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ABSTRACT 

Given the rise in the emergence of new composite materials, their multifunctional 

properties, and possible applications in simple and complex structural components, there 

has been a need to unravel the characterization of these materials. The possibility of 

printing these conductive composite materials has opened a new area in the design of 

structural components which can conduct, transmit, and modulate electric signals with no 

limitation from complex geometry. Although several works have researched the behaviour 

of polymeric composites due to the immediate growth, however, the electrothermal 

behaviour of the material when subjected to varying AC applied voltage (Joule’s effect) 

has not been thoroughly researched. 

This study presents the characterization of the electrothermal behaviour of conductive 

composites of a polylactic acid matrix reinforced with conductive carbon black particles 

(CB-PLA). An understanding of this behaviour would contribute to the improved work in 

additive manufacturing of functional electro-mechanical conductive materials/structures 

with potential application in energy systems, bioelectronics, etc. 

In this study, the electrothermal interplay is monitored under applied AC voltage, varying 

lengths, and filaments printing orientations (longitudinal, oblique, and transverse). Each 

sample was printed using the fused deposition modelling (FDM) technique such that each 

specimen has three different lengths. This makes a total of 9 samples - transverse, 

longitudinal, and oblique each with lengths 1L, 2L, and 2.75L. To this end, deductions 

were made on properties that affect composite material’s efficiency and life expectancy in 

conductive structural components.  

The result of this study shows a great influence of printing orientation on material 

properties of 3D printed conductive composites of CB-PLA. The result also identifies the 

drastic contribution of AC applied voltage to composites' stabilization time. This 

knowledge is important to provide experimental background for components' 

electrothermal interplay and estimate possible degradation and operating limits of 

composite structures when used in applications. 

Keywords: Multifunctional, additive manufacturing, printing orientations, polylactic acid, carbon black. 
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CHAPTER 1 

INTRODUCTION 

 

1.1   Background 

Until the 1950s, traditional composites manufacturing processes were employed. This 

approach requires labour for assembling; it’s time-consuming and capital intensive [1]. 

However, over the years, the non-traditional manufacturing process has revolutionized the 

field, replacing the traditional manufacturing techniques [2]. Due to the advent of 

technology, non-traditional manufacturing techniques have evolved into 3D 

printing/additive manufacturing techniques. This has created opportunities for the 

customization of several structural composites components in the new generation industry. 

In this regard, new materials are emerging to provide diverse functionalities while 

maintaining some structural functions. Another limitation of the traditional manufacturing 

technique was the manufacturing of composites with complex geometries and 

heterogenous electro-mechanical properties. 3D printing techniques have overcome this 

challenge. Several techniques can also be used to manufacture these complex composites, 

and a typical example is Aerosol Jet printing[3].  

In recent times, there has been a necessity for an in-depth background study of the emerging 

multifunctional materials. These materials are proposed to find applications in biosensors, 

energy storage systems, and wearable electronics. A typical example is the conductive 

polymeric composites [CPCs] which could find application in systems where electrical 

current flow is required in mechanical components. This material is a great substitute for 

conventional conductive material. 

1.2   Problem Statement 

In manufacturing conductive structural components, one limitation has been the material’s 

strength while subjected to very high electrical, thermal and mechanical stresses. However, 

conductive thermoplastic exhibits a property that makes it one of the best solutions to this 

challenge. Conductive thermoplastic of polylactic acid filled with conductive carbon black 
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particles is made up of thermoplastic matrix (PLA matrix) reinforced with carbon black to 

create a conductive path within them. 

In addition, fused deposition modelling (FDM) is an effective technique used to 

manufacture these thermoplastics. Although these printed composites have a lot of 

advantages, there are several complexities associated with the manufacturing process and 

microstructural compositions. A typical example is characterizing materials’ conductivity. 

From percolation theory, it has been hypothesized that materials conductivity depends on 

the shape, size of conductive particles, fillers aspect ratio, and dispersion of fillers within 

the matrix. Percolation theory accounts for the creation and destruction of conductive 

pathways. 

Recent works of literature have examined the multifunctional responses of 3D printed 

conductive polymeric composites, focusing on the electro-mechanical behavior of these 

materials when utilized as strain sensors, force sensors, or flex sensors, getting the variation 

in resistivity as they get deformed or degraded. Graphene/PLA honeycomb structure [4], 

carbon fiber-epoxy [5] composites, polyvinyl [6] acetate with graphite adhesive, and other 

composites have been considered in similar works. The thermo-electrical behaviour of the 

above-listed composites was researched; however, the stress type introduced was not 

induced by applied AC voltage (indirect heating). These works subjected the filaments to 

direct heating through the thermal chamber.  Also, most of these works didn’t present a 

specific analysis of the relationship between the evolution of resistance with temperature 

and thermal stability between voltage-power steps, nor was the stability criterion properly 

defined. 

 

1.3   Aim and Objectives 

This work aims to study the electrothermal behaviour of 3D printed conductive PLA 

composites reinforced with conductive carbon black particles when subjected to applied 

AC voltage. 

Objectives 

1. To unravel the composite's response when subjected to low and high AC voltage. 
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2. To evaluate the contribution of three printing orientations (transverse, longitudinal, 

and oblique) to composites' electrothermal behaviour. 

3. To evaluate the contribution of geometry (length) to the electrothermal behaviour. 

This will give information about linearity in the sample’s behaviour. 

4. To provide experimental background for components electrothermal interplay and 

estimate possible degradation and operating limits of composite structures when 

used in applications. 

 

1.4   Significance of Study 

A major gap in previous works is the analysis of the electrothermal response over time. An 

understanding of this interplay would help to unravel materials behaviour and predict 

mechanical aging when subjected to continuously applied AC voltage. 

Working on this project is an opportunity to acquire knowledge in material science and its 

interdisciplinary relationship with energy engineering. Beyond these gains for the student, 

the project intends to contribute to an improved work in additive manufacturing in 

functional electro-mechanical materials/structures with potential application in energy 

systems, bioelectronics, etc. 

 

1.5   Scope of Study 

This study will research and analyze the electrothermal properties of 3D CB-PLA 

conductive composite materials with three printing orientations. The sample lengths and 

imposed AC applied voltage would be varied to unravel the electrothermal interplay. An 

in-depth study of the material’s behavior when exposed to high AC electrical potential is 

important to make progress in the field of multifunctional conductive structures 

The results of this work will contribute to ongoing research in composites material 

structures, giving experimental background for the degradation of devices and exploring 

their future applications and operating limits. 
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CHAPTER 2 

STATE OF THE ART 

 

2.1   Manufacturing Techniques 

Manufacturing is fundamental for the generation of wealth, industrialization, and 

developments in the quality of life [7]. Manufacturing complexities involve - system 

design, organization, technological logistics, operational planning, and control. 

Manufacturing techniques could be classified as traditional manufacturing processes and 

non-traditional manufacturing processes. The traditional processes had been in existence 

before 1950, while the non-traditional process has been implemented since the 1950s [7]. 

2.1.1   Traditional Manufacturing Process 

This is a conventional way of manufacturing composites. It involves manufacturing each 

part of a composite material separately - removing material from larger stock before 

assembling to form the desired shape. This approach is expensive, requires labor for 

assembling [1], and involves complex supply chains resulting in high cyclic times and long 

production runs [8], [9]. The manufacturing process is one of the primary factors limiting 

the development of novel smart components. Traditional casting and extruding procedures 

[10] have several constraints when it comes to complex shapes and heterogeneous electro-

thermal-mechanical properties. These are addressed by introducing additive manufacturing 

or 3D printing techniques [2]. A schematic view of traditional manufacturing is shown in 

Figure 1. 

 

 

 

 

 

Fig. 2.1. Scheme of the traditional manufacturing process of composites material [11]. 
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2.1.2   Non-Traditional (Additive) Manufacturing Process 

The additive manufacturing (AM) process, also known as the three-dimensional (3D) 

printing technique, has transformed the industry, substituting traditional manufacturing 

methods [2]. AM, as defined by the ASTM society, is a layer-by-layer method of 

combining or adding materials together with the goal of creating composite material/object 

from 3D model data [7]. Decentralization is arguably the most significant distinction 

between additive and traditional production. Additive manufacturing can be done locally 

rather than in huge, centralized companies with 3D printing equipment. As a result, 

manufacturers can lower production costs, shorten their supply chains, and create complex 

geometries [1]. Amongst the possibilities presented due to the printing advancements in 

the last decades include applications in bioelectronics, robotics, automobiles, medical 

implants, and wearable devices based on conductive polymers [2]. Srivatsan and Sudarshan 

[7] discussed additive manufacturing of materials, viable techniques, advantages, and 

applications.  

 

 

 

 

 

 

Fig. 2.2. Scheme of the additive manufacturing process of composites material [11]. 

Although additive manufacturing techniques have enabled design versatility, coupled with 

providing ways to customize structural components [2], the present challenge is optimizing 

structural functions and manufacturing new materials with interplayed multifunctional 

properties. Several works have investigated the properties of polymeric composites [2] and 

their accompanying fillers, with few considerations of the electro-thermal-mechanical 

behavioral interplay. Motivated by previous works, this study takes advantage of existing 

research works and focuses on the electrothermal behavior and properties of 3D printed 
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polymeric composites of polylactic acid (PLA) filled with carbon black conductive 

particles supplied with AC voltage. The use of conductive particles within the polymer 

matrix enables programmable control of the multifunctional properties (electro-thermal-

mechanical response) [2]. The findings of this study will contribute to improving additive 

manufacturing in functional electro-thermal components [2] and progress in the potential 

usage of the 3D printed conductive polymers. These multifunctional conductive polymers 

are a great substitute for conventional conductive materials - for applications in flexible 

electronics [12], energy harvesters, soft robotics, biosensors [8], composite sensors, 

electrical circuits [9], thermoelectric elements, and 3D electrodes [13][14][15][16][17], 

smart biomaterial, healthcare, and biomedical devices [15-18]. 

