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ABSTRACT 

 

Fused deposition modeling (FDM) technology uses thermoplastic filament for layer by layer 

fabrication of objects. To make functional objects with desired properties, composite filaments are 

required in the FDM. In this thesis, less expensive mesoporous Nano carbon (NC) and carbon 

nanotube (CNT) infused in Polylactide (PLA) thermoplastic filaments were fabricated to improve 

the electrical properties and maintain sufficient strength for 3D printing. Solution blending was 

used for nanocomposite fabrication and melt extrusion was employed to make cylindrical 

filaments. Mechanical and electrical properties of 1 to 20 wt% of NC and 1 to 3 wt% of CNT 

filaments were investigated and significant improvement of conductivity (3.76 S/m) and sufficient 

yield strength (35MPa) were obtained. Scanning electron microscopy (SEM) images exhibited 

uniform dispersion of nanoparticles in polymer matrix and differential scanning calorimetry (DSC) 

results showed no significant changes in the glass transition temperature (Tg) for all the 

compositions. Perspective uses of this filament are for fabrication of electrical wires in 3D printed 

robots, drones, prosthetics, orthotics and others. 
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CHAPTER 1 

INTRODUCTION 

1.1 3D printing /additive manufacturing 

3D printing is an additive manufacturing process that allows fabrication of objects directly from 

computer aided design (CAD) models and nowadays it is becoming popular for the realization of 

physical models by utilizing several materials. In 3D printing, the parts are fabricated by bottom- 

up approach, forming one layer over another through computer control. Once a layer is completed, 

it is lowered by fraction of millimeter (mm) to form the next layer on top of it or the printer adds 

a layer by moving up. The method of forming this layer depends upon the type of 3D printing; 

examples are fused deposition modeling (FDM), selective laser sintering (SLS), and 

stereolithography (SLA) etc.  

 

In selective laser sintering (SLS), a layer is added by selectively sintering metallic powder. A laser 

is used as a power source for melting the powders which moves in 3D space by computer control. 

SLS has advantages such as high dimensional accuracy and low to limited use of support material, 

however due to the use of complex laser system, the cost of printing is high.    

  

Stereolithography (SLA) is similar to SLS as both of them use laser as a power source but instead 

of metal powders, SLA uses photocurable resins. The resin molecules bond to each other by 

photopolymerization when exposed to the laser and form a solid layer of thermoplastic. SLA has 

an advantage such as fast printing and high accuracy over other printing methods. The high cost 
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of resin, the need of support structure to hold a part in liquid resin, the limited variety of resin that 

can be printed, are some of the limitations of SLA.  

 

In fused deposition modeling (FDM) technique, materials are added layer by layer by melting 

thermoplastics at an elevated temperature.  FDM is the most widely used 3D printing technique 

due to its low operation cost, simplicity, almost no loss of material and easy operation. FDM gives 

design freedom and enhances creativity as complex shapes can be fabricated very easily and 

rapidly. Therefore, it is becoming a more popular choice for fabrication of humanoid robots[1-4], 

prosthetics[5-7], orthotics[8] and others[9, 10]. 

 

1.2 Melt extrusion  

FDM process requires filament materials for printing models. Filaments can be prepared by several 

methods, among which, one method is melt extrusion.  In an extrusion process, a raw material, 

usually a polymer or a polymer blend is forced to pass through a die, thus creating the desired cross 

sections. Based on the working temperature of the material being processed, extrusion can be cold 

extrusion or hot extrusion. In melt extrusion, the polymer is melted by applying heat or pressure 

or both and is forced out through an orifice (figure 1.1a). Most of the filaments used in 3D printing 

are fabricated by melt extrusion, using circular orifice to make long cylindrical filaments. Figure 

1.1b shows a small extruder ‘Filastruder’ that was used for filament fabrication. The extruder can 

be used to add different materials (shown in yellow in the hopper) as filler in the thermoplastic 

(blue color in the hopper). 
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Figure 1.1 Extrusion process: (a) Schematic diagram and (b) ‘Filastruder’ used in this thesis.  

 

1.3 Nano additives  

Nanotechnology is a branch of science and engineering that deals with the fabrication, design and 

analysis of structures and devices at nanoscale. Typical size of nanomaterials ranges from 1 to 

1000 nm in dimension. The nanomaterials may include nanotubes, nanorods, nanospheres, 

nanofibers and nanoparticles depending on the shape. Materials at nanometer scale have unique 

properties compared to their millimeter and micrometer sized counterparts. Nanomaterials are 

often infused in thermoplastic polymer as additive because of their unique properties, which allow 

them to make functional and modified properties in their composite filament forms. 

Commonly used additive nanomaterials can be divided into three categories;  

 a) Metal nanoparticles such as gold, silver, zinc nanoparticles etc.  

 b) Ceramic and silicate nanoparticles, which include Si, SiO2, TiO2 etc.  

 c) Carbon based nanomaterials such as nanocarbon (NC), carbon nanotube (CNT)  

      and carbon nanofiber (CNF) etc.  

Carbon nanotube (CNT) is a tubular cylinder of carbon atoms having diameter ranging from 0.7 

to 50 nm and length in range of 10’s of micron.  CNTs have 100X strength and 5X elasticity of 

Hopper  

Screw  

Filament  
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steel, 5X electrical conductivity and 1000X current capacity of copper [11] that makes them a 

better choice to be used as additives to achieve improved mechanical, electrical and thermal 

properties. CNTs can be multi-wall or single-wall based on numbers of concentric carbon tubes. 

Mesoporous nanocarbon, commonly known as nanocarbon (NC) is nano-sized porous carbon 

particles having diameter of 500-1000 nm. NC is widely used as a cheap substitute of CNT, since 

5g of NC costs only $137 whereas 5g CNT costs $876 (Sigma Aldrich price as of Dec 31 2016). 

 

1.4 Problem statement and motivation  

The central idea in this thesis is the use of nano additive to fabricate composite filament for FDM 

printing to achieve improved mechanical and electrical properties. PLA was used as the host 

substrate polymer as it is used commonly in most many 3D printers, which can be easily replaced 

by other polymer. CNT and NC were chosen as additives in the host polymer material. The unique 

electrical properties of NC/CNT improve electrical conductivity of host polymer which can be 

used to fabricate conductive filament for FDM printing. This conductive filament can be used to 

print wire lining that can replace the wires that connect electronic components in humanoid robots. 

