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ABSTRACT

Polymer nano-composites may be engineered with specific electrical properties to

achieve good coupling with electromagnetic energy sources. This enables a wide range

of novel processing techniques where controlling the precise thermal profile is critical.

Composite materials were characterized with a variety of electrical and thermographic

analysis methods to capture their response to electromagnetic energy. COMSOL finite el-

ement analysis software was used to model the electric fields and resultant thermal profiles

in selected samples. Applications of this technology are demonstrated, including the use

of microwave and radio frequency energy to thermally weld the interfaces of 3D printed

parts together for increased interlayer (Z) strength. We also demonstrate the ability to bond

various substrates with carbon nanotube/epoxy composite adhesives using radio frequency

electromagnetic heating to rapidly cure the adhesive interface. The results of this work in-

clude 3D printed parts with mechanical properties equal to injection molded samples, and

RF bonded joints cured 40% faster than traditional oven curing.
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NOMENCLATURE

3D Three-Dimensional

AuNP Gold nanoparticle(s)

AgNP Silver nanoparticle(s)

BAAM Big Area Additive Manufacturing

CF Carbon fiber(s)

CNC Computer Numerical Control mill

CNT Carbon Nanotube

COMSOL Finite element multi-physics modeling software

dB Decibel

DBD Dielectric Barrier Discharge

DCB Double cantilever beam

EPD Electrophoretic deposition

FLIR Forward-Looking Infrared camera (FLIR Inc.)

GHz Gigahertz frequency

Hz Hertz

LbL Layer-by-Layer film deposition

LIRF Locally-Induced Radio Frequency (welding)

MATLAB Numerical computing environment by MathWorks

ME Material Extrusion

MHz Megahertz
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MWCNT Multi-Walled Carbon Nanotube

NIR Near infrared

NMNP Noble Metal Nanoparticles

PEG Polyethyleneglycol

PEO Polyethylene oxide

PID ProportionalIntegralDerivative controller

PLA Poly-Lactic acid (polylactide)

PMMA Poly-methyl methacrylate

PVA Polyvinyl alcohol

RF Radio Frequency

SEM Scanning Electron Microscope

SENB Single edge notch bend

SMP Shape Memory Polymer

SPR Surface Plasmon Resonance

SWCNT Single-Walled Carbon Nanotube

Tg glass transition temperature

WT% Weight Percent

XPS X-ray Photoelectron Spectroscopy
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1. INTRODUCTION

1.1 Thermal processing of polymers

Thermal-processing of materials is an important field for the manufacturing industry

sector. Virtually all materials used in consumer or industrial products underwent some

form of heating to set the final form and function of the object. Polymers and polymer

composites, especially thermoplastics, require heating to shape and form feedstock into

useful products [1]. Electrical energy, either direct or indirect, is almost exclusively used as

the power source to process polymers. Two primary heating methods are implemented for

thermoplastic processing: electrical resistance heating, and viscous heating [2]. Viscous

heating of polymers involves converting mechanical energy, commonly in the form of

rotational shear forces or vibrational shear, into thermal energy due to viscous heating

losses. Extrusion molding, friction welding, vibration welding, and ultrasonic welding are

all examples of viscous mechanical heating. Resistive (Joule) heating elements in the form

of barrel heating cartridges and band heaters are used for extrusion and injection molding

technologies as well as compression molding. Infrared lamps are extensively used for

thermoforming applications. Serpentine resistance heating pads and ovens are used to

cure thermosetting adhesives and fiber-reinforced composite structures.

1.2 New challenges in polymer processing: 3D printing interlayer adhesion

Recently, with the advent of additive manufacturing, new methods are being devised to

process and fabricate polymer structures. Fused-deposition modelingTM (FDM) or mate-

rial extrusion (ME) 3D printing typically relies on a resistance cartridge or sleeve heater to

liquefy a polymer feedstock filament for extrusion deposition [3, 4]. Interestingly, exotic

heating methods using lasers or electron beams have been developed for powder bed fusion

3D printing technologies [5]. (One notable exception to the common thermal processing
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techniques is stereolithography 3D printing which chemically polymerizes a photocurable

resin when exposed to an ultraviolet light source) [6].

Additive manufacturing of thermoplastics pose a unique challenge for both the thermo-

dynamics associated with heating the feedstock, and the kinetics of bonding the polymer

interfaces. These challenges manifest a common engineering problem, 3D printed parts

must be heated for sufficient time to allow for polymer diffusion and welding across the

interface, and yet not disturb the form and dimensional tolerances of the part. These di-

vergent process stipulations have resulted in a longstanding problem of weak interlayer

bonding strength, commonly referred to as the “Z strength” problem [7].

The most effective way to model the mechanical properties of 3D printed ME parts

is the micromechanics approach. In this method, the material bulk properties are defined

from the constituent properties of a representative unit cell.