2.2   Polylactic acid (PLA) filled with Carbon Black (CB) Particles 

Recent works have researched the characterization of polymeric composites. Kim et al. [4] 

analyzed the characterization of electrical heating of Graphene (GR)/PLA honeycomb 

structure composite manufactured by conveyor fused deposition modelling (CFDM) 3D 

printer. Three types of filaments were analyzed for 3D printing – PLA, CB/PLA, and 

GR/PLA. Results of the thermal analysis show that they all presented different thermal 

peaks, with the thermal peak in CB/PLA being the highest. Tm (melting temperature) 

increased in CB-PLA and GR/PLA as they showed more crystalline regions; the former 

shows a larger crystalline region due to the nucleation effect of carbon fillers. The thermal 

peaks demonstrated during heating include Tg (glass transition temperature), Tcc (cold 

crystallization temperature), and Tm (melting temperature). 

Tcc (cold crystallization temperature) - Temperature at cold crystallization and the 

crystalline phase transition region from crystal induced when CB and GR are added to 

PLA. 

Tm (melting temperature) - Temperature during melting of a large portion of crystals in 

composites. These portions are formed due to the nucleation effect of carbon nanofillers. 

Tg (glass transition temperature) - The temperature at the region where the polymeric 

chain of the composites presents high mobility translating into a large increase in the 

resistance to temperature ratio (resulting in a steeper slope). 
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TABLE 2.1. THERMAL PROPERTIES OF 3D PRINTED HONEYCOMB SAMPLES [4]. 

 

In addition, Kim et al. [4] applied a constant DC voltage to the samples and compared the 

surface resistance and temperature of these samples, which were both in the machine 

direction (direction aligning with the forward direction of the composite during printing) 

and cross direction (direction which is perpendicular to the machine direction). 

Fig. 2.3 shows the plot of the electrical heating temperature of carbon black against applied 

DC voltage. The temperature evolution of the sample in machine direction (MD) is higher 

than that of the sample in cross direction (CD). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3. Comparing the heating temperature of 3D printed honeycomb samples [4]. 

 

Temperature Material 

 PLA CB-PLA GR-PLA 

Tg (°C) 59.3 61.9 44.2 

Tcc (°C) 99.6 98.2 70.3 

Tm (°C) 156.7 166.2 163.8 
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The surface resistance in the machine direction is higher than that in the cross direction, as 

shown in table 2.2. below. 

 

TABLE 2.2. SURFACE RESISTANCE OF 3D PRINTED HONEYCOMB SAMPLES [4]. 

 

PLA (polylactic acid) material is a thermoplastic aliphatic polyester produced by direct 

condensation polymerization of lactic acid or by ring-opening polymerization of lactide 

[18]. PLA is derived from biodegradable and renewable resources; the degradation 

products are non-pollutant and non-toxic. PLA has attracted great interest from industries, 

research, and 3D printing using FDM, which is related to availability and some 

characteristics that are lacking in other polymers, such as renewability, biocompatibility, 

processability, and energy-saving [19]. 

Although PLA presents lots of prospects, its use has some shortcomings - poor chemical 

modifiability (absence of readily reactive side-chain groups), mechanical ductility [20], 

and cost [21]. Some approaches are employed to alleviate these challenges - blending PLA 

with other polymers[22]–[29], functionalization [30]–[34], and addition of nanofillers [35], 

[36]. The introduction of nano fillers is an interesting approach since, with little quantity 

of fillers, it is possible to optimize the desired features without altering PLA’s main 

properties. Amongst the commonly used nanofillers are Nano-clays [37]–[45], Nano-

silicas [35], [46], [47], and Carbon nano-based materials [36], [48]–[53]. 

 

According to Ladani et al. [54], carbon nanomaterials have different electrical properties 

depending on their printing orientation. Carbon black is one of the most used nanomaterials 

as polymer fillers and rubber reinforcement due to its high surface-to-volume ratio and 

versatility [2]. A study by Kim et al. [4] states that carbon black has a good thermal property 

upon characterization of carbon materials using Raman spectra. Carbon black particles are 

produced by partial combustion and pyrolysis of low-value oil residues at high 

Direction Resistance (Ω/sq) 

 PLA CB-PLA GR-PLA 

Cross Direction >1013 299.0 ± 14.6 118.0 ± 15.9 

Machine Direction >1013 371.7 ± 50.3 129.8 ± 37.8 
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temperatures under regulated process conditions. This material has good conductive 

characteristics. The central physical and chemical properties of CB include particle size, 

porosity, structure, and surface chemistry. These properties are distributional in nature, and 

this distribution affects performance. In line with the above, because of these 

characteristics, CB particles combine well when used as fillers in a polymeric matrix, 

forming conductive pathways within the composite [5], [55]. 

 

This study takes advantage of existing works [2], [4], using the commercial polylactic acid 

reinforced with carbon black to make the fused deposition modelling (FDM) 3D printed 

composites material whose electro-thermal behavior would be investigated: 

• The polymeric matrix of PLA 4043D. 

• 53% of CB by mass. 

• CB Volume: 26.5% and median particle size by volume of 224 μm [55]. 

In addition, the polymeric filaments with carbon black (CB/PLA) as filler is cheap and 

easily available. 

 

2.3   Multifunctional Characterization Tests: 

 

As described earlier, the conductive polymeric composite material to be studied provides 

multiple electrical properties; this makes it a solution in the design of structural components 

which finds applications in diverse industries (automobile, electrical, etc.). Due to the 

advent of 3D printing technologies, recent works of literature have examined the 

multifunctional responses of 3D printed conductive polymeric composites, focusing on the 

electro-mechanical behavior of these materials when utilized as strain sensors, force 

sensors, or flex sensors, getting the variation in resistivity as they degrade. Graphene/PLA 

honeycomb structure [4], carbon fiber-epoxy [5] composites, polyvinyl [6] acetate with 

graphite adhesive, and other composites have been considered in similar publications. 

However, most of these works didn’t present a specific analysis of the relationship between 

the evolution of resistance with temperature, thermal stability between voltage-power 

steps, nor the stability criterion was defined.  
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It is well known that current flow through a conductive material leads to a heating process 

governed by the Joule Effect [2]. Joule heating occurs when voltage is applied to a material; 

current flows through the conductive material, and it gets heated due to an increase in its 

internal energy. This thermal response due to the Joule effect affects the electrical and 

mechanical behavior of the conductive polymeric composites (CPCs), and this results in 

the thermo-electro-mechanical interplay. If the electrical heating process is created by a 

constant voltage level, the relationship between dissipated heat and voltage is given thus: 

                               𝑄𝑑𝑖𝑠𝑠𝑖𝑝 = ∫
𝑉2

𝑅
 𝑑𝑡

𝑡

0
                                       (2.1)       

                                             

                          

M. Kim et al. [5] performed the resistive heating test and showed the resistive heating 

increased proportionately with respect to the applied constant voltage in composite samples 

with different carbon fibers (CFs) concentrations (1, 3, 5 weight wt.%). This is shown in 

Fig. 2.4. 

Fig. 2.4. Effect of applied voltage on heating characteristics of composites with different carbon fiber 

concentrations [5]. 

V = Applied voltage 

R = Electric Resistance 

𝑄𝑑𝑖𝑠𝑠𝑖𝑝 = Dissipated Heat 



11 

 

I.Tirado-Garcia et al. [2] investigated the interplays of mechanical, electrical, and thermal 

effects on 3D printed polymeric composites of polylactic acid (PLA) filled with carbon 

black (CB) conductive particles and conducted mechanical characterization of PLA 4043D 

and CB-PLA specimens printed in longitudinal filaments orientation. Also, some works 

such as [4]–[6], [28], [56] have investigated the multifunctional characterization of 

conductive polymeric composites. 

The multifunctional characterization includes: 

1. Thermo-electrical test 

2. Mechano-electrical test 

3. Electro-thermal test 

2.3.1   Thermo-electrical test 

The goal of this test is to analyze the influence of temperature on the resistance of the 3D 

printed conductive polymeric composites (CPCs). A study by [2] monitored the evolution 

of the DC resistance with respect to the temperature field. In this work by [2], sample 

lengths were fixed; however, the filament orientations were changed to have three samples 

of the same length but different printing orientations - longitudinal (0°), transverse (90°), 

and oblique (± 45°). 

The 3D printed CB‐PLA samples were subjected to heat inside a thermal chamber till the 

desired temperature value was reached. The temperature was monitored using the 

chamber’s thermocouple and by another thermocouple positioned close to the samples to 

maintain homogeneous conditions within the chamber. Three conventional ohmmeters 

were then used to measure the DC resistance of the three samples. Since these measuring 

devices use quite low voltage levels, heating in this experiment comes from external 

sources and not from Joule’s effect. It was observed that the longitudinal sample presents 

a lower resistance value, with oblique being intermediate and transverse with a high 

resistance value. The experimental setup for the thermo-electric test by [2] is presented in 

Fig. 2.5. 