Printed wire lining will not only solve cluster of wiring (figure 1.2) but it will also help to improve 

complex maneuver of the robot [12]. Conductive filaments can also be used to directly print 

capacitive interface device and flex sensors [13] (figure 1.3). 
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Figure 1.2. Complex wiring examples in humanoids: (a) Front side a 3D printed humanoid ‘Buddy’ 

and (b) a child size humanoid ‘HBS-1’ developed in HBS laboratory at UTD.    

 

 

 

Figure 1.3. Examples of 3D printed parts using conductive filament in FDM: (a) capacitive 

interface device, (b) glove with flex sensor and (c) smart capacitive cup [13].  
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1.5 Organization of the thesis 

In this thesis, nanocomposite filaments were fabricated by melt extrusion process. As discussed in 

chapter 1, PLA composites were first prepared and then used for filament fabrication (figure 1.4). 

Chapter 2 provides literature review of different nanocomposites available along with their 

improved properties and fabrication methods. The detailed fabrication procedure of the PLA 

nanocomposite is discussed in chapter 3. The mechanical, electrical and thermal properties of the 

prepared filaments were examined using material characterization as well as the dispersion of NC 

in polymer matrix was investigated by scanning electron microscopy (SEM) which are discussed 

in chapter 4. In chapter 5, the properties of the prepared filament samples are compared with 

those under development in research institute and commercially available filaments. Finally, 

chapter 6 concludes the thesis.  

 

Figure 1.4. Steps of fabrication process. Section highlighted by red dotted rectangular was 

implemented in this thesis.    
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CHAPTER 2 

LITERATURE REVIEW 

This chapter gives an overview of different nano composites fabricated by research institutes and 

by commercial companies, their improvement in properties mainly mechanical and electrical 

properties, fabrication method and their usage.     

2.1 Metal nanocomposite  

Several researches have been made on aluminum nanocomposites, their properties and usage. 

Kim’s group is leading in this area and they reported some interesting work using different nano 

filler with aluminum (Al) as a base material [14-16]. They reported highly uniform composite of 

Al and CNT, made by semi solid processing (SSP). SSP is a combination of powder metallurgy 

and semi solid forming. SSP is different from traditional forming process as it uses powdered 

material instead of bulk material (figure 2.1a). They also studied the effect of different processing 

temperature on the microstructure, hardness, and fracture surface of various composition of Al-

CNT composite [14]. Their group came up with a unique method of warm roller bonding to 

manufacture metal/polymer/metal sandwich composite [15], providing one potential method for 

mass production of nanocomposite (figure 2.1b). In another detailed study, Wu and Kim[16]  

reported a composite manufactured by SSP, focusing more on investigating the effect of silicon 

carbide (SiC) volume fraction and aluminum alloy on composite properties. Bastwros and Kim[17] 

reported a unique ultrasonic spraying technique of SiC nanoparticles on Al sheet (figure 2.1c). 

They also reported the effect of different processing parameters such as deposition surface 
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temperature, spraying suspension rate, spraying air pressure, nozzle vibration frequency and 

nozzle distance.  

Sun et al.[18] studied the dispersion of nickel nanostrands (NiNS) in different polymer matrix 

mainly on thermosets and thermoplastics. The study implemented solution mixing to form 

nanocomposites and reported uniform dispersion of NiNS in thermoplastic, and the composite also 

showed good electrical conductivity of 10-3 S/m. This work can be used to benchmark solution 

mixing process for composite fabrication. 

 

 

Figure 2.1. Schematic diagram of metal nano composite fabrication process (a) semi solid powder 

processing (SSP) compared to solid forming and powder processing [14], (b) warm roller bonding 

[15]  and (c) spray deposition method [17]. 
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2.2 Polymer nanocomposite  

Polymer nanocomposites have been reported by several scholars in recent years. Researchers are 

more attracted to polymer nanocomposite because of the easy interaction of the material matrix 

with polymer chain at the molecular scale. Breuer and Sundararaj [19] reviewed several host 

polymer materials such as polypropylene (PP), nylon, polystyrene(PS), polycarbonate (PC), Poly 

methyl methacrylate( PMMA), Polyamide (PA) and filler materials such as vapor grown carbon 

fiber (VGCF), single walled carbon nanotube (SWNT), multi walled carbon nanotube (MWNT) 

and reported the electrical conductivity obtained from these materials with reference to the 

percolation threshold of the filler materials. They discussed several possible methods of composite 

fabrication, available composites, and their use in different areas. Some key results related to 

mechanical, electrical and optical properties of composites were also summarized in this work. 

Based on the fabrication method, polymer nanocomposite can be classified into the following 

categories, fabricated by chemical functionalization, fabricated by melt extrusion and fabricated 

by other special method.  

2.2.1 Fabricated by chemical functionalization  

In chemical functionalization process, either the host polymer or nano additive is modified 

chemically so that it can bond to the other. Manias et al.[20] reported nanocomposite of 

polypropylene (PP) with organic modified montmorillonite (o-mmt). Montmorillonite is a type of 

clay material composed of silica and alumina. They added functional group in PP by chemical 

process in order to bond montmorillonite with PP and obtained improved mechanical property. In 

another work, Yadav et al.[21] fabricated styrene-b-(ethylene-co-butylene)-b-styrene (SEBS) 
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SWCNT nanocomposite. Instead of adding functional group to polymer, they incorporated 

noncovalent functionalized SWCNT for preparation of SEBS-f-SWCNT nanocomposite via 

solvent casting. They reported 2.7 and 1.3 fold increase in the modulus and breaking strength 

respectively for SEBS-f-SWCNT composite compared to pure SEBS.   

