 3-7(c). Similar results were also observed by other researchers [57]. 

It is well published that the mechanical properties of injection molded samples were 

higher as compared to their 3D printed counterparts [60]. However, it is observed in this 

research work that the comparable mechanical properties can be observed for 3D printed 

samples, when processed at optimized 3D printing parameters. The mechanical 

properties were performed for all the specimens printed using a set of experiments 

generated from Taguchi DoE using Minitab software. The effect of printing parameters 

(bed temperature, nozzle temperature and line pattern) on the mechanical properties 

have been discussed in detail and a comparison between experimental values and 

prediction values has been discussed. 
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Figure 3-7: Mechanical behavior of injection molded rHDPE/rPP-based blend and composites 

(a) tensile modulus and tensile strength, (b) flexural modulus and flexural strength, and (c) 

notched Izod impact strength 

In the impact samples, two outer lines were printed to form the shell of the sample. In 

the DoE to determine which parameters of 3D printing would give the highest mechanical 

properties, it can be noted that the experiments with a line pattern of 90° would give the 

highest impact strength as shown in Figure 3-8(a). The impact strength also depends on 

bed temperature. The higher the bed temperature, the lower the energy needed to break 

the sample during impact testing. This could be explained by the variation in the % 

crystallinity of 3D printed rHDPE/rPP, 80[rHDPE/rPP]/20Bioc and 

78[rHDPE/rPP]/20Bioc/2Comp specimens. The molten polymer blend and composites 
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were cooled down almost up to the crystallization temperature (~118°C), meaning that 

the bed temperature was close to the crystallization temperature. Hence the crystallinity 

of the material will be higher and the material will become more brittle. In contrast, the 

line pattern that resulted in the lowest impact strength was 180°. The experiment with the 

highest impact strength on all three formulations was experiment number 2 (nozzle 

temperature: 215°C, line pattern: 90° and bed temperature: 80°C) as shown in Figure 3-

8(a'), (b') and (c'). The results using Minitab software confirm that the highest impact 

strength for the 3D printed rHDPE/rPP blend matrix can be obtained at the printing 

conditions where the bed temperature must be at the lowest level (80°C), and the line 

pattern must be 90°. It is observed from the theoretical or predicted values that the 

extremely high impact strength values of the 3D printed rHDPE/rPP blend matrix can be 

achieved at the printing conditions where bed temperature, line pattern and nozzle 

temperature can be fixed at 80°C, 90° and 200°C, respectively, has p-values of 0.048, 

0.006 and 0.049. The prediction model revealed that the estimated impact strength value 

would result in an average of 364 J/m after using these levels, a value that was closed to 

what was obtained in experiment number 2 (nozzle temperature: 215°C, bed temperature: 

80°C and lime pattern: 90°). Using the prediction model from Minitab, the values from all 

the experiments were calculated and plotted to observe the real values and the ones 

modeled from the software. It can be observed that all the values are closed from the 

predicted values. The proximity of predicted values to the actual values (R2) is around 

94.48%. Similar results were obtained for 80[rHDPE/rPP]/20Bioc, and 

78[rHDPE/rPP]/20Bioc/2Comp composites 3D printed at the conditions where line 

pattern: 90°, and bed temperature: 80°C were used. However, the effects of adding 

biocarbon into the polymeric matrix were reflected on the signal-to-noise effects since the 

p-values increased and the R2 decreased. For 80[rHDPE/rPP]/20Bioc composite, the 

smaller p-values were observed for line pattern of 90° (p-value= 0.203) and bed 

temperature of 80°C (p-value=0.296), meaning that these were not genuinely significant 

to affect the impact strength, this was due to the addition of biocarbon which was not 

considered in the model. Therefore, the predicted values are 79.03%, close to the actual 

values as shown in Figure 3-8(b'). This model suggests that the highest value of impact 
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can be found when the bed temperature will be set as 80°C, using a nozzle temperature 

at 215°C and a line pattern of 90° as shown in Figure 3-8(b). As a result, the value of 

maximum impact strength will be observed as 38.67 J/m. The actual value obtained in 

this experiment was 39.27 J/m. Incorporating compatibilizers into the composite revealed 

similar results as biocarbon, with the exception that the nozzle temperature from 215 to 