 



12 

 

 

Fig. 2.5. Experimental setup for thermo-electric test on 3D printed conductive samples [2]. 

 

2.3.2   Mechano-electrical test 

This test involves the analysis of the effect of mechanical deformation on the samples’ 

electrical resistance. It was hypothesized that the deformation of the composites would 

produce the formation of new conductive electric paths. Furthermore, to evaluate the 

mechano-electric coupling, the longitudinal samples are better for the experiment as they 

provide the best thermo-electrical response due to their homogeneity. Fig. 2.6. depicts the 

setup used to track the progression of stress and electrical resistance as a function of 

mechanical (structural) deformation [2]. 

Fig. 2.6. Experimental setup to investigate the influence of mechanical deformation on the resistance of 3D 

printed conductive samples [2]. 
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2.3.3   Electro-thermal test 

Amongst the few works of literature that have investigated the electrothermal interplays of 

polymeric composites made from thermoplastic materials filled with conductive particles 

(filler), polymers such as High-density poly ethylene (HDPE) [6], [57], [58], 

Polyvinylidene fluoride or polyvinylidene difluoride (PVDF) [6], [59], polypropylene 

(PP), epoxy [60], and nylon, have been filled with Carbon Black (CB) [56], [61], [62] 

carbon fiber [59], graphene [11], Multiwall Carbon Nanotube (MCNT) [63].  

However, direct heating (by heating element) has been used to study this relationship [56], 

but only a few articles have introduced indirect heating (from the Joule Heating Effect or 

Hall Effect tests [11]) to study the variation of temperature with electrical resistivity or vice 

versa. As earlier described, the Joule heating effect leads to the generation of temperature 

when current flows through a conductive material. In addition, when the electrical field is 

high enough, the generated heat can experience a rise in temperature above the glass 

transition temperature (Tg), which can lead to changes in the electrical behaviour of the 

sample.  Thus, it is important to study the conductivity of the composite and analyze the 

electrical behavior due to the creation or destruction of conductive paths [2]. 

During the electro-thermal test, heat is supplied indirectly to the composite via current flow 

in the conductive composite. A constant voltage is applied to the composite samples, and 

the temperature evolution is monitored using the infrared camera (IR). Two output 

variables can be obtained with this camera and certain analytical software; these are the 

maximum temperature (Tmax) at the surface of the sample at an instant time and the 

average temperature (Tavg), which represents the average of the temperature distribution 

along the sample’s surface at an instant time. I. Tirado Garcia et al. [2] earlier carried out 

this test using the DC voltage source on the printed conductive specimen and discussed the 

potential inhomogeneities in samples’ temperature distribution. Once the stabilization 

criteria are met with reference to the Tmax and current value between two instant times, 

the voltage level is raised to study the effect of increasing the generated heat in the sample. 

This criterion is an important experimental condition that will be further explained in a 

subsequent chapter. 



14 

 

This research will focus on the electro-thermal properties of 3D printed CB-PLA 

conductive composites. An in-depth understanding of the electro-thermal response with 

respect to time would help to unravel the electro-thermal behaviour of materials when the 

composite is used in conductive structural devices and exposed to continuous electric 

conduction. Furthermore, this work will take advantage of existing works and explore 

electro-thermal experimental conditions. 

 

2.4   Electrothermal Experimental Conditions 

To establish a complete electric and thermal response [2] of the composite material over 

time, two magnitudes are measured: the average temperature (Tavg) and the resistance of 

the specimen. In doing this, composites’ geometrical features and other listed experimental 

conditions are needed for better characterization analysis. 

I. 3D (dimensional) characteristics:  

a. Printing Orientation. 

b. Dimension’s selection - sample’s length variation. 

II. Resistance and resistivity variation. 

III. Joule heating. 

IV. Stability Criteria 

 

2.4.1   3D Characteristics and Microstructural Arrangement of Carbon Black 

Voids are major defects that affect the conductivity of composite structures. Voids are 

pores in a composite material. These pores are unfilled with polymer or fiber [64]. Voids 

are the results of a poor manufacturing process; for this reason, the manufacturing process 

and printing of composites are given appropriate consideration. A reduction of voids 

increases conductivity irrespective of the printing orientation. These two parameters: 

printing orientation and length, are key in voids’ distribution and quantity. The 

microstructure arrangement of carbon black within the polymeric matrix defines the nature 

of the conductive behavior of 3D printed conductive composites (CB-PLA). In this regard, 

conductive paths are defined by the formation of conductive paths between filaments 
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(sintering process) and placement of the carbon black in the filaments either at filament 

level or inter-filaments level. This property is due to the dielectric characteristic of the 

polymeric matrix. In addition, the formation of these conductive paths guarantees the 

suitability of the conductive composites and the influence of printing orientation. The 

microstructure of the 3D printed CB-PLA is shown in Fig. 2.7 below. 

 

Fig. 2.7. Microstructure of the 3D printed CB-PLA with the conductive path [2]. 

 

This present work would have similar analyses for the same sample type accounting for 

three printing orientations as mentioned earlier, nonetheless, with varying sample lengths. 

The printing orientation would help to monitor the temperature evolution with respect to 

the printing. In addition, homogeneity/heterogeneity of each sample type and varying the 

sample length give better insight into the interplay of the composite’s response. 

 

2.4.2   Resistance and resistivity variation 

Electrical resistance is defined as a measure of the opposition to the flow of current in an 

electric circuit [65]. When a potential difference is applied across a conductor, current 

flows, and as a consequence, there exists high electrons’ mobility. These free electrons 

collide with the fixed atoms, which form the static molecular structure of the conductor. 

As the collision continues, the rate of flow of electrons is inhibited. This restriction is the 

opposition called ‘resistance of a conducting material.’ 

Mathematically, it could be expressed as  

                                                        𝑅 =  𝜌
𝐿

𝐴
                                                                  (2.2) 
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Where: 

  

 

 

According to equation (2.2), besides the relative displacements of the conductive particles, 

it is expected that a change in the specimen’s length/cross-section area would contribute to 

a change in the specimen’s electrical resistance. [2] confirmed that the resistance in oblique 

and transverse specimens is subjected to the dispersion of conductive particles’ aggregates 

and the sintering process which occurs during the formation of other conductive paths 

between filaments (i.e., inter-filaments conductive paths). A constant voltage of 30 volts is 

applied to the specimens; the result of this work showed that specimen with low resistance 

has higher temperature at an instant time, which agrees with the increase in heat generated 

(see equation (2.1). Fig 2.8. shows the temperature evolution at 30 volts (constant applied 

voltage); the figure shows the longitudinal sample having the highest temperature value, 

transverse with a low value, and oblique being intermediate. 

 

 

 

 

 

 

 

 

 

Fig. 2.8. Temperature against time showing the temperature evolution in three samples of 3D printed CB-

PLA [2]. 

R = Resistance of the conductive material measured in Ohms 

L = Length of the conductive material 

A = Cross sectional area of the conductive material 

𝜌 = Resistivity of the material 
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Figure 2.9 compares the samples’ measured DC resistance values at 30 volts (constant 

applied voltage) with applied temperature values. The longitudinal sample shows lower 

resistance, followed by oblique and transverse specimens [2]. 

 

 

 

 

 

 

 

 

 

Fig. 2.9. Resistance against temperature cure showing the evolution in three samples of 3D printed CB-

PLA [2]. 

Results of Fig. 2.8 and 2.9 were consistent with the consequence of Joule’s effect in section 

2.3. This study takes advantage of ohm’s law [65] (the current flowing between two points 

in a conductor is directly proportional to the voltage to resistance ratio across the 

conductor) to compute the current flow through each sample mathematically, having 

obtained the DC resistance value using ohmmeter, as shown in equation (2.4) 

 

                                                            𝐼 = 𝑉
𝑅⁄                                                               (2.4) 

Where: 

 

 

R = Resistance of the conductive material measured in Ohms 

V = Applied voltage across the conductive material 

I = Current flowing through the conductive material at specific period 
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Kim et al. [4] also investigated the electrical heating performance of Carbon black/PLA 

and graphene/PLA honeycomb based on the surface temperature at various applied 

constant voltages (DC). The resistance R of the sample was obtained using a multimeter, 

and the calculate the surface resistance, two parallel electrodes were connected to each end 

of the sample. The surface resistance (𝑅𝑠) was thus calculated afterwards as shown in 

equation 2.5. 

 

                                                   𝑅𝑠 =  
𝑊

𝐷
 × 𝑅                                                                (2.5) 

 

 

 

 

 

 

2.4.3   Joule Heating 

As earlier described in section 2.3, Joule heating occurs when voltage is applied to a 

material; current flows through the conductive material, causing heat. This phenomenon is 

represented by equation 2.1.  

M. Kim et al. [5] define Joule heat Q as the energy converted from electrical energy to 

thermal energy. The effect of fiber contact on joule heating was investigated by varying 

the distances between fibers. According to [5], joule heating in discontinuous carbon fiber 

epoxy composites originates from the formation of a 2D conducting network by electrically 

conducting carbon fibers (CFs). This network includes conducting fillers and contacts 

between the fillers. The contacts between the carbon fibers and networks are critical for 

heating efficiency analysis. The results of this study by [5] earlier described in figure 2.4. 

shows a proportionate increase between the applied voltage, carbon fiber concentration, 

and heating behavior which agrees with Joule’s first law. 