2.2.2 Fabricated by melt extrusion  

Extrusion process can also be used by feeding both polymer and additive directly into a hopper to 

fabricate nanocomposite. In this regards, Jiang et al.[22], used melt extrusion for preparation of 

nanocomposite. PLA nanocomposite was prepared with nano-sized precipitated calcium carbonate 

(NPCC) and organically modified montmorillonite (MMT). However, their focus was on studying 

toughness and reinforcing effect of the nanoparticles. McNally et al.[23] reported polyethylene 

(PE) CNT composite made by melt blending using a twin-screw extruder. They showed the 

electrical percolation threshold of PE/CNT is 7.5wt% and obtained an increase of 16 order in 

electrical conductivity of the material. 

 

Bose et al.[24] stated unique dual polymer composite of polyimide 6 and ABS with MWCNT 

fabricated in twin screw micro compounder. They made two different composites by using purified 

multi walled carbon nanotubes (p-MWCNT) and ~NH2 functionalized multi walled carbon 

nanotubes (f-MWCNT). Meincke et al.[25] also fabricated the same type of dual polymer CNT 

composite but they used two-step process. They prepared composite of CNT with PA6 in co-

rotating twin screw extruder first and then blended the composite with second polymer (ABS) in 

the same extruder. 
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2.2.3 Fabricated by other special method  

There are several other special methods to prepare nanocomposites, some of them are; direct melt 

mixing, using special equipment, pulverization process etc.  Lee et al.[26] reported nanocomposite 

of ABS and CNT fabricated by direct melt mixing (figure 2.2a) and used nanocomposite for 

soundproofing. Despite good dispersion of CNT on micro scale, dispersion at nanoscale was not 

reported in that study. They also reported 2.1%, 5.3% and 18.5% increase in stiffness at 5%, 10%, 

and 15% respective loading of CNT compared to pure ABS. 

 

In another work, Xia et al.[27]  described a polypropylene (PP) CNT composite made by the 

pulverization process. They designed a special pan-mill for preparation of the composite powder 

(figure 2.2c). They reported a tensile strength of 33 MPa and Young’s modulus of 1140 MPa for 

milled PP composite with 3%CNT as compared to the tensile strength of 28 MPa and tensile 

modulus of 911 MPa for unmilled PP 3%CNT composite. 

 

Tang et al.[28] reported composite of high density polyethylene (HDPE) with MWCNT fabricated 

by direct melt mixing. They made composite pallets in single screw extruder and heated the pallets 

between two aluminum plates to form composite film (figure 2.2b). They found increase in 

stiffness, yield strength and fracture toughness of the composite with the increase of MWCNT 

percent.  Sun et al.[29] reported composite of PC/ABS with MWCNT made by direct melt mixing. 

They used ABS with different rubber and found different dispersion of MWCNT in each case. 

They discussed how the change in the chemical composition of ABS affects the localization of 
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MWCNT by using different rubber and reported the relationship between electrical resistivity of 

composite with different ABS concentration. 

 

Figure 2.2. Methods used for polymer nano composite fabrication (a) process of fabricating sound 

proofing specimen made by nano composite [26] (b) schematic diagram of fabrication of 

MWCNT/HDPE composite by melt mixing [28] (c) special pan mill to prepare composite powder 

[27]. 

  

2.3 Nano composite in 3D printing  

In recent year, researchers are focusing on the incorporation of functional nanocomposite filaments 

in low cost 3D printers. Ivanova et al.[30] summarized some of the available nanocomposites and 

their use in additive manufacturing including metal, CNT, carbon fiber, silicate and other semi-

conductor filled nanocomposites. This study also described the inherent challenges of merging 

additive manufacturing with nanocomposite. Most of the researches done in 3D printing of 

nanocomposites are focused on improving the mechanical properties of the printed part. In general, 
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only few studies are available that focus on improving the electrical and mechanical properties of 

the filament by using a nanocomposite polymer. We are interested in investigating multifunctional 

material that can be used for structural, electrical and thermal applications, particularly focusing 

on the former two properties. 

 

Corcione et al.[13] demonstrated the possibility of using a 3D printed nanocomposite as a bone 

substitute. They used PLA-nanohydroxyapatite (PLA-nanoHA) composite filament, fabricated by 

dual melt extrusion, for 3D printing of molar tooth. They proved that this nanocomposite can be 

used in low cost 3D printer to produce complex bone shapes. They obtained the compressive yield 

stress 86.03±7.0 MPa and 85.66±5.77 MPa for PLA5HA and PLA15HA composite respectively 

and the strain values corresponding to yield stress were 8.9±1.3% and 8.2±1.7 respectively.  Leigh 

et al.[31]  reported nanocomposite made by solution mixing of carbon black (CB) filler in 

polycaprolactone (PCL), called ‘carbomorph’. They used this composite for 3D printing of 

electronic sensors and conductive circuit printing. In another very recent study Yu et al.[32]  

focused on the printing of CNT and graphene fillers in the nanocomposite of PLA made by 

repeated melt blending. They reported a conductivity of 10-1 S/m for 8% of CNT loading along 

with a percolation threshold of ~2% for CNT. In case of graphene, they demonstrated a 

conductivity of 10-7 S/m. They also reported loss in specific tensile modulus and specific yield 

strength for low filler content which increase with the increase in filler percent. After certain filler 

percentage, specific tensile modulus and specific yield strength were higher than the raw PLA. In 

another recent paper, our group[12] reported similar filament of PLA-NC fabricated by casting the 

solution in a rubber tube and slicing the tube after drying, which is a slightly different fabrication 
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process compared to fabrication method used in this thesis. The mechanical strength obtained in 

that research was ~11 MPa whereas the best conductivity obtained was 0.75±0.26 S/m for 15%NC 

filament which is of the same order as obtained in this thesis. However, much higher yield strength 

and yield strain at the break were obtained by the method reported here. Table 2.1 summarizes the 

achievements obtained by using various filler materials in a host material along with the material 

processing methods used in each case. 

 

Table 2.1. Nanocomposite and fabrication methods 

Host 

Material 

Nano filler Processing Method Property Improved Ref. 