Figure 1.1: Unit cell of a material extrusion (ME) 3D printed part. This represents the
most basic unit cell for which orthotropic properties may be measured.

For ME parts the simplest case of this unit cell block is a bundle of ME fibers aligned

in the X direction (Figure 1.1). This unit cell bundle is recognized as having orthotropic
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mechanical properties, that is, three orthogonal planes of symmetry. These three planes

in the X, Y, and Z directions represent the mechanical properties of the extruded fiber,

in-plane X-Y bonding, and out-of-plane Z bonding respectively. To evaluate the three

principle mechanical properties of this unit cell, test samples may be printed with their

tensile axis aligned in the X, Y and Z directions.

Figure 1.2: Tensile samples aligned in the three principle build directions (left). Mechani-
cal properties typically associated with the three directions (right).

1.2.1 Polymer welding kinetics

Much work has been done to model the polymer welding process at the interfaces of

3D printed parts. From a historical perspective, Kim and Wool developed much of the the-

oretical background for the isothermal welding (healing) of polymer interfaces [8]. Using

the reptation model of polymer motion from De Gennes, they describe four steps in the

polymer crack healing process: surface rearrangement, surface approach, wetting, diffu-

sion, and randomization [9]. In the context of 3D printing, the last three steps: wetting of

the polymer interface, diffusion of polymer chains across the interface, and randomization
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of the resulting polymer entanglements, are most relevant during the extrusion of the hot

polymer bead onto a cool layer below it.

Figure 1.3: Bond formation between polymer traces. Reprinted from Journal of Manu-
facturing Processes, 6/2, Bellehumeur, C., Li, L., Sun, Q., & Gu, P., Modeling of Bond
Formation Between Polymer Filaments in the Fused Deposition Modeling Process, 170-
178, Copyright (2004), with permission from Elsevier

Perhaps the earliest report of the Wool model applied to ME printing is by Sun and

Bellehumeur [10]. In their report, they accounted for the heat transfer mechanisms asso-

ciated with a hot polymer bead heating the layers below it and in turn being cooled by the

previously deposited layer. Experimentally, they conducted polymer sintering experiments

on ABS to determine dimensionless neck growth profiles between the polymer particles.

Figure 1.4: FLIR thermography image of a 3D printed layer being deposited. Reproduced
from [11] with permission of The Royal Society of Chemistry
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More recently, Seppala and Migler at NIST have greatly expanded on these models by

performing in-situ thermography of the 3D printed layers while they are being deposited

(Figure 1.4), determining equivalent weld times using rheology data and time-temperature

superposition shift factors, and correlating these models to measurements of interlayer

fracture strength [11].

1.2.2 Interlayer fracture strength tests

As shown by Seppala and Migler, it is important to couple and verify theoretical mod-

els of polymer welding to measurements of interlayer strength. That said, there is no

single unified standard for measuring interlayer properties of ME 3D printed parts. The

most straight-forward technique which is easily compared to industry-standard mechan-

ical tests is uniaxial tensile tests of dogbone samples [12]. There are however several

problems with this technique as related to ME 3D printed samples. First, tensile data is

usually compared against injection molded or sheet-cut tensile bars which have been pre-

pared to minimize surface flaws. 3D printed samples by nature contain many thousands

of sharp interfaces between adjacent filament traces, both intra-layer (same XY plane) and

inter-layer (Z-direction interfaces). Perhaps the most repeatable way to make tensile spec-

imens is to print a standard coupon of material, then route out the desired dogbone shape

with a CNC mill. Second, tensile strength is predominately governed by fracture mechan-

ics and critical flaws within a material. With 3D printed parts where the interface is not

fully welded, the tensile strength will be limited by the stochastic collection of welds, with

the weakest weld being “the weakest link in the chain”. Thus tensile samples are not a

true predictor of inter-laminar fracture behavior, but rather the collective behavior of many

welds. To address this issue, three fracture-specific tests have been proposed and studied

recently for 3D printed parts: Mode III (trouser tear) [13], single edge notch bend (SENB)

[14], and double cantilever beam (DCB) [15].

5



Figure 1.5: Three fracture test methods: trouser tear (left), single edge notch bend (SENB
(middle), double cantilever beam (DCB) (right)

A common issue faced by all mechanical tests, is the absence of a standard print pro-

file, raster pattern, nozzle diameter, print temperature or printer platform, with which to

compare mechanical samples against. For this reason, most mechanical data is only useful

for making relative comparisons between specimens of the same sample set in a particular

study. Caution should be used when comparing data from separate studies and samples

printed with different parameters.