Where: 

            𝑅𝑠 = Surface resistance, measured in Ω/sq 

             R = Measured resistance, measured in Ω 

            W = Width of the sample. 

             D = Distance between the two electrodes 
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Finite element analysis (FEA) was introduced to analyze the relationship between the 

applied voltage, geometry, and heating response. The result of this analysis, increasing the 

contacts with increased carbon fiber concentration, confirmed that higher temperatures 

could be obtained at higher carbon fiber volume fractions. This result also agrees with the 

Joule heating principle. Details about this model can be found in [5]. Figure 2.10 represents 

the finite element model used for joule heating simulation.  

 

 

 

 

 

 

 

Fig. 2.10. Finite element model for joule heating simulation in carbon fiber epoxy [56] 

In another research, R. Taherian et al. [56] performed a hall effect test and joule effect test 

on polyvinyl acetate polymer filled with graphite (PVAC/G). The behaviors of the negative 

temperature coefficient (NTC) and positive temperature coefficient (PTC) of this adhesive 

were monitored. The test result shows that the Joule effect has more impact on fillers’ 

alignment due to high electric field strength. To perform the Joule heating test, R. Taherian 

et al. [56] applied voltage difference by connecting the sample to a power source. The 

power was kept constant (5, 8, 12, 15W) by adjusting the voltage and amperage. It’s known 

that power is directly proportional to resistance and current square, as shown in equation 

2.6. 

                                                          𝑃 =  𝐼2𝑅                                                           (2.6) 

 

 

Where: 

P = Power, measured in watts (W) 

I = Current, measured in ampere (A) 

R = Resistance, measured in ohms (Ω) 
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Since temperature increases through the sample’s resistance, the ohmic resistance in 

equation 2.6 was controlled such that the induced power was assumed to be constant. 

During the joule heating test, samples’ surface temperature was determined using a digital 

thermometer sensor. Details about this can be found in [56]. 

The setup of the joule heating test by [56] is shown in figure 2.11, while figure 2.12 

describes the surface temperature variation with time at three constant applied voltages. 

 

 

 

 

 

 

 

Fig. 2.11. Schematic of the setup for Joule heating testing [56] 

 

 

 

 

 

 

 

 

 

Fig. 2.12. Surface temperature evolution with power and time during joule heating [56] 
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Amongst the few works that analyzed the electro-thermal behavior of conductive 

polymeric composite,  [2], [4], [5], [56] were one of the recent studies that used indirect 

heating. The composites were subjected to DC applied voltage till temperature and current 

stabilization was reached. Furthermore, an increase in temperature leading to a rise in 

internal resistance, and a reduction in conducted current, was observed. The heat generated 

is reduced over time until it equals the amount of heat dissipated by convection and 

radiation, resulting in thermal equilibrium. As a result, these CB-PLA materials could serve 

as a current limiter, restricting current consumption for some electric loads and introducing 

applications as safety devices. 

2.4.4 Stability Criteria 

These standards are needed to quantify the stabilization of the heated composite sample. 

The stability criterion is expressed in terms of current and temperature. The stability period 

grows with applied voltage. 

The stabilization period depends on the voltage applied. Consideration is given to the 

influence of voltage on stabilization time for each printing orientation and its bilateral 

temperature/resistance dependence before, during, and after the glass transition (defined in 

section 2.2); this helps in analyzing the formation of a new conductive path through a 

process called sintering [2] and a probable destabilization due to high temperature. 

 

2.5   Summary 

In line with this review, this study to research and analyze the electrothermal properties of 

3D CB-PLA conductive composite materials of several sample types, with three variations 

in printing orientations, dimensions, and heating with AC applied voltage, is a good choice. 

An in-depth study of the material’s behavior when exposed to high AC electrical potential 

is important to make progress in the field of multifunctional conductive structures 

The results of this work would contribute to ongoing research in composites material 

structures, giving experimental background for the degradation of devices and exploring 

their future applications and operating limits. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

 

3.1 Preamble 

This work relied on the state-of-the-art of Joule heating effect for the formulation of several 

parts of the work, the experimental setup, and results from the computation. 

 

3.2   Experimental targets 

This experiment is targeted toward achieving the following: 

1. To investigate the electro-thermal interplay of the conductive composite of 

Polylactic acid with carbon black fillers (CB-PLA). 

2. To obtain the electro-thermal response of CB-PLA under AC applied voltage. 

Unlike previous research, which applied DC constant voltage. 

3. To analyze the influence of printing orientation and length on this interplay. 

4. To monitor samples' temperature field, current, and resistance evolution over time. 

5. To monitor stability with respect to the applied voltage. 

 

3.3   Sample description 

Based on the requirements, to study the electro-thermal behavior of conductive polymer of 

polylactic acid with carbon black fillers (CB-PLA), AC voltage was applied to the samples. 

Majorly, nine conditions were considered using rectangular composite samples; this 

account for three 3D printing orientations, with each orientation having three different 

lengths. The printing orientation includes transverse, oblique, and longitudinal.  For the 3D 

manufacturing process, building on the previous work of [2], who used thin rectangular 

samples to mitigate premature failure in 3D printed samples as a result of stress 

concentration at the radius of the fillet. This provided great mechanical behavior when 

performing tensile tests. This choice of simple geometry contributed to the ease of 

imposing and analyzing electrical behaviour. To create a pattern in the sample, the 
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filaments were deposited in the specimen matrix. Additionally, three filament directions 

were created to allow for oblique (±45°), longitudinal (0°), and transverse (90°) printing 

orientations. The following printing parameters were utilized to produce the samples; layer 

height of 0.2 mm, an air gap of 0 mm, road width of 0.4 mm, printing temperature of 230 

°C, build plate temperature of 60 °C, infill density of 100%, printing speed of 30 mm/s, 

and a contour deposition along the component edge [2]. 

The sample dimensions (1L, 2L, 2.75L) considered in this present study are listed in Table 

3.1. 

TABLE 3.1. TEST SAMPLES DIMENSIONS AND PRINTING ORIENTATIONS. 

 

Owing to the dielectric property of the polymeric matrix of PLA, the microstructure 

arrangement of carbon black within the polymeric matrix defines the nature of the 

conductive behavior of 3D printed conductive composites (CB-PLA) and the electric paths. 

These electric paths were formed at two levels: the filament level, which provided electric 

conduction in the direction of the filament, and the interfilament level, which provided 

electric conduction between various filaments. The effectiveness of the conductive 

composite and the impact of the printing direction is thus determined by these 

characteristics and the variations in the development of electric channels within and 

between filaments. For further analysis of the microstructural characterization of these 

specimens, a scanning electron microscope (SEM) was used, and images were captured. 

Detailed information on this procedure is found in section 2.3. of  [2]. 

 

 

Printing 

Orientation 

Dimension 

1L 2L 2.75L 

Transverse (90°) 82.5×13×3mm 165×13×3mm 240×13×3mm 

Oblique (± 45°) 82.5×13×3mm 165×13×3mm 240×13×3mm 

Longitudinal (0°) 82.5×13×3mm 165×13×3mm 240×13×3mm 
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3.4   Experimental Setup 

The experimental setup has the following main elements to describe. 

1. Power supply unit 

2. Measuring units 

3. Software and data analysis 

3.4.1   Power supply unit 

A variac AC power supply source (Verilec model, type arc-4-2) was used. It is a heavy unit 

with high maximum power output (0-250V @ 50Hz). It has an analog display to monitor 

the potential and output where multimeter or loads can be connected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1.  Verilec AC power source, type arc-4-2. (a) the front view. (b) top view. (c) back view. 

(a) 
(b) 

(c) 
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3.4.2   Measuring Units 

Three variables were measured during the test these are the maximum temperature (Tmax), 

current (I), average temperature (Tavg), and applied AC voltages. The measurement of the 

applied voltage was also necessary since the disconnection of one of the samples provoked 

a small change in the voltage supplied to other connected samples. 

 

Multimeter 

In the literature device, the multimeter is a measurement device for measuring multiple 

electrical parameters. It’s capable of both DC and AC measurement. It can be used to take 

resistance, voltage, and current readings either as an ohmmeter, voltmeter, or ammeter, 

respectively. In this work, three ammeters were used to measure the current flowing 

through the three samples subjected to the same voltage. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2.  Digital Multimeter. 
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Infrared (IR) Camera 

The Fluke Ti50FT-20 IR model is an IR FlexCam thermal imager that outputs quality 

images. It is a battery-powered infrared camera that can be used to capture and monitor the 

temperature field of an object. This IR camera is suitable for monitoring the sample’s 

temperature evolution. It’s a professional's choice when the highest sensitivity is required. 

They feature about 320 x 240 detectors with industry-leading thermal sensitivity of 0.05°C 

NETD (Noise Equivalent Temperature Difference) for high resolution and ultra-high-

quality images. 