Al CNT Semi solid powder 

processing with 

mechanical alloying 

42.3% improvement in 

hardness of composite 

compared to raw Al 

[14] 

Pure Al 

1100 

Polyurethane 

(PU) 

Warm roll 

bonding(WRB) 

Average peel strength of 

1.307 N/mm was achieved 

[15] 

Al 6061 Silicon 

carbide(SiC) 

An ultrasonic 

spraying technique 

Yield and ultimate flexural 

strength increased by 32% 

and 15% respectively 

[17] 

PP Organic 

modified 

mmt (o-

mmt) 

Chemical process 

were used 

Mechanical ( Young's 

modulus 660 MPa to 1040 

MPa at 5% filler, yield 

strength from 29 to 31 at 2% 

filler) properties were 

improved  

[20] 

Styrene-b-

(ethylene-

co-

butylene)-

b-styrene 

(SEBS) 

f-SWCNT Solvent casting  2.7 times increase in modulus 

and 1.3 times increase in 

breaking stress  

[21] 

PLA Montmorillo

nite (MMT), 

NPCC 

Melt extrusion Strain at break, tensile 

strength and Young's 

Modulus were improved  

[22] 



 

15 

ABS Carbon 

Nanotube,  

CNT 

Mixed then melted 

with mechanical 

stirring and then 

injection molding 

21.3% improvement in sound 

transmission loss and 18.5% 

improvement in stiffness 

[26] 

Polymorp

h 

thermopla

stic 

Carbon 

Black CB 

Solution blending 

method 

No property other than 

conductivity was discussed  

[31] 

PE CNT Dried material  were 

extruded using mini-

twin screw extruder 

at 700C for 10hr 

Slight increase in yield 

strength but decrease in 

ultimate strength and strain. 

Also resistivity, thermal 

properties, strong modulus, 

complex viscosity, loss 

modulus were reported 

[23] 

PP CNT Special pan-milling 

for powder 

preparation than 

melt mixed in twin 

roll masticator 

Mechanical Properties (tensile 

strength unchanged, yield 

strength 21 MPa to 27MPa, 

Young's modulus 837MPa to 

1140MPa, Strain from 716 to 

791) were improved  

[27] 

PA6+ABS pMWCNT/f

MWCNT 

Using twin screw 

micro compounder 

Electrical, rheological 

properties (Strong Modulus, 

complex viscosity etc.) were 

reported  

[24] 

PA+ABS MWCNT Two step extrusion 

using co rotating 

twin extruder 

Mechanical, electrical, 

viscoelastic properties were 

reported  

[25] 

HDPE MWCNT Direct melt mixing Mechanical properties 

(stiffness, peak load, work to 

failure) were improved  

[28] 

PLA Nanohydrox

yapatite 

(HA) 

Dual melt extrusion  Improvement in mechanical 

properties  

[13] 

PLA Graphene/ 

CNT 

Dual melt extrusion  1017 times improvement in 

electrical conductivity 

compared to pure PLA and in 

certain cases improve 

mechanical properties  

[32] 

PLA  NC Casting the solution 

in a rubber tube and 

slicing the tube after 

drying 

Improved electrical properties  [12] 
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CHAPTER 3 

EXPERIMENT  

3.1 Material and processing equipment  

This section describes the materials PLA, NC, CNT and DCM which were used for fabrication of 

nanocomposite filaments using a single extruder. 

3.1.1 Polylactic (PLA) 

The PLA fiber of diameter 1.75 mm used in this study was supplied by MakerBot Corporation, 

USA. The PLA was cut into small pieces by scissors. The filament has a standard and maximum 

tensile strength of 46.76 MPa and 65.71 MPa respectively.  

3.1.2 Nano carbon (NC) 

Mesoporous carbon generally known as Nano Carbon (NC) was purchased from Sigma Aldrich 

Corporation, USA. It had<500 nm particle size and >99.95% trace metals basis with a specific 

surface area of 500 m2/gm and pore density of 0.25cm3/gm. The cost of 5 gm NC was $137 (Sigma 

Aldrich current price as of Dec 31 2016). 

3.1.3 Carbon nanotube (CNT) 

Carbon nanotubes (CNT) Multi walled, in powder form was purchased from Sigma Aldrich 

Corporation, USA. The CNT had specific surface area of 220 m2/gm and density of 2.1gm/ml. It 

was >98% pure with average length and average diameter of 10µm and 12 nm respectively.  
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3.1.4 Dichloromethane solvent (DCM) 

Anhydrous dichloromethane (DCM) obtained from Sigma Aldrich Corporation, USA which was 

used as a solvent for dissolving PLA in it thus forming a viscous solution of PLA-DCM. It was 

>99.8% pure with ≤0.001% water impurities and density of 1.325 g/ml at 25 °C.  

 

3.1.5 Extruder  

A small size single screw extruder ‘Filastruder’ purchased from filastruder Snellville, Georgia was 

used for extrusion. It had a 20.3 cm (8 inch) long 22.2mm (7/8mm) in diameter screw. The Screw 

shaft was coupled to 12V motor by a belt which was connected to a power supply. A stall 

protection board was used to control both current and voltage which also helps to prevent motor 

damage by limiting the available torque.  

 

3.2 Fabrication  

A two-step process was used for composite filament fabrication, the composite was fabricated in 

the first step followed by melt extrusion.  Initially, both solution mixing and direct melt mixing 

were used for composite fabrication, but later only solution mixing was employed due to its 

superior results compared to direct melt mixing. The prepared composites were labeled as 

PLAx%NC and PLAx%CNT, where x is the weight percent of nano additive added in PLA-DCM 

solution (in solution mixing method) or directly in PLA (in direct melt mixing method). This x 

also represents the weight ratio of nano additive to PLA in the composite filament.   
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3.2.1 Nano composite fabrication by direct melt mixing  

Direct melt mixing was used for composite fabrication because of its simplicity. First, the PLA 

was cut into pieces of about 1cm by scissors and then NC/CNT was added into the PLA and mixed 

by tumbling in a plastic zip-lock bag for more uniform dispersion and poured into aluminum 

dishes. Then, it was heated to 180 ̊C on IKA C-MAG HS4 heating plate, a magnetic stirrer was 

used to stir the melted PLA. Since only one dimensional heating was possible on heating plate, 

later the composite was also fabricated by melting in furnace too.  

3.2.2 Nano composite fabrication by solution mixing  

As mentioned before, the solution mixing process was used more often for composite fabrication. 