1.2.3 Process optimization for 3D printed parts

In spite of the difficulties of measuring the mechanical properties of 3D printed parts,

great efforts have been made both commercially and in academic settings to optimize the

performance of 3D printed parts [16, 17, 18, 19, 20]. Most notably, Stratasys Inc. has gone

to great lengths to control print settings, feedstock material, and the print chamber environ-

ment in order to achieve consistent performance in parts printed on their machines. In-fact,
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most early academic studies on the mechanical properties of FDM printed parts were per-

formed on a Stratasys machine. As open-source 3D printers have become more common,

there has been renewed interest in analyzing and optimizing the mechanical performance

of 3D printed parts. In spite of the heroic efforts to perfect process settings, only minor

improvements in mechanical properties have been gained with such techniques. Devel-

oping universal process settings for isotropic mechanical perfomance remains a sisyphean

task.

1.2.4 Non-traditional methods for improving strength

It is clear that traditional thermal control and process optimization approaches to solv-

ing the interlayer bonding problem can only yield incremental improvements in strength.

Even if an optimized set of printing parameters were found for a certain part geometry,

those parameters would be part, process, and material specific. One of the major bene-

fits of 3D printing is the flexibility to print one-off bespoke parts; optimized print settings

for one-off parts would require complex computational predictive models that do not yet

exist. In response to this conundrum, many research and commercial solutions have been

proposed and studied to solve the Z-strength problem in a non-traditional manner. The

following techniques generally fall outside the scope of the traditional temperature and

processing control techniques discussed above.

Most of the attempts to increase part strength fall into several major categories: layer

preheating, annealing, mechanical mixing, surface modification, adhesives, and combina-

tions thereof. The first instance of a layer pre-heating technique was reported by Partain

[21]. For this system a forced air polymer welding kit was mounted to the 3D printer

next to the nozzle. The goal was to raise the temperature of the polymer bead just ahead

of the nozzle to above the “critical sintering temperature”, loosely defined as the glass

transition temperature (Tg) for amorphous polymers. Another requirement imposed was
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that the heat source should be non-contact so as not to disturb the surface finish of the

part. The forced air however, was found to overheat or blow the printed part too much

which resulted in poor mechanical properties. This idea was expanded on by Keng Hsu

at Arizona State [22]. Instead of a forced air heater, they used an infrared laser to preheat

the polymer trace ahead of the print nozzle. By carefully controlling the laser power, they

were able to increase the interlayer bond strength by 50% compared to a control sample.

This result highlights the aforementioned thermodynamic problem i.e. the previous bond

line should be above the polymer Tg, and remain above the Tg for sufficient time to weld

the interface, and yet the part as a whole cannot remain at these conditions else it would

deform. The laser approach demonstrates an effective solution to the problem, however

the ability to control a laser in real time for arbitrary shapes remains a daunting task. This

concept was applied in a simplified, yet larger format by researchers at Oak Ridge National

Labs for use in the Big Area Additive Manufacturing (BAAM) system [23]. Kishore et

al. similarly saw improvements in interlayer fracture strength by preheating the deposition

layer to above the Tg with a large infrared lamp. Both infrared heating techniques relied

on the tenuous control of the infrared energy, as power levels too high resulted in polymer

degradation and a subsequent decrease in mechanical properties.

Other non-thermal techniques to improve interlayer adhesion have been proposed and

tested. An interesting method developed by Lind et al. at Oak Ridge National Labs is

“Z-tamping” for the BAAM system [24]. They use an air cooled plate reciprocating at

20 Hz to tamp the extruded layers as they are being deposited. Although no data on the

Z strength was reported for the tamping technique, the Y axis strength was reported to

double with addition of the tamping technique.

In addition to thermal and mechanical bonding methods, chemistry and adhesion re-

lated approaches have been used to enhance the Z strength. Perhaps the simplest method

reported is the concept of back-filling a 3D printed shell with a cross-linked thermoset
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polymer [25]. This approach however involves complicated post-processing steps and re-

sembles injection molding or resin transfer molding rather than a practical 3D printing

process. Rize Inc. has reported a hybrid technique involving a thermoplastic extrusion

head in conjunction with a polymer jetting head. This machine is able to deposit an epoxy

adhesive layer between successive thermoplastic 3D printed layers to increase the inter-

layer bond strength.

Researchers from Kyushu Institute of Technology in Japan reported a method for sur-

face treating 3D printed layers with an atmospheric glow-discharge plasma [26]. Such a

technique appears quite promising as plasma surface treatment is a scientifically proven

and widely used method for preparing polymer parts to be bonded [27]. Despite the the-

oretical improvements plasma treatments may have on 3D printed parts, the results for

polylactide (PLA) indicate only minor improvements in the Z-strength. This may be due

to insufficient treatment time or conditions, or perhaps PLA has favorable surface energy

suitable for bonding and thermal considerations dominate the welding process. Larger

improvements may be possible for polymers with low surface energy such as polyolefins,

rigid backbone polymers, and halogenated polymers.
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Figure 1.6: Heterogeneous polymer preform drawn into a thermoplastic filament. Ex-
tensional flow enables the initial cross-section composition to remain in-tact upon thin-
ning of the structure. Reprinted from Additive Manufacturing,16, P.M. Toal Jr et al.,
Microstructured monofilament via thermal drawing of additively manufactured preforms,
12-23, Copyright (2017) with permission from Elsevier

A final non-traditional method proposed for bonding the interfaces of 3D printed parts

without causing dimensional warping is the use of heterogeneous filament feedstock.