In addition, with a frequency of 60Hz detector acquisition rate, temperatures are displayed 

in real-time on the large 5-inch color display [66], giving updated values of the maximum 

temperature detected by the lens. It possesses features of IR-Fusion™ [66] technology, 

which captures a visible light image in addition to the infrared image; this helps IR image 

analysis and focus the picture before taking a photograph. It also helps to uncover 

anomalies as well. The IR camera has storage to save the captured thermal images, which 

are then transferred to the software (Fluke Connect) on a desktop to obtain several 

additional parameters, such as the average temperature (Tavg). Figure 3.3 gives a pictorial 

view of the Fluke Ti50FT-20 IR camera. (a) full kit. (b) screen. 
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Fig. 3.3. Fluke Ti50FT-20 IR camera. (a) full kit. (b) screen 

(a) 

(b) 
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3.4.2   Software and data analysis 

The software (Fluke Connect) was used to obtain the samples' average temperature (Tavg), 

while MATLAB and Microsoft Excel were used for the data computation and analysis; this 

involves making tables, plotting graphs, and making comparisons 

Fluke Connect 

Using the Fluke Connect, the samples' average temperature (Tavg) was obtained from the 

captured thermal images of samples/conductive composites. It is a key interface for 

downloading thermal imaging measurements, creating thermal reports and has room for 

cloud synchronization. Fluke Connect has both mobile, web, and desktop apps. A polygon 

was drawn around the edges of each thermal image to obtain the Tavg (average 

temperature) from the thermal images,  as shown in figure 3.4. The polygon was drawn 

such that the overall temperature dispersion on each filament’s sample (which is the area 

of interest) was captured. The maximum, average, and minimum temperatures were 

displayed, and the average temperature was obtained, as shown in figure 3.4. 

 

 

 

 

 

 

 

 

 

 

Fig 3.4. Derivation of samples' average temperature from the analysis of thermal images using Fluke 

Connect. 

polygon 
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Fig. 3.5. SanDisk card reader connected to the laptop to analyze thermal images on Fluke Connect. 

 

3.5   Experimental Procedure 

3.5.1   Composite heating and heating schedules 

Each series of the test starts with AC voltage applied at an initial time 𝑡0 equals zero-

minute, readings were taken every 5 minutes till current and temperature stability were 

reached (stability analysis is described in 3.3 b.). Once stabilization is reached, the applied 

voltage is turned off, and the samples are allowed to cool to room temperature before 

repeating the same process with an increased supply of AC voltage. Here, the assignment 

of the test was to apply the same value of AC voltage to three samples of the same length 

but with different printing orientations at the same time instant. For example, supplying 30 

volts to a 1L, 2L, and 2.75L. To optimize the study, three variables were measured at every 

5 minutes interval these are the maximum sample temperature (Tmax), current and average 

sample temperature (Tavg). The maximum temperature and current were obtained directly 

during the test. The thermal pictures of the samples were taken using a Fluke IR camera 

every 5 minutes during the test till stabilization and then analyzed using Fluke connect 

software on the desktop to obtain the average temperature (Tavg).  
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For 1L samples, the voltage range used was 25V to 45V; for 2L samples, it was 25V to 

80V, and for 2.75V, it was 30V to 120V. These ranges were selected to achieve equal 

heating in the samples regardless of their length.  

The voltage steps for each sample are shown in table 3.2. 

 

TABLE 3.2. EXPERIMENTAL STEPS OF AC VOLTAGES IMPOSED ON COMPOSITE SAMPLES 

 

3.5.2   Stability Analysis 

Applied AC voltage is imposed on the samples till current and temperature stabilization 

are obtained. To obtain stabilization, the difference between two maximum temperature 

values and two current values (i.e., between consecutive measurements) at  𝑡𝑛 𝑎𝑛𝑑 𝑡𝑁 are 

observed (with n increasing in the step of 5 for 1L samples and by 10 for 2L and 2.75L 

samples). To declare a sample stable during the test, then: 

                                           𝑻𝒎𝒂𝒙 𝒕𝒏+𝟓
− 𝑻𝒎𝒂𝒙 𝒕𝒏  < 𝟎. 𝟓°𝑪                                          (3.1) 

                                                         𝑰 𝒕𝒏 − 𝑰 𝒕𝒏+𝟓
        < 𝟏𝒎𝑨                                                 (3.2) 

 

 

The data obtained were then analyzed, and graphs were plotted using MATLAB, which is 

a mathematical analysis software, and Microsoft Excel. The experimental test can be 

summarized with the flow chart in Figure 3.6. 

Composite 

Samples 

(Varying length) 

 

Applied AC Voltages (Volts) 

1L 25 30 40 45      

2L 30 40 50 60 70 80    

2.75L 40 50 60 70 80 90 100 110 120 

𝑻𝒎𝒂𝒙 𝒕𝒏  = Maximum temperature at an instant time, measured in degree Celsius. 

𝑰 𝒕𝒏 = Consumed current at 𝑡𝑛, measured in milliampere.           n = 0, 5, 10, ………N.      
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Fig. 3.6.  Flow chart of the electro-thermal experimental test. 
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Figure 3.7 shows the experimental setup used to study the electro-thermal interplay of 

conductive composites of polylactic acid with carbon black fillers using AC applied 

voltage.  

 

Fig. 3.7. Electro-thermal test for CB-PLA setup 

The equivalent circuit of the composite samples’ connection to the AC voltage source, 

voltmeter, and Ammeter is shown in Figure 3.8 

 

 

 

 

 

 

 

 

 

 

Fig. 3.8. Equivalent circuit of the electro-thermal test setup for CB-PLA. 

 

CB-PLA 

Transverse 

CB-PLA 

Oblique 

CB-PLA 

Longitudinal 

+ 

- 

Voltmeter 

A = Ammeter 

AC 

Voltage 

source 



33 

 

CHAPTER 4 

RESULTS AND DISCUSSION 

 

During the experiment, resistance, temperature, and current values were measured and 

analyzed using analytical tools such as Microsoft Excel, MATLAB, and Fluke Connect. 

Values of the maximum temperature (Tmax), AC current (ImA), resistance (R), and 

voltage (V) were obtained in real-time during the experimental activity, while the average 

temperature was obtained using Fluke Connect (a thermal image analytical tool). The 

process of obtaining the average temperature (Tavg) from the thermal images was 

discussed earlier in chapter 3. 

Subjecting the samples to AC voltage, heat is generated, leading to temperature increment 

due to the resistive behaviour of the material. In addition, it is expected a bilateral coupling 

which promotes an increase in internal resistance and subsequent current reduction due to 

temperature increment, according to previous work [2]. Current reduction further reduces 

the heat dissipated till thermal and electrical equilibrium is obtained. This behaviour obeys 

Joule’s effect, which was described by equation (2.1) in chapter 2. 

For clarity on the characterization of the electro-thermal response of Poly lactic acid filled 

with carbon black particles (CB-PLA), the following results have been analyzed and 

discussed in this chapter. 

1. Resistive and thermal response of tested CB-PLA 

2. Geometry contribution – contribution of varying length. 

A total of nine conditions were considered according to the printing orientations 

(Transverse, Oblique, and Longitudinal) and sample geometrical length (1L, 2L, 2.75L), 

i.e., sample length was varied while other dimensions were kept constant. 

4.1   1L Samples 

Three 1L samples of transverse, oblique, and longitudinal printing orientations were 

subjected to AC applied voltages 25V, 30V, 40V, and 45V. Voltage increment was 

introduced for further test after thermal and current stabilization had been achieved and 
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stopped for a sample where destabilization arose till the three samples were destabilized. 

For this sample, destabilization occurred at an applied voltage of 45V. To go further, let us 

evaluate the samples' overall behaviour. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1. Experimental results for IL samples heated by Joule effect imposing AC voltage 25V. These 

results are presented for transverse, oblique, and longitudinal samples. a.) Electric resistance is plotted 

against time. b.) Average temperature is plotted against time. c.) Maximum temperature is plotted against 

time. 

b.) 

a.) 

c.) 
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From figure 4.1, at an applied voltage of 25V, the longitudinal sample got into equilibrium 

early (at 15 minutes); this is due to its low resistance value (0.415 Ω). This could be 

explained by composites’ behaviour, exhibiting the highest temperature value and least 

resistance value. This result is explained by the direct relationship between heat generated 

via Joule’s effect and sample resistance, as described in equation 2.1. Ideally, the resistance 

and temperature values of the oblique sample (±90°) were expected to be in-between that 

of transverse and longitudinal samples or close to the resistance value of the longitudinal 

sample. This is explained by the nature of its conductive path when compared to 

longitudinal (0°) and transverse samples (+90°). This is attributed to the electric current 

pathways in the filaments.  In longitudinal samples, electric current flows directly through 

the filaments, while in oblique samples, it flows through the interfilament path. The 

interfilament path’s angular deviation is more in transverse samples. However, the test 

results show that at a low applied voltage in the 1L sample, the resistance value of the 

oblique sample goes below the resistance value of the longitudinal sample. This response 

from the oblique sample 1L could be due to the presence of voids or errors during the 

printing operation. 

 

Table A.1 in the appendix also shows the current, temperature, and resistance evolution of 

the three samples. 

Studying the current and temperature evolution from table 4.1, current decreases with time 

while temperature increases with time till saturation. Samples resistance values also 

increased with temperature. However, the sample with the highest resistance value had the 

lowest temperature value, which is expected by equation (2.1). In this case, the transverse 

sample presented the lowest temperature value and highest resistance value, a behaviour 

that could be explained by the contribution of the interfilament pattern and possible 

sintering process. 

At 30V, as could be seen in figure 4.2, the behaviour of 1L samples is similar to the result 

at 25V. However, beyond 30V (i.e., from 40 V to 45V imposed AC voltages), a significant 

change in resistance trend at thermal equilibrium was detected; this could be the effect of 

possible sample degradation from previous and present tests. 
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Summary: 

• The growth in resistance with temperature is confirmed for AC voltage. 