235°C is not making any significant change as shown in Figure 3-8(c). The surface of all 

samples was smoother than 80[rHDPE/rPP]/20Bioc, regardless of the printing 

temperature, and the warpage disappeared even when low temperatures were used for 

3D printing. The bed temperature of 80°C is the most appropriate level. However, in this 

case, the main factor with statistical significance is the line pattern since the p-value is 

0.042. The prediction values were observed 97.35% close to the experimental values as 

shown in Figure 3-8(c'). From all the materials and experiments performed, it can be 

confirmed that the bed temperature affects the crystallinity, hence the impact strength. 

The line pattern has the second most relevant effect on impact strength, which can be 

explained by the arrangement of lines and a small air gap between each layer that 

absorbs some of the energy. 
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Figure 3-8: Main effects of 3D printing parameters to (a) impact strength of rHDPE/rPP, and (a') 

their prediction values taken from Taguchi; (b) impact strength of 80[rHDPE/rPP]/20Bioc, and (b') 

their prediction values taken from Taguchi; (c) impact strength. 

 

All the flexural samples were printed without any visual defects. However, warpage 

was frequent in samples where the nozzle and bed temperatures were at the lowest 

levels, i.e., 200 and 80°C, respectively. Like impact strength, the experiments resulting 

from the highest flexural modulus have a line pattern of 90°, and the highest results were 

obtained when the bed temperature was at 100°C. However, the difference in flexural 

modulus between the blend a composite was not remarkable as the injection molding, 

except when a +45°/-45° line pattern. The injection molding samples showed flexural 

modulus of 1279±34, 1671±44 and 1719±60 MPa for rHDPE/rPP, 80[rHDPE/rPP]/20Bioc 
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and 78[rHDPE/rPP]/20Bioc/2Comp, respectively. Similarly, the highest flexural modulus 

obtained by 3D printed samples were 1297±270, 1306±96 and 1375 ±67 MPa for 

rHDPE/rPP, 80[rHDPE/rPP]/20Bioc and 78[rHDPE/rPP]/20Bioc/2Comp, respectively as 

shown in Figure 3-9(a'), (b') and (c'). This suggests that the injection molding samples 

have a better flexural modulus than their 3D printed counterparts. The blend rHDPE/rPP 

presented the highest flexural modulus when the line pattern was 90°, and the bed 

temperature was 100°C. It is worth noting that the flexural properties of the injection part 

are lower than the 3D printed part. This was corroborated by duplicating the experiments 

and similar results were obtained. This could be due to the high crystallinity obtained 

when the sample was removed to cool down. The DoE results showed that the main 

factors were the line pattern and the nozzle temperature, which affect the flexural 

modulus. The literature suggests that the higher the nozzle temperature and bed 

temperature, the smaller the gaps between layers will be [61]. Additionally, the infill 

overlapping is also helping to ensure the layers are strongly bonded [62]. According to 

the DoE results, the optimal set of experiments matches with experiment 9 as shown in 

Table 3-2, where bed temperature, nozzle temperature and line pattern were 100°C, 

235°C and 90°, respectively as shown in Figure 3-9(a), (b) and (c). The R2 value for the 

computed model was observed 91.01%. The 3D printed 80[rHDPE/rPP]/20Bioc obtained 

flexural results very similar to the rHDPE/rPP blend with the only difference that the effect 

of using a bed temperature was reduced due to the incorporation of soy hulls biocarbon 

particles [42]. According to the flexural modulus results obtained by Minitab, the optimal 

combination of printing parameters for 80[rHDPE/rPP]/20Bioc under bending loads 

purposes is 100°C (bed temperature), 215°C (nozzle temperature) and 90° (line pattern) 

as shown in Figure 3-9(b). The prediction model from Minitab software showed that the 

real values fit 92.6%. Incorporating 2% compatibilizer into 80[rHDPE/rPP]/20Bioc 

composite resulted in samples with better quality and better flexural performance when 

the line pattern was 90°. The p-value of the nozzle temperature factor was observed 

0.007, which means that bed temperature and line pattern are fixed. Changing the nozzle 

temperature will affect the flexural modulus significantly. The R2 value for this model was 

98.38% and the highest flexural modulus can be obtained by maintaining bed temperature 
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as 100°C, nozzle temperature as 235°C, and line pattern as 90°, which was tested among 

the nine experiments as shown in Figure 3-9(c). 