Stratasys Inc. first reported a core-shell filament feedstock for semi-crystalline polymers

consisting of a shell with a lower melting point polymer than the core [28]. In the con-

text of the patent this method was primarily meant to solve dimensional warping issues
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associated with the non-linear volume changes in semi-crystalline polymers as they cool.

The concept of a heterogeneous polymer feedstock filament for 3D printed parts was ex-

panded upon by researchers at the Army Research Labs [29]. By 3D printing preform

cylinders with complex cross-sectional shapes, they were able to fiber draw the preform

down into filament for a 3D printer (Figure 1.6). Such a method with “candy cane” stripes

of polymers with different Tg’s or melting points may be useful for improving the Z-layer

strength following a post-treatment in an oven; however no results on such a study have

been reported to date.

While each of these non-traditional techniques have demonstrated some level of im-

provement or at least proof-of-concept to solve the Z strength problem, none have reported

isotropic strength properties for a range of engineering-grade materials at a technology

readiness level suited for commercial adoption. A large portion of this work will focus on

our method to address the Z-strength problem in 3D printed parts. We do this by locally

targeting the interface of the printed part by embedding an electrically-responsive nano-

material as a coating on 3D printer filament, and applying an electromagnetic field to heat

and weld the interface together. In order to control this heating effect, a high degree of

knowledge about the material’s response to electromagnetic energy is necessary.

1.3 Electromagnetic heating of nanocomposites

1.3.1 Carbon allotropes as susceptors

Polymers are commonly heated with electric resistance type heaters for processing. In

this case the polymer is indirectly heated by conduction or radiation of the resistive heat-

ing element. Polymers however, are poor thermal conductors, which makes these methods

difficult to control for certain applications (i.e. 3D printing). There are many scenarios

where having more precise control over the thermal processing conditions of polymers

are desirable. One such method for achieving more control is the concept of energy cou-
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pled to matter, a termed coined by research directors at the Army Research Laboratory

[30]. This concept is highly applicable to polymer and polymer composite materials which

are susceptible-to and couple directly with electromagnetic energy. Most non-conducting

polymers only have absorptions close to infrared wavelengths where penetration depths are

short. Notable exceptions are polar polymers such as polyvinyl chloride (PVC) which have

significant dipole interactions and thus losses at microwave frequencies. The bulk majority

of polymers however are electrical insulators with good dielectric properties and very low

losses across the electromagnetic spectrum. Polymer composites, especially nanocompos-

ites containing electromagnetic susceptor materials are very attractive for energy coupled

to matter processing techniques.

Since neat polymers do not typically absorb electromagnetic energy below terahertz

frequencies, the selection of appropriate broad-band electromagnetic susceptor materials

is critical. Carbon-based susceptors are excellent candidates because of their availability

and common use as additives for plastics and composites. Carbon fibers, graphite, and

carbon black have been used as additives and mechanical reinforcements for plastics for

over a century. More recently, carbon nanomaterials including carbon nanotubes (CNTs)

and graphene have attracted much attention because of their effectiveness at low concen-

trations. The primary benefits realized by these nanomaterials comes from their intrinsic

extraordinary thermal and electrical properties as well as excellent mechanical properties.

The high aspect ratio of these materials combined with their intrinsic properties, results in

novel composite materials at low percolation thresholds.

Many models exist for the complex electrical behavior displayed by composites con-

sisting of conductive fillers and dielectric matrices. One must decide the detail at which

length-scale is necessary to account for the observed macroscopic behavior. In the low

frequency limit, i.e. direct current electric fields, the behavior of composites is most often

described in terms of the percolation behavior. Percolation is achieved when loading levels
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of the conductive filler are high enough to achieve a continuous conductive pathway from

one point to another in the sample.

Figure 1.7: States of a CNT nanocomposite dispersion: initial bundles indicative of poor
dispersion (left), well dispersed CNTs but isolated with a low electrical conductivity (mid-
dle), secondary agglomerates which force an artificially low percolation threshold (right).
TEM images reprinted from Polymer, 53/1, S. Pegel et al., Establishment, morphology
and properties of carbon nanotube networks in polymer melts, 4-28, Copyright (2008)
with permission from Elsevier

Below the percolation threshold the composite generally exhibits the electrical resis-

tivity (inverse conductivity) of the host matrix. Well above the percolation threshold the

conductivity generally tends towards the bulk conductivity of the filler. At the percolation

threshold, a transition occurs as particle-to-particle interactions become significant enough

to allow for electron hopping or tunneling. Percolation is highly dependent on the filler

loading level, the geometry, especially the aspect ratio, as well as the dispersion state and
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intrinsic electrical properties of the filler and matrix. Both carbon nanotubes and graphene

fillers have attracted great attention in the past decade due to their extraordinarily low

percolation values.