• The larger the applied voltage, the longer the stabilization time (if reached), which 

is expected from equation (2.1). 

• The transverse sample shows the lowest temperature and current value but the 

highest resistance value. 

• Specimen with the highest temperature value shows the lowest resistance value and 

highest current value. In the 1L sample, this behaviour occurred in the oblique 

instead of in the longitudinal sample. Also, the oblique sample showed the highest 

current value. 

• This result of the 1L oblique sample at several applied AC voltage values shows an 

indication of likely printing error during the printing process. 

• The longitudinal sample got destabilized at 40V, whereas oblique and transverse 

samples required higher voltages (45V). 

• Transverse and oblique samples got destabilized at 45V and at high temperatures. 
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Fig. 4.2. Experimental temperature and resistance results for 1L samples heated by Joule effect, imposing 

AC voltages from 25V to 45V. a. transverse sample, b. oblique sample and c. longitudinal sample. 
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4.2   2L Samples 

These samples comprise three printing orientations which are transverse, longitudinal, and 

oblique, but with a X2 length factor of 1L as described in section 3.3 of chapter 3. These 

samples were subjected to AC voltages - 30V, 40V, 50V, 60V, 70V, and 80V. 

As shown in figure 4.3, the transverse sample showed the least temperature again, highest 

resistance, and least current values compared to oblique and longitudinal samples during 

the heating process. This result is a contribution of filament orientation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.   Experimental resistance and temperature results for 2L samples subjected to AC voltage 30V. 

These results are presented for transverse, oblique, and longitudinal samples. a.) Electric resistance is 

plotted against time. b.) Average temperature is plotted against time. 

 

b.) 

a.) 
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From Figures 4.3 and 4.4, it could be seen that the longitudinal sample exhibits the least 

resistance value and highest temperature. This behaviour of the longitudinal sample in 2L 

is influenced by the alignment of the filaments’ conductive path (during printing) with the 

electrodes used to supply AC voltage to the composite material (CB-PLA). The electrodes 

were positioned such that current flows along the longitudinal axis. This arrangement 

improves the overall electric response of the longitudinal sample, reducing the contribution 

and presence of voids along the filament. Furthermore, just like in the 1L sample, the 

longitudinal sample was destabilized first at 70V due to low resistance value 

characteristics, while transverse and oblique samples got into disequilibrium at 80V. 

Again, just as in 1L samples, beyond 60V imposed AC voltage for 2L, a significant change 

in resistance trend after thermal equilibrium was detected for all printing directions with 

applied voltage, which could be a contribution of possible sample degradation from 

previous tests (temperature effect). This is seen in figure 4.4. 

The results of 2L samples were compared to that of 1L samples, using figures 4.1, 4.2, 4.3, 

and 4.4; one remarkable observation was that the longitudinal sample in 2L showed the 

least resistance values and highest temperature value. This was different from what was 

observed earlier in lL samples, where the oblique sample presented this characteristic.  

In this chapter, the comparison of 1L with 2L samples is properly discussed for quantitative 

study of the linear properties of the material. The graphs of resistance vs. time, and 

temperature against time, superimposing 25V (for L samples) and 50 V (for 2L samples) 

curves were shown. Also, that of 30V/1L was compared with 60V/2L. Comparison with 

2.75L samples will not be quite accurate since the voltage levels do not follow the x2.75 

factor, except for 40V (L) and 110V (2.75L; which was quite high, leading to instability). 
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Summary: 

• The growth in resistance with temperature is confirmed for AC voltage. 

• The larger the applied voltage, the longer the stabilization time (if reached), which 

is expected from equation (2.1). 

• The transverse sample shows the least temperature and current value but the highest 

resistance value. 

• Specimen with the highest temperature value shows the lowest resistance value and 

highest current value. This behaviour was exhibited by the longitudinal sample 

• The longitudinal sample got destabilized at 70V, whereas oblique and transverse 

samples required higher voltages (80V). 

• Transverse and oblique samples got destabilized at 80V and at high temperatures. 
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Fig. 4.4. Experimental temperature and resistance results for 2L samples heated by Joule effect, imposing 

AC voltages from 30V to 80V. a. transverse sample, b. oblique sample and c. longitudinal sample. 
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4.3   2.75L Samples 

The samples were subjected to several voltage values following the same experimental 

procedure as that of 1L and 2L samples, which were heated by the Joule effect. The samples 

were subjected to AC voltages – 30V, 40V, 50V, 60V, 70V, 80V, 90V, 100V, 110V, and 

120V. Figure 4.5 shows the experimental resistance and temperature results when the 

2.75L sample was subjected to 30V AC voltage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5.   Experimental resistance and temperature results for 2.75L samples subjected to AC voltage 30V. 

These results are presented for transverse, oblique, and longitudinal samples. a.) Electric resistance is 

plotted against time. b.) Average temperature is plotted against time. 

b.) 

a.) 
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As observed in previous cases, in figure 4.5, the transverse sample shows the largest 

resistance values during all heating processes, leading to the lowest temperature value 

(according to Joule effect). In figure 4.6 below, significant growth in resistance values after 

equilibrium was observed for all printing directions with applied voltage. This could be a 

contribution of possible sample degradation from previous test. 

A consistent observation in the results of 2.75L in figure 4.6 when compared with previous 

length samples (1L and 2L), the longitudinal sample got out of equilibrium first, as 

expected, since it has the least resistance. This response is due to its minimum resistance 

value compared to transverse and oblique samples. Although, it was hypothesized to have 

transverse and oblique samples out of equilibrium at 110 V applied AC voltage. However, 

the transverse sample obeyed the stability criterion at 110V and got destabilized at 120V. 

Summary: 

• The growth in resistance with temperature is confirmed for AC voltage. 

• The larger the applied voltage, the longer the stabilization time (if reached), which 

is expected from equation (2.1). 

• The transverse sample shows the lowest temperature and current value but the 

highest resistance value. 

• The longitudinal specimen shows the highest temperature value, least resistance, 

and highest current value.  

• The longitudinal sample got destabilized at 100V, whereas oblique and transverse 

samples required higher voltages. 

• Transverse got destabilized at 120V and at high temperatures. 

• Oblique samples got destabilized at 110V. 
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Fig. 4.6. Experimental temperature and resistance results for 2.75L samples heated by Joule effect, imposing 

AC voltages from 30V to 120V. a. transverse sample, b. oblique sample and c. longitudinal sample. 
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The overview of the experimental results of each sample type has been discussed. To 

further explain the electro thermal interplay, the following data analysis are further 

discussed in subsequent pages. 

1. Resistive and thermal response of tested CB-PLA 

2. Geometry contribution – contribution of varying length. 

 

4.4   Resistive and thermoelectric response of tested CB-PLA 

As seen in figures 4.1, 4.2, 4.3, 4.4, 4.5, 4.6, and 4.7, the largest change in temperature and 

current values in a step time occurred at the transition from 0 to 5 mins, which is the first 

5 minutes of the experiment.  

As seen in figure 4.7, which shows the plot of resistance against average temperature for 

30V/1L, 60V/2L, and 90V/2.75L samples. There exists an evolution such that as the 

temperature increases due to current flow, the resistance value also increases till saturation, 

after which the resistance begins to decrease while the average temperature keeps 

increasing. This is well represented in 90V/2.75L. With respect to Figures 4.2, 4.4, and 4.6, 

this evolution continues till electrical and thermal equilibrium are reached, balancing the 

internal heating with convectional cooling. From figure 4.7, the plot of resistance against 

average time, it could be seen that the resistance increases linearly with the average 

temperature till the resistance reaches its peak value. Comparing the graph of 30V/1L with 

60V/2L, it could be seen that doubling the length contributes to an approximate doubling 

of the resistance value but not the average temperature. 

From the analysis of sample 2L using figure 4.8, the electric resistance increases as the 

temperature increases uniformly with time. The increase in sample resistance leads to a 

decrease in heat dissipated, according to equation 2.1 in chapter 2. 
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Fig. 4.7.   Experimental resistance and temperature results for composite samples subjected to AC voltage. 

a.) Electric resistance is plotted against average temperature in 30V/1L sample. b.) Electric resistance is 

plotted against average temperature in 60V/2L sample. c.) Electric resistance is plotted against average 

temperature in 90V/2.75L sample. 

a.) 30V, 1L 

b.) 60V, 2L 

c.) 90V, 2.75L 
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Fig. 4.8.   Experimental resistance and temperature results for 2L samples subjected to AC voltage 30V to 

80V. These results are presented for transverse, oblique, and longitudinal samples. a.) Electric resistance is 

plotted against time. b.) Average temperature is plotted against time. 

 

b.) 

a.) 
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4.5   Stability and Stabilization Time 

From figure 4.8, it was observed that sample stabilization was achieved in the three samples 

with all applied voltages from 30V to 80V except for voltages and samples where the heat 

rose to temperatures above 65 °∁, thus getting the material into disequilibrium. At 

disequilibrium, the overall resistance of all samples begins to decrease while the 

temperature keeps rising rapidly. This is clearly illustrated by the dotted lines for transverse 

and oblique samples (also at 70V) and longitudinal samples (at 70V) in figure 4.8. Here 

transverse and oblique samples were at disequilibrium at 80V while the longitudinal 

sample was at disequilibrium at 70. 