 

Figure 3-9:Main effects of 3D printing parameters to (a) flexural modulus of rHDPE/rPP, and 

(a') their prediction values taken from Taguchi; (b) flexural modulus of 80[rHDPE/rPP]/20Bioc, and 

(b') their prediction values taken from Taguchi; (c) flexural modulus of 

78[rHDPE/rPP]/20Bioc/2Comp, and (c') their prediction values taken from Taguchi. 

In contrast with impact strength, Young's modulus obtained from 3D printing experiments 

was mainly affected by the variation in a line pattern. However, the bed temperature is 

the least important factor for Young's modulus, as shown in Figure 3-10 (a), and (c). For 

Young's modulus, the 3D printed rHDPE/rPP blend performance was observed as good 

as injection-molded samples when the line pattern was fixed at 180°. The bed 

temperature did not affect Young's modulus. This could be directly related to the % 

crystallinity of 3D printed samples. However, since the loads were being applied axially 
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and the line pattern was oriented in the perpendicular direction, higher loads were 

required to break this line pattern than an axially oriented pattern. According to Minitab 

software, the optimal combination of factors to achieve higher Young's modulus for the 

3D printed rHDPE/rPP blend was 100°C (bed temperature), 235°C (nozzle temperature), 

and 180° (line pattern), observed in the experiment number 7 as shown in Figure 3-10(a'). 

The predicted model for Young's modulus fits around 91% with the experimental values. 

The addition of 20% biocarbon into the rHDPE/rPP blend has shown notorious changes 

in Young’s modulus properties of 3D printed 80[rHDPE/rPP]/20Bioc composite. In this 

case, the bed temperature has a more significant parameter, which may affect Young's 

modulus values. As a result, Young's modulus values of 3D printed 

80[rHDPE/rPP]/20Bioc composite was higher at higher bed temperature (100°C). 

 The biocarbon particles may act as nucleating agents in the rHDPE/rPP blend matrix. In 

addition, the overlapping between lines and layers also results in a high Young's modulus. 

The addition of 2% compatibilizer into 80[rHDPE/rPP]/20Bioc composite resulted in 

higher Young's modulus when printing was performed at 100°C of bed temperature, 

235°C of nozzle temperature and 180° of the line pattern as shown in Figure3-10(c).  

A significant difference in Young's modulus values was observed between the samples 

with and without compatibilizer. The R2 values for the predicted models related to Young's 
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modulus of 80[rHDPE/rPP]/20Bioc and 78[rHDPE/rPP]/20Bioc/2Comp were observed 

~98 and ~99%, respectively. 

 

 

Figure 3-10: Main effects of 3D printing parameters to (a) Young’s modulus of rHDPE/rPP, and (a') 

their prediction values taken from Taguchi; (b) Young’s modulus of 80[rHDPE/rPP]/20Bioc, and 

(b') their prediction values taken from Taguchi; (c) Young’s modulus of 

78[rHDPE/rPP]/20Bioc/2Comp, and (c') their prediction values taken from Taguchi. 
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3.9 Surface Morphology 

The SEM images of impact-fractured surfaces interpret the interactions between 

rHDPE and rPP in rHDPE/rPP blend, as well as the interactions between rHDPE/rPP 

blend and biocarbon filler in 80[rHDPE/rPP]/20Bioc and 78[rHDPE/rPP]/20Bioc/2Comp 

composites for both injection-molded and 3D printed type of specimens, as shown in 