1.3.2 Differences between DC and AC heating

In the context of Joule heating, significant differences exist between direct current

and alternating current electric fields. Direct current Joule heating requires the composite

to be directly connected to the power supply with conductive electrodes. For loading

levels at or below the percolation threshold it can be difficult to couple a DC source to the

composite load at reasonable voltages. For instance, a 0.1wt% carbon nanotube polymer

composite with a DC conductivity of 1x10-9 S/m would require an electric field many

orders of magnitude greater than its dielectric breakdown strength to produce a current

density significant enough to heat it.

On the other hand, alternating current Joule heating affords much greater flexibility

over the electric field application method and the frequency parameters. Both direct elec-

trode contact and non-contact methods are viable for heating susceptible composites. Non-

contact heating is especially useful in situations where buried interfaces, discrete domains,

and complex geometries need to be heated. Moreover, AC heating, especially in the radio

frequency and microwave bands, enables a much wider range of composite loading levels

and dispersion states to be coupled to the source due to capacitive effects.

The frequency-dependent response of composites is markedly different from the static

field behavior, owing primarily to the capacitive-coupling of the discrete conductive el-

ements making up the percolating network. Non-conducting inter-particle gaps that are

too large to tunnel electrons, will instead behave like a vast array of capacitors which

can pass significant current densities through the volume of the composite at high enough

frequencies. The effective overall conductivity is a combination of the static, frequency-
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independent conductivity, and the frequency-dependent capacitive conductivity. The tran-

sition from the DC conductivity behavior to the frequency-dependent AC conductivity at

a given frequency value is referred to as the crossover frequency. The crossover frequency

generally increases with increasing loading levels of conductive filler [31].

1.3.3 Considerations for coupling electromagnetic energy to composites

Two primary benefits of electromagnetic heating of susceptible composites are ex-

plored in this field of study: targeted heating and volumetric heating. The concept of

targeted heating is particularly relevant in the context of polymer bonding or welding. By

specifically placing susceptors within discrete locations of a non-absorbing medium, one

may precisely target regions to be heated upon the application of electromagnetic energy.

This technique has been used to bond thermoplastic microfluidic devices, pipes, and films.

One of the primary advantages of targeted heating is to rapidly raise the temperature of

buried interfaces so that polymer bonding may be achieved without thermally warping

or degrading the bulk components to be joined. The other primary benefit realized by

electromagnetically heating composites is volumetric heating. In contrast to conduction

or convective heating methods, electromagnetic heating enables the entire volume of a

composite to be heated uniformly. This is particularly useful when polymer parts having

relatively thick cross sections need to be processed. The most common analogy would be

the difference in cooking time of a potato in an oven vs. a microwave.

Several factors should be considered for electromagnetic heating of susceptible com-

posites. The first consideration is efficiently coupling the electromagnetic source to the

load, commonly defined as impedance matching [32]. The next consideration is on the

uniformity of heating based on the electromagnetic frequency used, the applicator config-

uration and thus electric field applied to the composite part. For volumetric heating, the

penetration depth of the applied electric field or electromagnetic wave should be consid-
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ered. In all cases, there are constraints that must be taken into consideration. First and

foremost, AC heating equipment (signal generator, amplifier, matching network, etc.) is

generally more expensive than a DC counterpart due in part to the simplicity of DC power

equipment. Notable exceptions are household microwave ovens which can output over

1kW for less than $100 in capital equipment. Other limitations include heating uniformity

and penetration depth with microwave frequencies, complex adaptive impedance match-

ing networks for radio frequencies, shielding requirements for both sensitive electronics

as well as biological health and safety. It is important to note, that although electromag-

netic energy in the RF (<100 GHz) spectrum is non-ionizing radiation, significant safety

hazards do still exist including excessive heating of susceptible human tissues, localized

cauterization and burns, and electrical shock. Nonetheless, when used appropriately, elec-

tromagnetic heating of composite materials unleashes many exciting novel techniques for

material processing.

1.3.4 Electromagnetic heating of noble metal nanoparticles

The ability to couple electromagnetic energy to appropriately tuned nanoparticles af-

fords unique opportunities for thermally manipulating matter. Particularly, photothermal

heating of noble metal nanoparticles (NMNPs) has shown very promising applications in

multiple scientific disciplines. This section aims to introduce the fundamental physics re-

sponsible for this phenomenon and summarize the novel applications of the photothermal

effect in literature. Special emphasis will be placed on biomedical and polymer heating

applications. Future directions for research are proposed in the area of localized photother-

mal healing of polymer interfaces by swelling induced intimate contact pressures.