It’s critical to understand the composite's glass transition response. The glass transition 

temperature of polylactic (PLA) matrix is estimated to be between 50 – 80 degrees Celsius. 

The instability observed could be due to this limit, which also seems to be confirmed by 

samples deformation observed (melting). 

Illustrated in Figures 4.2, 4.4, and 4.6, below the glass transition, as the applied voltage 

heats up the samples, the temperature and resistance follow an increasing trend. This trend 

was observed below 30V for 1L, below 60V for 2L, and below 80V for 2.75L in 

longitudinal specimens. Beyond the glass transition point, the temperature keeps increasing 

while the resistance rises to its peak and then starts to fall till stabilization. This shows that 

exceeding the glass transition temperature of PLA composites changes the linear trend in 

its electro-thermal interplay. 

From figures 4.1 – 4.8, the transverse sample is seen to have a response different from that 

of the longitudinal and oblique samples, with the latter samples having similar thermal and 

electric responses. This result obeys equation 2.1 from Joule effect, as the transverse 

sample shows the highest resistance value and obtained the lowest temperature compared 

to longitudinal and oblique samples; a typical example is found in the figures for 2L 

samples. 

The stabilization time was evaluated with respect to the applied voltage and printing 

orientation. With reference to the result in figure 4.8, the stabilization time depends more 

on the applied voltage and not mainly on the printing orientations. Once the glass transition 
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voltage is exceeded, a further increment in applied voltage results in a decrease in 

stabilization time. This is seen in Figures 4.2 and 4.6 longitudinal samples, where the first 

voltage to reach the glass transition temperature (30V for 1L sample and 80V for 2.75L) 

takes longer to achieve stabilization, i.e., longer stabilization time. Although in the 

longitudinal 1L sample from figure 4.2, till the voltage at glass transition temperature was 

applied, the increase in stabilization time is an indication of increased applied AC voltage. 

This is seen in longitudinal sample 1L, 30V, which is the voltage to arrive at the glass 

transition temperature first. This claim is different from analyzing the 2L longitudinal 

sample, where 60V is the applied AC voltage that reached the glass transition temperature 

first. It could be seen from figure 4.4 that before glass transition temperature was reached, 

40V applied voltage exhibits the longest stabilization time. In addition, for the 2.75L 

samples, 80V applied voltage was the first voltage to reach glass transition temperature 

(Tg), exhibiting a longer stabilization time than other voltages below the glass transition 

voltage. The result of this interaction of applied AC voltage with stabilization time shows 

that below glass transition temperature voltage, an increase in voltage leads to an increase 

in stabilization time. 

Overall, destabilization occurred at voltages that contribute to the increase in temperature 

till a high trigger temperature above 120 ℃. This contribution also varies with sample types 

and length. For example, in 2.75L samples, the Oblique sample got destabilized at 120V 

compared to its counterparts, where the transverse sample destabilized at 110V and the 

longitudinal sample at 100V. However, in other sample lengths (1L and 2L), longitudinal 

and oblique samples exhibit similar behaviour, as seen in Figures 4.1 – 4.7. Also, one factor 

that appears to have a great influence on thermal stability is thermal inertia (property of a 

material that expresses the rate at which its temperature reaches the environmental 

temperature). Thermal inertia is simply described as a measure of a material’s 

responsiveness to temperature variation. 

Clearly, from figures 4.2, 4.4, and 4.6, the transverse sample shows the slowest thermal 

inertia, with this printing type not getting into destabilization before longitudinal and 

oblique samples. This slowness in destabilization in transverse samples shows the 

contribution to conduction through filaments and sintering process. This is an improvement 
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in polymeric chain mobility, resulting in electric conductivity at high temperatures and 

rearranging the conductive particles in the matrix. 

4.6   Influence of geometry on electrothermal response 

The dependence of the electrothermal response with composites length in 1L, 2L, and 

2.75L samples was evaluated. From figure 4.9, temperature and resistance evolution for 

25V/1L and 50V/2L were compared (representing the x2 factor). It is necessary to keep the 

ratio between applied voltage and length of the compared samples the same to evaluate the 

linearity. With reference to figure 4.9, it could be hypothesized that the electrothermal 

response of conductive composites (CB-PLA) is similar for all samples with the same 

factor (voltage to length ratio). Although increasing the length and voltage by a factor of 

× 2 almost doubles the resistance of each printing orientation, as seen in Table A.1 – A.4 

from the appendix, figure 4.9, and figure 4.10, but the Tavg and Tmax were not doubled.  

In addition, from figure 4.10 and table A.1, A.2, the Tavg and Tmax of each printing 

orientation of factor 1L gave values that were relatively close to the results obtained from 

samples of the same prints with a 2L factor when approaching equilibrium. Similar 

behaviour was observed in figure 4.1, where specimens of 30V/1L were compared with 

specimens of 60V/2L, and in appendices B and C, where specimens of 40V/1L were 

compared with 110V/2.75L. From the results, the linearity is not completely accomplished 

for resistance nor accomplished for average temperature (Tavg) and maximum sample 

temperature (Tmax). In this regard, from the quantitative study of the composite materials’ 

linear properties, it could be concluded that the overall electrothermal response of CB-PLA 

is independent of the sample length.  
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Fig. 4.9. Experimental resistance and temperature results for samples with a constant ratio of 25V/1L. This 

is to compare linearity and evaluate the contribution of sample length to the electrothermal behaviour of the 

composites. a.) Resistance vs. time. b.) Average temperature vs. time. c.) Maximum temperature vs. time. 

b.) 

c.) 

a.) 
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Fig. 4.10. Experimental resistance and temperature results for samples with a constant ratio of 30V/1L. 

This is to compare linearity and evaluate the contribution of sample length to the electrothermal behaviour 

of the composites. a.) Resistance vs. time. b.) Average temperature vs. time. 

b.) 

c.) 

a.) 
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Summary: 

• The graphs of resistance vs. time, and temperature against time, superimposing 25V 

(for L samples) and 50 V (for 2L samples) curves were shown. Also, that of 30V/1L 

was compared with 60V/2L. Comparison with 2.75 samples will not be quite 

accurate since the voltage levels do not follow the x2.75 factor, except for 40V (L).  

• At 40V(L) comparison could be made with 80V/2L and 110V (L); however, at 

80V/2L and 110V/2.75L, the longitudinal sample was already at disequilibrium. 

• Table A.3, A.4, and A.5 could be used to make the comparison of the linearity for 

specimens 40V/1L, 80V/2L, and 110V/2.75L. 

• The transverse sample shows the lowest temperature and current value but the 

highest resistance value. 

• The longitudinal sample exhibits the highest temperature and current value but the 

lowest resistance value except in 1L samples. 

• Stabilization time is not drastically influenced by printing orientations or length.  

• AC applied voltage contributes majorly to the stabilization time. 

• The electrothermal behaviour of composites of polylactic acid with carbon black 

fillers is independent of sample length. 

• The electrothermal response before the glass transition temperature differs from the 

trend after the glass transition temperature voltage. 
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CHAPTER 5 

CONCLUSION 

 

This thesis presents an analysis of the electrothermal behaviour of Polylactic acid materials 

reinforced with carbon black conductive particles (CB-PLA). The composite material (CB-

PLA) had been subjected to AC applied voltage via joule heating. The composites were 

made into three prints – Transverse, Oblique, and Longitudinal, each having three length 

variations (1L, 2L, and 2.75L); the methodology was earlier described in chapter 3. 

The result of this work affirms that PLA-based materials can contribute to limiting current 

consumption (waste) in electrical applications such as applications in potential protection 

devices (safety devices). This is due to the resistive and current behaviour of the samples 

as temperature increases upon imposing applied AC voltage. Also, the conductive 

behaviour of the composites when subjected to both low and high applied AC voltage 

presents the possibility of usage in energy systems, electrical, and electronics.  

The foregoing objectives set at the beginning of this work were obtained. Furthermore, 

insights into the electrothermal behaviour of CB-PLA composite due to factors listed below 

were obtained. 

• Applied AC Voltage: Contribution of imposed applied AC voltage on samples’ 

behaviour 

• 3D printing patterns: Influence of printing orientation. 

• Glass transition temperature voltage: The electrothermal behaviour before glass 

transition temperature (65℃) and after the glass transition temperature. 

• Geometry: Influence of length variation on the electrothermal behaviour. 

For all samples, the electrical resistance and average temperature increase while the current 

reduces before the glass transition temperature is reached. After this temperature is 

reached, this trend changes. And while the temperature keeps increasing, the resistance 

reaches its peak and begins to drop till stabilization. Analysis of the tests showed higher 

resistance, least current, and least average temperature values for transverse samples (heat 
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dissipation reduces, obeying the Joule effect). It was clearly shown that the transverse 

sample exhibits the slowest thermal inertia, as this printing type did not get destabilized 

before longitudinal and oblique samples. This slowness in destabilization in transverse 

samples shows the contribution to conduction through filaments and sintering process. This 

is an improvement in polymeric chain mobility. This behavior of delayed destabilization 

in transverse samples, lasting more than ten times as long as the longitudinal 

destabilization, presents the property to conduct electricity and rearrange the conductive 

particles in the matrix at a temperature that could have destabilized its counterpart samples. 

However, longitudinal samples showed the least resistance values and highest current and 

temperature values. The alignment of the conductive paths with the electrodes supplying 

the AC voltage contributed to this behaviour in the longitudinal specimen (0°). This 

arrangement improved the overall electric response of longitudinal samples. It could be 

concluded that this arrangement helps in reducing the contribution of voids along 

conductive filaments in PLA materials, making it suitable for applications in material 

science, electronics, or electrical systems. 