Figure 3-11(a-i). The injection-molded rHDPE/rPP blend showed a homogeneous surface 

without any phase separation between rHDPE and rPP with some imperfections due to 

impact fracture shown in Figure 3-11(a). In the injection molded 80[rHDPE/rPP]/20Bioc 

sample, the 20% biocarbon was nicely dispersed in the rHDPE/rPP blend matrix, as 

shown in Figure 3-11(b). However, a broad variation in the biocarbon particle's size and 

shape was also detected, which must be considered an essential parameter, influencing 

the analytical properties like mechanical, thermal, and rheological properties. More cracks 

on the surface were also visible due to the increased brittleness of the rHDPE/rPP blend 

matrix after adding 20% biocarbon. Similar surface texture with fewer cracks was 

observed for injection molded 78[rHDPE/rPP]/20Bioc/2Comp composites, as shown in 

Figure 3-11(c). It is noteworthy that the biocarbon fabricated at higher temperatures 

contains fewer or no functional groups and is non-polar, which helps to improve the 

dispersion [44]. In Figure 3-11(d-f), the SEM images have been captured only for those 

3D printed specimens, which showed the maximum impact strength for rHDPE/rPP, 

80[rHDPE/rPP]/20Bioc and 78[rHDPE/rPP]/20Bioc/2Comp, respectively. However, the 

SEM images for 3D printed rHDPE/rPP, 80[rHDPE/rPP]/20Bioc and 

78[rHDPE/rPP]/20Bioc/2Comp related to minimum impact strength have been shown in 

Figure 3-11(g-i) to observe the scientific rationale for variation in impact strength by 

changing 3D printing experimental conditions as mentioned in Table 3-2. Co-continuous 

surface morphology was observed for both 3D printed rHDPE/rPP blends, which showed 

maximum and minimum impact strengths in Figure 3-11(d) and (g). Additionally, small 

gaps were observed in between each deposited layer in Figure 3-11(g), which lead to a 

discontinuous polymer and offer weak points at a constant interval. It significantly declines 

the mechanical properties [36] as compared with the rHDPE/rPP blend with maximum 

impact strength. The surface morphology of the 3D printed rHDPE/rPP blend has been 
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entirely modified after the addition of 20% biocarbon with/without compatibilizer. In 

Figures 3-11(e) and (h), the pores with non-uniform sizes and shapes were observed 

along with biocarbon dispersion on the cross-sectional surface of 3D printed 

80[rHDPE/rPP]/20Bioc specimen, which helps to fabricate light-weight 3D printed 

materials. A similar but more prominent effect was observed for 3D printed 

78[rHDPE/rPP]/20Bioc/2Comp, as shown in Figure 3-11(f) and (i). The formation of 

microscopic pores depends on the distance the first printed layer between the nozzle 

head and the printing bed, which governs the material's heat dissipation mechanism and 

further controls interfacial bonding of the following printed layers [63]. The formation of 

larger and much irregular pores is also responsible for the decrement in impact strength 

as shown in Figure 3-11(h) and (i). 
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Figure 3-11: Surface morphology of injection molded samples; (a) rHDPE/rPP, (b) 3D printed 

samples showed maximum impact strength (d) rHDPE/rPP, (e) 80[rHDPE/rPP]/20Bioc, (f) 

78[rHDPE/rPP]/20Bioc/2Comp; and 3D printed samples showed minimum impact strength (g) 

rHDPE/rPP, (h) 80[rHDPE/rPP]/20Bioc, (i) 78[rHDPE/rPP]/20Bioc/2Comp. 
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3.10 FFF-based 3D Printed Prototypes Development using rHDPE/rPP-based 

Blends and Composites 

After the detailed characterization of 3D printed rHDPE/rPP-based blends and 

composites, the two prototypes, i.e., elliptical gears with shaft and spectacle frame, were 

fabricated using a small-scale extrusion-based 3D printer as shown in Figure 3-12(a) and 