1.3.4.1 Fundamental physics

Perhaps one of the most promising developments in materials science in the past cen-

tury has been the discovery, characterization, and applications of nanoparticles. The study
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of nanotechnology primarily deals with particles or structures, which have at least one di-

mension below 100 nanometers (nm). When reduced to such small dimensions, nanopar-

ticles begin to exhibit properties that deviate from those of the bulk constituent element(s).

This is largely due to the confinement of possible quantum states for electrons and phonons

in the particle, as well as surface area effects which dominate over bulk properties [33].

Metallic nanoparticles and specifically noble metal nanoparticles (NMNPs) have been

studied extensively due to their wide range of applications, ease of synthesis, and sta-

bility against oxidation or corrosion. In this context, noble metals are defined elementally

as silver, gold, platinum, ruthenium, rhodium, palladium, osmium, and iridium. Out of

these, silver and gold dominate the literature in terms of their use, with gold being the

most common.

Several popular routes for synthesizing noble metal nanoparticles exist. Considerations

for the synthesis of these nanoparticles include the ability to control size and morphology

with precision, since obtaining a narrow size distribution is desirable. Size and shape are

important for the purposes of controlling the optical properties of the nanoparticles and

in turn the photothermal response to a specific illumination frequency [34]. The selected

method should be repeatable given the same synthesis conditions so that consistency in

future experiments may be obtained. It is desirable to use methods that are scalable and

environmentally friendly so that industrial production of selected nanoparticles is feasible.

1.3.4.2 Surface plasmon resonance (SPR)

Of all the peculiar properties of NMNPs, their interaction with electromagnetic en-

ergy, particularly light, is perhaps most interesting. Common sense would suggest that the

yellow luster of gold or the white flash of silver and platinum is a property inherent of

the element itself and remains unchangeable. It is however, possible to produce brilliant

colors of various tones simply by producing nano-sized particles of these noble metals.
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Although the mechanism was not understood at the time, this phenomenon has been ex-

ploited for centuries by glassmakers who could obtain crimson and ruby red colors with

the addition of gold salts. It is now well known that this coloration is a result of surface

plasmon resonance (SPR), which is a polarization of the conduction electrons in the NM-

NPs [35]. From fundamental physics we know that light is both a particle and a wave, if

treated as a wave it is characterized by its frequency, wavelength, speed, and polarization.

When light interacts with a NMNP, the alternating electric field causes a displacement of

the outer conduction electrons relative to the collective atomic nuclei. The electron cloud

then oscillates in a coherent manner due to the linear restoring force of the Columbic at-

traction between electrons and nuclei in the NMNP [36]. It is important to note that SPR

is not a quantum effect in the same way that quantum dots made with semiconductor ma-

terials behave; instead, it is a surface effect that may be treated with classical Maxwell

electromagnetics equations [37].

A result of the NMNPs SPR response to light is an intense optical absorption peak,

which may be tuned by controlling the properties of the particle and the medium in which

it resides. Although many crystallographic morphologies of NMNPs have been synthe-

sized, the most commonly researched are spheres, cubes, octahedra, tetrahedra, rectangu-

lar prisms, octagonal rods, right bipyramids, decahedra, icosahedra, pentagonally twinned

rods and wires, triangular and hexagonal plates [34]. Complex geometries including hol-

low porous nanocages and hybrid structures, such as nanoshells, have been exploited for

more precise control over optical properties [38, 39]. With these variations in geometry

come a host of complex optical modes. In general it is recognized that electric fields will

be maximized at sharp corners, such as the corners of a pyramid [40]. This enhanced elec-

tric field causes surface charges to accumulate at the corners, reducing the Columbic linear

restoring force, which creates a bathochromic shift in the optical absorbance. Xia et. al.

have simulated the spectral response of various silver particle geometries using Mie and
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discrete dipole approximation theories [34]. The overall extinction spectra and ensuing

observed color of the NMNP, is a combination of both the absorption and scattering of

incident photons.

Size plays an important role in the optical absorption spectra of NMNPs. As the par-

ticle size is increased, a bathochromic (red) shift is observed, along with an increase in

the bandwidth of the peak absorption wavelength [37]. Contrariwise, a decrease in the

particle size leads to a hypsochromic (blue) shift and sharpening of the absorption peak.

For one-dimensional NMNPs including nanobars, rectangular prisms, and nanowires, two

optical modes exist: transverse and longitudinal. The dual plasmon band of 1D NMNPs

arises from the split resonant harmonic modes formed as the electron cloud is polarized

normal and orthogonal to the particle axis. Optical properties of these 1D particles may be

controlled by tailoring their aspect ratio, with higher aspect ratios corresponding to greater

bathochromic shifts [40].