In this method, measured weight of PLA was added into DCM (1:5 w/v ratio) in an air tight glass 

bottle and heated at 80˚C on IKA C-MAG HS4 heating plate with magnetic stirrer. Once PLA was 

completely dissolved, either NC or CNT at different concentration was added into the solution and 

stirred uniformly for good dispersion. When additive dispersed uniformly, the solution was poured 

into aluminum dishes and kept overnight for drying in a ventilated fume hood. Different 

composites after drying are shown in figure 3.1 and composites in liquid forms before drying are 

shown in figure 3.2  

 

Figure 3.1. Nano composite after drying (a) PLA-NC composite and (b) PLA-CNT composite.  
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Figure 3.2. (a) Composite samples in liquid form before drying, (b) PLA-NC composite after 

drying, (c) PLA-NC composite cut into small pieces, and (d) composite filament extruding from a 

nozzle tip.    

  

 

3.2.3 Melt extrusion  

Melt extrusion of the prepared composite samples was done using the single screw extruder 

‘Filastruder’. The prepared composites were cut into small pieces of 2-3 mm and fed into the 

hopper of the extrusion apparatus. The extrusion was done at 180˚C temperature through an orifice 

of diameter 1.75 mm.  It is known that most commonly used filament materials are of diameter 

1.75mm, which was the reason of selecting this orifice size for the nozzle. After a few experiment, 

it was found that a minimum of 10g of composite was required for complete formation of filament 
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extruded out of the nozzle; and therefore, all extrusions were done with 10gm sample as shown in 

figure 3.3.    

 

 

Figure 3.3. Layout of filament fabrication process of nanocomposite by melt extrusion: mixing of 

PLA with DCM (1:5 w/v ratio) in airtight glass bottle, heated at 80˚C and stirred magnetically. 

Once PLA was completely dissolved in DCM, NC was added, and stirred for uniform dispersion. 

The composite solution was dried in ventilated fume hood, cut into small pieces and fed into 

hopper for extrusion. 

 

3.3 Filament characterization 

The fabricated filaments were tested using standard material characterization techniques including 

electrical conductivity, tensile test, scanning electron microscopy and thermo-mechanical test. 
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3.3.1 Electrical conductivity 

Electrical conductivity of the prepared samples was calculated by indirect method. First, resistance 

between two points was measured using a multimeter (EXTECH MG300 Multimeter) considering 

the distance between the points and the cross sectional area of the fabricated filament. The 

resistivity of the sample was then determined using the standard equation and the conductivity was 

obtained by taking inverse of the resistivity.   

The conductivity of a material can be determined from the following relationship: 

σ =
1

ρ
=

𝑙

𝑅𝐴
    …………………………..…………………..(1) 

where σ is conductivity, ρ  is resistivity, R is resistance, A is cross sectional area and 𝑙 is the length 

of the sample. 

3.3.2 Tensile testing  

The prepared filaments were tested on INSTRON 5969 electromechanical universal testing 

machine to understand filament’s mechanical behavior when an axial load is applied to it. The 

tensile load was applied on the sample and its elongation was recorded using Blue Hill software. 

Several samples of each composite were tested. The data obtained from the testing were used to 

plot load vs. elongation for different filaments. 

The tensile stress, strain and modulus of the filament material can be determined from the 

following relationship: 

 𝜎𝑇 =  
𝐹

𝐴
 =  

4𝐹

𝜋𝐷2 = 𝐸 𝜀     ………… ……..…………………..(2) 
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where  σ𝑇 is tensile stress, F is the applied force, A is cross sectional area and D is diameter, E is 

the modulus of the sample and ε is the strain. Typical stress-strain curves (adapted from [33]) for 

polymer material is shown in figure 3.4. It is clear from these graphs that the maximum stress point 

in stress-strain curve is yield point (except some materials) and corresponding stress is yield stress.   

 

Figure 3.4. Typical stress-strain curves for polymer materials. Adapted from [33]. 

 

3.3.3 Viscosity measurement  

Viscosity of PLA-DCM solution was measured using Brookfield DV2T viscometer (figure 3.5). 

The measured quantity of PLA was completely dissolved in DCM to prepare solution samples. 

Three different samples of 1:5, 1:4 and 1:3 (w/v) ratio of PLA to DCM were prepared and poured 

into 20 ml tubes. The viscosity at different RPM was measured using LV-64 spindle.  
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Figure 3.5. Brookfield viscometer used for viscosity measurement.  

 

3.3.4 Scanning electron microscopy (SEM) 

To understand the dispersion of NC in the polymer matrix, SEM images of the prepared filament 

were taken without any preprocessing of the surface. The SEM imaging was done using Zeiss-

LEO Model 1530 Variable Pressure Field Effect Scanning Electron Microscope at NanoTech 

Institute, at The University of Texas at Dallas (UTD). 

3.3.5 Thermo-mechanical analysis  

Thermo-mechanical properties of the prepared samples were measured using differential scanning 

clorimetry (DSC). TA instrument Q2000 differential scanning calorimeter was used for all 

measurements. Heating-cooling-heating cycle was used for taking DSC measurements and glass 

transition temperature (Tg) was obtained from second heating cycle. 
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CHAPTER 4 

RESULTS  

4.1 Direct melt mixing  

First, direct melt mixing of PLA and NC was attempted on the heating plate. Once heated, PLA 

became soft ‘sticky’ which couldn’t be stirred. When heated to 280C̊ and above, instead of become 

more viscous, the PLA started to burn. Next, as another attempt, PLA-NC mixture was heated in 

a furnace for more uniform heating. Pictures were taken at different temperature while heating 

(figure 4.1), which clearly shows non-uniform dispersion of NC in polymer matrix. 

 

Figure 4.1. Direct melt mixing of PLA-NC (Only photos of the melt mixing in a furnace are 

shown).  
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4.2 Electrical conductivity  

As mentioned before, the conductivity of fabricated filaments was calculated by indirect method. 

Resistance was measured at multiple small sections and converted into conductivity using Eq.1. 