(b). After performing DoE using Minitab software, the processing parameters for 3D 

printing were optimized for rHDPE/rPP blend, 80[rHDPE/rPP]/20Bioc and 

78[rHDPE/rPP]/20Bioc/2Comp composites. In Figure 3-12(a), the 3D printed complex-

shaped prototype was a combination of two components (i) shaft and (ii) elliptical gears 

having sharp teeth pointing outside. The shaft and elliptical gears were 3D printed 

successfully using rHDPE/rPP blend and 78[rHDPE/rPP]/20Bioc/2Comp composite, 

respectively, at optimized conditions. The 3D printed gears from 100% recycled plastics-

based composite are a complex-shaped low-cost material and are a customizable motion 

transfer solution compared to conventional ways to prepare gears. Such 3D printed gears 

can be used in our real-life applications where gears with connecting shafts are required 

to run a machine or device. A successful 3D printing of another prototype, i.e., spectacle 

frame, was conducted using 78[rHDPE/rPP]/20Bioc/2Comp composite at optimized 

conditions, as shown in Figure 3-12(b). The 3D printed spectacle frames from 100% 

recycled plastic-based composites are a low-cost material and prepared on demand at 

various customized sizes, which was impossible using conventional techniques like 

injection molding. Such 3D printed spectacle frames can be used in our daily life. 
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Figure 3-12: Real-life applications of FFF-based 3D printed rHDPE/rPP-based blends and 

composites; (a) elliptical gears with shaft and (b) spectacle frame. 

 

3.11 Conclusion 

Recently, the utilization of 100% recycled petroleum-based plastics (collected from 

ocean shores) into value-added products for various applications like automotive and 

electrical has been explored by researchers and industrialists with the help of an 

advanced processing technique called FFF-based 3D printing. The addition of 

sustainable fillers (derived from agro-industrial wastes) at a higher weight percentage into 

100% recycled plastics is necessary to develop cost-effective composites and is also 

favorable in maintaining/improving the related analytical properties following the 

sustainability approach. This research work includes a detailed comparative study 

between injection molding and FFF-based 3D printing techniques of rHDPE/rPP-based 

blend and composites. The composites were fabricated by combining soy hulls biocarbon 

(fabricated using pyrolysis technique) with and without compatibilizers, followed by 

mechanical, thermal, and surface morphology analyses. A design of experiment (DoE) 

approach using Minitab software was also utilized to determine optimum parameters for 

which better printability and maximum properties can be achieved. The rHDPE/rPP blend, 

when mixed with 20 wt % biocarbon to form composite showed better printability 

compared to the blend. The addition of biocarbon in blend improved dimensional 

accuracy during printing. In few experiments of 3D printing, the CLTE values of 

rHDPE/rPP-based blend and composites were found lower than that of injection-molded 

counterparts. The combination of recycled polymers with sustainable filler and optimized 

printing conditions successfully produced warpage-free specimens in small-scale 3D 
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printing. The thermal properties (crystallization and melting temperatures) of 3D 

specimens were observed like the injection-molded counterparts. The surface 

morphology of 3D printed specimens was observed porous after adding biocarbon into 

the rHDPE/rPP-based blend, which supports developing lightweight materials. 3D printed 

elliptical gears with shaft and spectacle frame were also developed as two prototypes 

using sustainable rHDPE/rPP-based blend and composites. The developed formulations 

in this research work can be studied further to check their potential in commercialization. 
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4. Chapter IV: Conclusions and further Work 

4.1 Overall conclusions 

In summary, the processability of recyclable materials such as HDPE,  and PP was 

successfully achieved. Furthermore, 3D printing with a desktop printer was appropriately 

performed by using critical parameters including bed temperature, layer height, layer 

width, bed preparation (using PP tape), layer thickness etc. 

1) The study assesses the effects of different 3D printing parameters such as bed 

temperature, nozzle temperature and line pattern using a Taguchi Design of 

Experiments(DoE). The signal to noise were flexural modulus Young’s modulus 

and impact strength of recycled PP and HDPE blends. Overall, bed temperature 

was the most significant parameter. The settings obtained from this DoE were 

helpful to successfully print objects with real life application. 

4.2 Future work 

The following projects can be carried on as a continuation of this work 

• Printability of neat, recycled ocean plastics with different biomass biocarbon 

• Incorporation of sustainable materials such PLA to recycled PP or LDPE to 

improve printability of these two materials 

• Incorporation of natural fibers such as miscanthus to improve toughness 

 