An interesting technique for engineering the optical properties of NMNPs is to create

nanoparticles with thin surfaces. Three techniques for this approach have been demon-

strated: nanoshells, nanomatryoshkas, and nanocages. Nanoshells consist of a dielectric

core (i.e. silica) and a thin conformal coating of a noble metal, usually gold. Halas et.

al. demonstrated that by controlling the core-to-shell thickness ratio the peak optical ab-

sorption could be tuned from the visible end of the spectrum far into the near infrared

(NIR) region, opening many applications in the biological sciences where infrared excita-

tion is desirable [41]. Similar to nanoshells, nanomatryoshkas are concentric jawbreaker-

like structures consisting of alternating layers of noble metals and dielectrics. Hogan and

Halas have found that nanoshells are more likely to scatter incident light whereas nanoma-

tryoshkas are more effective at absorbing incident photon flux [42]. This difference could

potentially be exploited to allow for imaging applications or heating applications respec-

tively. The other popular approach for tailoring the optical response of NMNPs is to create
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a hollow nanocage [38]. The primary benefit of this nanocage structure is the ability to

tune the absorption peak in the ideal NIR range while keeping all particle dimensions be-

low 50nm. Li et. al. noted that due to the unique structure and high absorption cross

section, the same therapeutic treatment of cancer cells was possible at far less laser radia-

tion intensity levels.

1.3.4.3 Photothermal effect

As a result of their extraordinary light absorption efficiency, NMNPs posses the ability

to act as nanoscale heaters. With this localized control of heat generation comes a host of

unique and stimulating applications. Link and El-Sayed were early investigators of this

phenomenon and were largely responsible for coining the heating effect as a photothermal

response [43]. They later discovered that by using pump-probe femtosecond laser pulses to

heat gold nanorods, they could observe a bleaching effect in the transient spectral response

[44]. This offered insights about the photon-electron cloud interactions, as well as the

phonon-phonon relaxation process. Experimentally, they used a 400nm laser with 100

fs pulses to irradiate a solution of gold nanorods and recorded the time-dependent decay

of the photo bleaching. From this measurement they calculated the relaxation time of

the various stages of the photothermal heating effect. The first step is the absorption of

incident photons resulting from the SPR of the nanorods, as discussed earlier. Following

this absorption, the electrons of the nanoparticle become excited and are said to be hot. In

a period of 1-4 picoseconds these hot electrons thermally equilibrate their electrodynamic

potential energy with the atomic lattice in the form of harmonic phonon potential energy, a

process termed electron-phonon relaxation. The final step, and perhaps the most important

for photothermal heating applications, is the kinetic transfer of heat to the surrounding host

medium. This transfer of energy occurs on the order of 100 picoseconds and is commonly

referred to as phonon-phonon relaxation. Interestingly, at high illumination intensities, if
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the rate of energy absorbed by the NMNPs is greater than the rate of energy dissipation to

the host medium, the particles can undergo phase transformations or even fragment as a

result of the rapid local heating [43].

Efforts have been made to analytically define the heat transfer equations governing

the temperature rises and thermal heat generated from both single NMNPs and ensem-

bles of multiple scattering NMNP systems. Govorov and Richardson sought to quantify

and calculate the time-dependent spatial temperature of AuNPs suspended in ice, using

calorimetric experiments coupled with Raman mapping, to determine the local surface

temperature during photothermal heating [45]. They validated their findings by applying

the elementary one-dimensional heat transfer equation for spherical coordinates with a

heat generation term for the incident light in the form:

ρ(r)cp(r)
∂T (r, t)

∂t
= ∇k(r)∇T (r, t) + 〈j(r, t) · E(r, t)〉

where r is the radial distance from the nanoparticle center, t is time, T (r, t) is the

spatial and time-dependent temperature, ρ(r) is the particle mass density as a function

of radial distance, cp(r) is the specific heat at constant pressure as a function of radial

distance, k(r) is the thermal conductivity as a function of radial distance, with the final

collective term representing the thermal heat source resulting from the photothermal effect

where j(r, t) is the time-dependent incident current density as a function of the radial

distance, and E(r, t) is the time-dependent electric field interacting with the NMNP. For a

single particle, this equation may be solved analytically to yield the following form of the

spatial temperature of a NMNP:

∆T (r) =
VNPQ

4πk0r

where VNP is the volume of the NMNP, and k0 is the thermal conductivity of the host
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medium. For an ensemble of particles, it has been shown that collective plasmon resonance

effects can amplify the photothermal heating response and create local hot spots in polymer

matrices [46]. Hogan and Halas were successful in using a version of the Beer-Lambert

law derived from conservation of energy principles solved analytically with Monte Carlo

simulations to model multiple scattering and absorption events of NMNPs in solution [42].