The average value of resistivity and conductivity for different filaments are listed in Table 4.1. The 

resistances measured for all CNT filaments (PLA1%CNT, PLA2%CNT, PLA3%CNT) along with 

lower NC% filament (PLA1%NC, PLA2%NC and PLA6%NC) were found to be infinite, 

suggesting zero conductivity. The resistance dropped drastically when the NC concentration was 

increased from 10% to 15%, suggesting percolation threshold somewhere between 10% and 15%. 

The resistivity and conductivity for higher NC % filaments are plotted in figure 4.2. 

Table 4.1. Average resistivity and conductivity of prepared filaments 

 

Name Resistivity* (ohm-m) Conductivity (S/m) 

PLA1%CNT ∞ 0 

PLA1%CNT ∞ 0 

PLA1%CNT ∞ 0 

PLA1%NC ∞ 0 

PLA1%NC ∞ 0 

PLA2%NC ∞ 0 

PLA6%NC ∞ 0 

PLA10%NC 83.40 ± 22.37 0.01 ± 0.01 

PLA15%NC 0.97 ± 0.39 1.18 ± 0.46 

PLA20%NC 0.28 ± 0.06 3.76 ± 0.84 
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Figure 4.2. Resistivity and conductivity v/s NC% for different filaments. 

 

4.3 Tensile testing 

Several filament samples of each composition (both PLA-NC and PLA-CNT) were tested for 

tensile characteristics. The stress vs. strain graphs were plotted for each filament. To clearly 

understand how the increase in additive affected the mechanical properties of the filament, the 

mean yield strength for each filament vs. additive concentration were also plotted (figure 4.9 and 

figure 4.13).     



 

27 

4.3.1 NC filament  

The stress and the strain plots for different NC% filaments are shown in figure 4.3 to figure 4.8 

which are normalized by area and length as described by equation 2.  It was clearly seen that tensile 

strength was reduced significantly from 60 MPa [20] to ~24 MPa for 1% NC filament. There is a 

small increase in strength when NC was increased from 1% to 2% (~27 MPa for PLA 2%NC 

filament); however, with further increase in NC% (up to 10%), the strength was reduced. The 

strength was minimum for PLA10%NC filament, which was ~17MPa. The strongest filament was 

obtained for 20% NC loading, which reached a tensile strength of ~36MPa. Several small samples 

for each NC% filament were tested. These samples were cut from a long filament due to which, 

the samples had slight different diameters that are in the range of 1.6-1.8 mm and varying in length 

from 26 mm to 37 mm. The average yield strength for different concentration of NC was plotted 

in figure 4.9.   

 

Figure 4.3. Tensile testing result for PLA1%NC filament.  
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Figure 4.4. Tensile testing result for PLA2%NC filament. 

 

 

 

Figure 4.5. Tensile testing result for PLA6%NC filament. 
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Figure 4.6. Tensile testing result for PLA10%NC filament. 

 

 

Figure 4.7. Tensile testing result for PLA15%NC filament. 
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Figure 4.8. Tensile testing result for PLA20%NC filament. 

 

 

Figure 4.9. Tensile stress at yield (yield strength) of PLA-NC filament at various concentration of NC. 
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4.3.2 CNT filament 

The stress vs strain graphs for different CNT% filaments were plotted in similar way of NC 

filaments (Figure 4.10 to figure 4.12). The CNT filament showed similar characteristic to the NC 

filament, their tensile strength also reduced significantly. The PLA1%CNT filament had average 

tensile strength of ~21MPa which reduced by 5MPa when CNT was increased from 1% to 2% and 

it remained almost the same when CNT was further increased to 3%. The average yield strength 

at break for different concentration of CNT is plotted in figure 4.13. To compare tensile properties 

of NC filament with CNT filament, the yield strength for similar concentration of additive is also 

plotted separately in figure 4.14 which clearly indicate superior mechanical property of NC 

filaments compared to CNT filaments.      

 

Figure 4.10. Tensile testing result for PLA1%CNT filament. 
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Figure 4.11. Tensile testing result for PLA2%CNT filament. 

 

 

 
Figure 4.12. Tensile testing result for PLA3%CNT filament. 



 

33 

 

 

Figure 4.13. Tensile stress at yield (yield strength) of PLA-NC filament at various concentration of CNT.  

 

 

Figure 4.14. Comparison of  yield strength at similar concentration of NC and CNT.  
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4.3.3 Statistical analysis  

To differentiate yield strength of filaments, statistical analysis was performed. Three samples for 

each filament were statistically compared with yield strength of other filament by t-test method. 

Each filament was compared with all other filaments. An unpaired t-test was used, assuming 

unequal variance of the filament samples. Matlab function ‘ttest2’ was used for testing null 

hypothesis. The hypothesis test result returned logical value (h) and probability value (p). The h 

value ‘1’ means rejection of null hypothesis, meaning significant difference between mean values 

of samples; while the h value ‘0’ means failure to reject null hypothesis,  meaning no significant 

difference between mean values. The null hypothesis was tested for significance level of 0.15, 

which means the t-test will pass only when p values is smaller than significance level. 

 

T-test results for NC filament are shown in figure 4.15. The null hypothesis failed to reject when 

any sample is tested with itself (diagonal 0 values in the first tables of figure 4.15) and it gave 

probability values of 1(diagonal line in the probability table). When stress values of PLA1%NC 

filament were tested against stress values of PLA15%NC filament, null hypothesis failed with 

probability value of 0.18, which means it might be possible that these samples have the same 

average yield strength value. When stresses of PLA6%NC filament were tested with stresses of 

PLA10%NC, null hypothesis failed with probability values of 0.37. This indicates 37% probability 

of PLA6%NC filament and PLA10%NC filament having same average yield strength. In all other 

cases, t-test failed to reject null hypothesis. 
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The CNT filaments were also tested in similar manner and the results obtained are shown in figure 

4.16. Null hypothesis failed to reject when stresses of PLA2%CNT filament were tested against 

stresses of PLA1%CNT and stresses of PLA3%CNT.  The probability of PLA2%CNT filament 

having the same average yield strength values as PLA1%CNT and PLA3%CNT was 57% and 

44% respectively. The statistical analysis done here was done using three samples for each 

composition.  Therefore, more work should be done to quantify more.  

 

 

Figure 4.15. T-test results for NC filaments.  
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Figure 4.16. T-test results for CNT filaments. 