All through this work, AC applied voltage was imposed on the samples. From the 

experimental result, it could be concluded that sample stabilization time is drastically 

influenced by AC applied voltage with respect to the glass transition temperature voltage 

and not the printing orientation or length. A further conclusion would be the contribution 

of geometry to the electrothermal behaviour of the composite samples. Results of non-

linearity during the experimental analysis and comparison of the resistance and average 

temperature curves of 25V/1L samples with 50V/2L samples, 30V/1L samples with 

60V/2L, and specimens of 40V/1L, 80V/2L, 110V/2.75L indicate an independent 

relationship between the electrothermal behaviour of samples (composites) and sample 

length.  

In addition, the analyses of the R=R(T) slope (shown in chapter 4) for each length/printing 

exhibit a consistent electrothermal behaviour in transverse samples. Samples resistance 

was estimated to double as length doubles; however, the Tavg, and Tmax didn’t double. 

The overall insight of this research would contribute to further work in the field of 
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multifunctional conductive structures, applications in energy storage systems, wearable 

electronics, bioelectronics, etc.  

Future directions for this work would be repeating the Joule’s heating process for each 

printing type at a mid-voltage magnitude directly (for example, imposing an AC voltage of 

50V on newly printed 2L samples) and comparing the results with that of previously 

degraded samples. The R=R(t) and T=T(t) curves for AC and DC applied voltage for the 

same length, printing, and voltage are to be obtained and compared. Also, due to 

inconsistencies in the result of IL oblique samples (due to possible contributions of 

uncertainties during the printing process), which were supposed to have similar behaviour 

as 1L longitudinal samples, future experimental work would be to repeat the heating 

process for three oblique and three longitudinal samples of 1L to obtain the statistical 

deviations among curves. 
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APPENDIX A 
TABLE A.1. EXPERIMENTAL RESULTS FOR IL SAMPLES HEATED BY JOULE EFFECT 

IMPOSING AC VOLTAGE 25V. 

 

 

TABLE A.2. EXPERIMENTAL RESULTS FOR 2L SAMPLES HEATED BY JOULE EFFECT 

IMPOSING AC VOLTAGE 50V. 

VOLTAGE 25V, 1L  

Transverse Oblique Longitudinal 

T(min) I(mA) 

Tmax 

(°C) 

Tavg 

(°C) R(KΩ) 

 

I(mA) 

Tmax 

(°C) 

Tavg 

(°C) R(KΩ) 

 

I(mA) 

Tmax 

(°C) 

Tavg 

(°C) R(KΩ) 

0 90 28 37.24 0.278 106 28 38.83 0.236 110 28 38.89 0.227 

5 58.3 58 48.85 0.429 66.6 63 51.23 0.375 65.6 61 51.29 0.381 

10 57.1 59.4 48.99 0.438 64.6 67.1 52.94 0.387 60.4 63.6 52.97 0.414 

15 52.2 59.5 48.96 0.479 63.3 66.6 53.24 0.395 60.2 63.4 53.3 0.415 

20 53.6 63.5 49.01 0.466 62.9 68.4 53.37 0.397     

25 53.3 64.8 49.07 0.469 62.9 71.1 53.82 0.397     

30 53.2 64.8 49.27 0.470 62.2 71.2 54.25 0.402     

VOLTAGE 50V, 2L  

Transverse Oblique Longitudinal 

T(min) I(mA) 

Tmax 

(°C) 

Tavg 

(°C) R(KΩ) 

 

I(mA) 

Tmax 

(°C) 

Tavg 

(°C) R(KΩ) 

 

I(mA) 

Tmax 

(°C) 

Tavg 

(°C) R(KΩ) 

0 71.1 24.19 24.19 0.703 88 24.19 24.19 0.568 100 24.19 24.19 0.500 

5 48.2 57.1 47.81 1.037 58.9 51.18 51.18 0.849 64.1 66.4 55.94 0.780 

10 44.5 59.1 49.75 1.124 56.2 55.45 55.45 0.890 60.4 69.9 57.53 0.828 

15 43.5 58.8 50.87 1.149 55.2 56.17 56.17 0.906 58.5 71.3 59.04 0.855 

20 43.3 58.3 51.28 1.155 54.8 56.78 56.78 0.912 57.6 71 60.6 0.868 

25     54.7 57.09 57.09 0.941 57.2 71.4 60.68 0.900 



b 

 

APPENDIX B 
TABLE A.3. EXPERIMENTAL RESULTS FOR 1L SAMPLES HEATED BY JOULE EFFECT 

IMPOSING AC VOLTAGE 40V. 

 

TABLE A.4. EXPERIMENTAL RESULTS FOR 2L SAMPLES HEATED BY JOULE EFFECT 

IMPOSING AC VOLTAGE 80V. 

VOLTAGE 40V, 1L 

Transverse  
 

Oblique  Longitudinal  

T (min) I (mA) 
Tmax 

 (°C) 

Tavg  

(°C) R(KΩ) 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

I (mA) 

Tmax 

 (°C) 

Tavg 

 (°C) R(KΩ) 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

I (mA) 

Tmax  

(°C) 

Tavg 

 (°C) R(KΩ) 

0 80.1 31.2 31.2 
0.499 103.5 31.2 31.2 0.386 135.3 31.2 31.2 0.296 

5 70 93.9 76.74 
0.571 85.7 101.1 78.26 0.467 83.3 107 80.55 0.480 

10 83.3 98.1 78.31 0.480 98.7 107.9 84.01 0.405 86.1 111 84.31 0.465 

15 88.1 102.6 81.93 
0.454 101.6 112.3 86.31 0.394 88.1 113.3 86.74 0.454 

20 89.2 106.8 83.18 
0.448 102.4 117.5 89.32 0.391 92.3 115.3 89.43 0.433 

25 99.2 103.4 83.86 
0.403 105.7 119.3 88.78 0.378 99.7 113.1 85.22 0.401 

30 91.9 108.3 84.42 
0.435 104.3 123.1 89.04 0.384 94.3 114.3 88.93 0.424 

35 91.5 110.6 85.13 0.437 106.4 119.1 90.03 0.376 97.2 118.4 90.11 0.412 

40 91.2 114.5 85.76 0.439 106 112.6 92.78 0.377 97.1 119 92.08 0.412 

45 92.3 115.8 88.5 
0.433 109.6 128.8 93.6 0.365 99 121 93.82 0.404 

50 93.3 114.8 90 
0.429 111.7 128.3 94.11 0.358 99.7 120.6 94.48 0.401 

55 94 114.5 92.05 0.426 112.6 126.8 94.37 0.355 100.6 118.1 94.13 0.398 

60 93.8 114.9 93.43 
0.426 112.8 126.9 95.55 0.355 103.3 125.5 95.44 0.387 

VOLTAGE 80V, 2L  

Transverse   Oblique  

T (min) I (mA) 
Tmax 

(°C) 

Tavg 

(°C) 
R(KΩ) 

 

T 

(min) 

I 

(mA) 

Tmax 

(°C) 

Tavg 

(°C) 
R(KΩ) 

0 115 26.8 26.8 0.696 0 186 26.8 26.8 0.430 

5 54.1 76.5 63.43 1.479 5 73.3 99.4 74.06 1.091 

10 53 80.3 66.44 1.509 10 71.4 101.4 77.39 1.120 

15 54.9 82.2 68.59 1.457 15 73 104.5 81.38 1.096 

20 56.4 83.2 70.14 1.418 20 74.1 105.6 82.73 1.080 

25 57.5 83.8 72.21 1.391 25 74.8 106.4 83.2 1.070 

30 58 84.9 73.44 1.379 30 75.4 107.6 83.7 1.061 

35 59.1 84.4 73.95 1.354 35 76.6 108 84.83 1.044 

40 59.8 85.4 74.33 1.338 40 77.9 108.7 85.42 1.027 



c 

 

APPENDIX C 
 

TABLE A.5. EXPERIMENTAL RESULTS FOR 2.75L SAMPLES HEATED BY JOULE EFFECT 

IMPOSING AC VOLTAGE 110V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VOLTAGE 110V, 2.75L 

Transverse 

  

  

  

  

  

  

  

  

  

  

  

Oblique 

T (min) 
I 

(mA) 

Tmax 

(°C) 

Tavg 

(°C) 
R(KΩ) 

T 

(min) 

I 

(mA) 

Tmax 

(°C) 

Tavg 

(°C) 
R(KΩ) 

0 213 31.3 31.3 0.516 0 257 31.3 31.3 0.428 

5 77.9 103.9 83.72 1.412 5 92.9 119.2 91.61 1.184 

10 75.9 112.1 86.95 1.449 10 90.4 119.8 96.46 1.217 

15 76.5 113.3 87.88 1.438 15 90.6 123.8 98.16 1.214 

20 77.2 111.6 91 1.425 20 95.9 128.8 99.61 1.147 

25 77.7 113.6 92.46 1.416 25 104.3 134 100.66 1.055 

30 79.1 118.8 93.4 1.391 30 106.4 130 102.72 1.034 

35 80.5 118.3 93.97 1.366 35 112.2 134.1 104.36 0.980 
     40 112.8 135.3 106.56 0.984 
     45 115 136.5 110.36 0.965 