 

 

4.4 Viscosity  

Viscosity of PLA dissolved in DCM was measured at different rpm. The viscosities of 1:5, 1:4 and 

1:3 ratio of PLA:DCM are presented in figure 4.17, figure 4.18 and figure 4.19 respectively. It was 

clear from these data that as PLA:DCM ratio decreases, the viscosity increases. Reducing DCM 

by 20% (PLA:DCM ratio from 1:5 to 1:4) resulted in ~4.5 times increase in viscosity, further 20% 

reduction in DCM (PLA:DCM ratio from 1:4 to 1:3) increase the viscosity by ~3.5 time. It should 

be noted that absolute values of the viscosity obtained in this work should not be used for 

quantifying the material properties since they were measured using small samples (10-15 ml 

samples) which is not standard and they were subjected to 10-15% error. However, a general trend 

can be summarized from this data which is 1% reduction of DCM resulted in 20% increase in 

viscosity.  
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Figure 4.17. Viscosity for 1:5 ratio of PLA-DCM. 

 

 

 

Figure 4.18. Viscosity for 1:4 ratio of PLA-DCM. 
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Figure 4.19. Viscosity for 1:3 ratio of PLA-DCM. 

 

 

4.5 Scanning electron microscopy 

Figure 4.20(a) and figure 4.20 (b) are SEM images for PLA15%NC and PLA20%NC filament 

sample respectively. Both these images show relatively uniform dispersion of NC in polymer 

matrix. Also, no cluster or coagulation of NC was present in the filaments. Comparing to the 

literature, our SEM images can prove that the dispersion of NC is uniform. Lee et al. [26] used 

direct melt mixing of polymer with CNT for fabrication of nanocomposite which is very similar 

to fabrication method used in this work. However, they used injection molding to form disc shape 

specimen which cause presence of small lumps of CNT in polymer matrix, but in this thesis there 

is no lump observed even at high loading (15% and 20%). Figure 4.21(a) shows SEM image of 

PLA15%NC at low resolution. This image shows presence of pores in the filaments. When the 

composite was extruded, bubble formation was noticed such that a small size bubble was coming 
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out from filament surface. It can be concluded that some amount of DCM was present in the 

composite, even after drying in air for 12 hours and the bubbles formed while DCM was escaping 

from filament surface at the time it was leaving the extruder nozzle. Figure 4.21(b) and figure 

4.21(c) are low resolution SEM images for PLA10%NC and PLA20%NC filament respectively, 

which also confirm presence of pores in the filament. All of SEM images presented here, were 

taken without any preprocessing of the filaments.   

 

Figure 4.20. Magnified SEM images of prepared filaments (a) PLA15%NC and (b) PLA20%NC.  
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Figure 4.21. SEM images of prepared filaments (a) at surface of PLA 15%NC filament (b) at 

surface of PLA 10%NC filament and (c) at surface of PLA20%NC filament.  
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4.6 Differential scanning calorimetry    

The prepared filament samples were tested using heating-cooling-heating cycle to get transition 

temperatures. Heat flow vs. temperature graph for the first and the second heating cycle is shown 

in figure 4.22 and figure 4.23, respectively. As the percentage of NC increases, the heat flow 

increases and the curve moves upwards. Since the filament needs to be heated above it glass 

transition temperature (Tg) then cooled to room temperature after printing. Tg is the most vital 

parameter for any FDM filament.  Tg for the composite filament should be the same (or near to) 

base material so that it can be used in place of the base filament directly without any change in 

setting of printer. Another important aspect for FDM filament is melting temperature (Tm). The 

melting temperature should not be changing with addition of filler.  It is to be noted that the melting 

temperature of nanocarbon (approximately 3500˚C) is much higher than PLA and since filler 

content is small, it should not affect the melting temperature. All transition temperatures obtained 

after analyzing DSC plots are summarized in Table 4.2. 

 

Table 4.2. Glass transition temperature and melting temperature obtained from DSC data 

 

S No Sample Name Tm Tg 

1 PLA 155.2 59.35 

2 PLA1NC 155.38 59.4 

3 PLA10NC 155.39 61.92 

4 PLA15NC 155.39 59.35 

5 PLA20NC 155.61 62.17 
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Figure 4.22. DSC curves for different samples during the first heating cycle. 

 

 

 

Figure 4.23. DSC curves for different samples during the second heating cycle. 
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4.7 Composite heating  

As previously mentioned and confirmed by SEM images, some amount of DCM was present in 

composite even after drying in air for 12 hr. When leaving the extruder nozzle while extruding 

filament, this DCM resulted in bubble formation. To explore this, 3 samples of PLA1%NC 

composite were heated to 200C̊ in furnace (figure 4.24) and the change in weight was recorded 

and summarized in table 4.3. Later, this composite was used for filament fabrication (this filament 

is named as PLA1%NC-200H) and tested to understand its mechanical behavior. Normalized 

stress vs strain plot for PLA1%NC-200H filament is shown in figure 4.25. Two samples of 

PLA1%NC-200H filament were tested and the average yield strength at break was found ~23MPa 

which is similar to PLA1%NC filament (~24MPa) (figure 4.26). It is clear from this that some 

amount of DCM was present in composite after drying but this residual DCM doesn’t affect yield 

strength of filament significantly.  

 

Table 4.3 Change in weight for PLA1%NC composite  

 

No Weight before heating Weight after heating % change in weight 

1 3.737 3.346 10.4% 

2 3.619 3.254 10.0% 

3 3.645 3.343 8.25% 
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Figure 4.24. PLA1%NC composite samples before and after heating in furnace at 200˚C. 

 

 

 

Figure 4.25. Tensile testing result for PLA1%NC-200H filament, heated to evaporate DCM. 
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Figure 4.26. Comparison of yield strength of PLA1%NC and PLA1%NC-200H filament.  
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CHAPTER 5 

DISCUSSION  

5.1 Conductivity comparison 

Since only high NC% filaments were found conductive, their properties were compared with both 

commercial and academic counterparts, and the following section elaborates this aspect.  

5.1.1 Commercial filaments  

From the results presented in the previous section, it is very clear that the high NC% filaments had 

very good conductivity while the lower NC % filaments had almost zero conductivity. The average 

unit length resistance for PLA20%NC filament was 1.28±0.27×105 Ω/m, equivalent to resistivity 

of 0.278±0.065 Ω-m and conductivity of 3.76±0.84 S/m, which is comparable to the electrical 

properties of salt water. There are few conductive filaments available commercially,  for example,  

composite PLA-electrically conductive graphite [34] has resistivity of 1.15 Ω-m, which is almost 

4 times higher than the resistivity obtained in this thesis. However, the advantage of NC is the 

option to use much higher filler percentage. Another commercial ABS based conductive filament 

is the one supplied by Maker-geeks [35], which has  per unit resistance of 106 Ω/m compared to 

our filament which has an average unit length resistance of 1.3 x105 Ω/m which is almost 10 times 

less  than theirs. Recently, a company, Graphene 3D Lab Inc.[36] announced a conductive 

graphene filament having volume resistivity of 6×10-3 Ω-m, which is about 100 times less than the 

resistivity reported in this thesis. Apart from the high cost of graphene used in their filament, no 

data related to mechanical properties of filament was available for this filament. Apart from this, 

they gave no information regarding the graphene percentage used as filler. Another MWCNT 
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based liquid nanocomposite was reported in a technical paper of Sigma Aldrich Corporation [37], 

which showed a very high conductivity of 1200 S/m for 20% loading for MWCNT, which is much 

higher compared to conductivity obtained in this thesis. They also reported the 40 MPa mechanical 

strength of the material.  Again, the MWCNT costs a lot compared to NC and their nanocomposite 

can only be used in solvent-cast 3D printing, which is much more complex and less common 

compared to FDM printing. 

5.1.2 Filaments in research  

Several researchers reported conductive nanocomposites. Sun et al. [29] reported ABS composite 

having log resistivity value of 4.5 Ω-cm equivalent to resistivity value of 316.22 Ω-m, which is  

1,000 time higher than resistivity found in here. Meincke et al.[25] presented two polymide-6(PA) 

based composite with carbon nanotube and carbon black filler. They reported resistivity value of 

0.1 Ω-m for 16%wt filler of carbon nanotube. They also reported resistivity of 1 Ω-m for 20%wt 

filler of carbon black. The resistivity mentioned in this thesis at 20%wt is 4 times better than carbon 

black composite while almost half for carbon nanotube composite. Bose et al. [24] reported 

conductivity of 10-2 S/cm at 5% filler loading of carbon nanotube in polymide-6(PA) this value is 

100 times less than ours. McNally et al.[23]  described resistivity value of 1000 Ω-m at 5wt% 

loading of MWCNT in PE. This resistivity value is 103 higher than reported here. Breuer et al. 

[19] showed several carbon nanotube polymer composites. They reported resistivity values that 

have similar or better than all composites, except the one that had a resistivity of 10-1-100 ohm-cm. 

This particular composite was fabricated by expensive and complex powder technology method. 
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5.2 DSC comparison  

DSC measurement showed that pure PLA has Tg and Tm value of 59.35˚C and 155.2˚C 

respectively. While PLA1%NC, PLA10%NC, PLA15%NC and PLA20%NC have Tg value as 

59.4˚C, 61.92˚C, 59.35˚C and 62.17˚C respectively. Tm values for PLA1%NC, PLA10%NC, 

PLA15%NC and PLA20%NC were 155.38˚C, 155.39˚C, 155.39˚C and 155.61˚C, respectively. Tg 

for all samples were within 2˚C range of pure PLA. The results clearly show that Tg was not 

changing too much with increase in filler content which is similar as found in literature[13, 32]. 

From presented data, it is clear that Tg and Tm didn’t change considerably with increase in filler 

content. This fact is very important for using this filament in commercial FDM printers and with 

same printing parameter as PLA. 

5.3 Tensile results comparison     

Tensile testing of the prepared filaments showed significant drop in the strength compared to pure 

PLA (yield strength of 60 MPa). This drop is because as PLA dissolved in DCM, the polymer links 

were broken causing loss of strength. At lower NC composition, the strength is slightly higher than 

middle range loading. At high loading of NC (more than 10%), the strength increases with increase 

in NC%. The strength for CNT filaments were also dropped significantly (~21 MPa for 

PLA1%CNT filament) compared to pure PLA. Yu et al.[32] also reported drop in yield strength 

for PLA-CNT filament. They fabricated CNT filament by dual extrusion and reported ~45MPa 

yield strength for PLA4%CNT filament, which is higher than the best strength obtained here (~35 

MPa for PLA20%NC filament). However flexibility (figure 5.1) and strength at 20%NC filler 

loading is enough to print electrical wiring routes and can be used to 3D print wiring lines in 3D 
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printed robots as described at the beginning. Some portion of the filament had non-uniform cross 

section area. The non-uniformity in cross section was due to absence of proper winding while 

extruding the filament. If a winder is employed with the extruder, more uniform cross section area 

of filament can be fabricated. 

 

 

  

Figure 5.1. Flexibility of filament displayed by bending it in both directions.  
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CHAPTER 6 

CONCLUSION 

A brief review of nanofiller materials in thermoplastics and other host materials was made in this 

thesis along with the unique characteristics obtained. Composite filaments consisting of nano 

additive, carbon nanopowder (NC) and carbon nanotube (CNT) in polylactide (PLA) matrix that 

ranges from 1% to 20%NC and 1 to 3%CNT were successfully fabricated using melt extrusion. 

The advantage of melt extrusion is that it can be used for long filament fabrication and mass 

manufacturing. Mechanical, electrical and thermomechanical properties of the composite 

filaments were determined and a conductivity of 3.76 ± 0.84 S/m and a mechanical strength of ~36 

MPa at 20% loading of NC were obtained. The glass transition temperature was not affected 

significantly as the NC% is increased and the SEM images showed that relatively uniform 

dispersion of the NC in polymer matrix.  This conductive filament can be a promising solution for 

3D printing of wire lining in robots, orthotics, and prosthetics using commercial FDM printers. 

Further research should be done to print prototypes and determine the characteristics of the 

structures and the efficacy of the approach.   
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