Using the results of the Monte Carlo simulations, they calculated the power dissipated in

the NMNP solutions and the resultant temperature rise of the host medium and found the

results to be in agreement with experiments. This information lays the groundwork for

a host of practical applications where localized and intense heating of a nanoscale target

volume may be achieved.

1.3.4.4 Applications

Virtually every other accessible bulk heat transfer method relies on surface or volumet-

ric heating by means of conduction, convention, or radiation. Coupling electromagnetic

energy to a nanoscale susceptor particle enables discrete domains of matter to be ther-

mally manipulated. With this ability to transfer heat spatially on-demand at the nanoscale,

researchers have developed many techniques for biomedical procedures, chemical reac-

tions, and polymer processing. The two primary applications for the photothermal heating

of NMNPs in biomedical applications are imaging and hyperthermia. As a result of the

SPR effect, it is well known that in comparison to dyes and fluorophores, NMNPs have

absorption cross-sections several orders of magnitude greater, and are therefore excellent

for diagnostic imaging of biological samples [47, 48, 49, 50]. Beyond imaging, once a

NMNP has been grafted or bioconjugated onto a desired host cell, it becomes possible to

carry out targeted hyperthermia of a diseased or tumorous region because of the selective

accumulation of the NMNPs in the targeted area [48]. Additionally, an intriguing method

for healing minimally invasive surgical incisions has been developed by Matteini et. al.
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wherein a chitosan film with embedded gold nanorods is heated with a laser and bonds

tissue together [51]. This method has resulted in successfully bonding muscular and skin

tissue to their bulk tensile strength as well as in vivo sealing of a rabbit carotid artery post

incision [52, 53].

1.3.4.5 Polymer heating

In the realm of photothermally heating polymers, two primary applications have been

explored; shape memory polymer (SMP) actuation and controlled polymer heating. In

both applications the SPR effect has been exploited to gain precise control over the mech-

anism of localized heating by tuning the incident irradiation frequency and the light polar-

ization. As a result of this control, multidirectional shape memory actuation and anisotropic

thermal annealing have been achieved respectively.

Shape memory polymers are a special class of polymers that may be mechanically

actuated by stimulated temperature changes. When using NMNPs as the local heating

elements, precise control of the actuation may be accomplished by selecting the appro-

priate frequency of light to stimulate a resonant collection of nanoparticles. Early re-

ports of this technique were documented by West et. al. in their ability to remotely

control the flow of a solution at a microfluidic T-junction by shrinking two different

light-responsive hydrogel composite actuators [54]. In their method they relied on gold

nanoparticles and gold nanoshells with absorption peaks at 532 nm and 832 nm embedded

in poly[N-isopro- pylacrylamide-co-acrylamide] hydrogel to act as valves. Upon irradi-

ation at approximately 2 W cm-2, efficient valve actuation of each respective valve was

accomplished in under five seconds. Using a similar approach, Sukhishvili et. al. were

able to precisely control the morphological shape evolution of photothermally actuated

polymer brush films formed using layer-by-layer (LbL) techniques [39]. By grafting the

SMP brushes directly to the surface of NMNPs, they achieved unprecedented control over
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the anisotropic swelling and actuation of bulk polymer assemblies. Similar to the pho-

tothermal control of SMP structures, the processing of thermoplastic polymers has also

seen many intriguing practical applications enabled by the illumination of embedded NM-

NPs [55, 56, 57, 58, 46, 59, 60, 61, 62, 63]. Govorov et. al. were the first researchers

to show that a thin polymer shell consisting of polyethyleneglycol (PEG) could be heated

and melted using the photothermal heating of AuNPs [46]. Their work was expanded

upon greatly by the Clarke research group at NC State University; specifically for applica-

tions in photothermal processing of electrospun polymer fiber mats [55, 56, 62, 63]. Early

experiments carried out by Maity and Clarke revealed that selective melting and densifica-

tion of PEO electrospun mats was possible with illumination intensities as low as 25 mW

cm-2; this low intensity was unprecedented considering similar applications in biomedical

research requiring intensities 5 orders of magnitude greater [62].

In the same vein of studies described above, several intriguing reports of polymer heal-

ing exist in literature. Zhao et. al. led pioneering work on healing PEO and low-density

polyethylene (LDPE) films doped with low concentrations of AuNPs [58]. By scanning a

2.2 W cm-2 532 nm laser across a razor-cut PEO film for 10s, they observed that nearly

the entire tensile strength was recovered due to melting of the crystalline interfaces and re-

crystallization across the interfacial width. Observing the sample under a cross-polarizing

optical microscope revealed the healed interface morphology, which consisted of a distinct

polycrystalline phase with spherulites constrained in size due to the discrete area heated

by the laser light [58]. In a follow-up study reported by Zhao, photothermal heating was

used to activate both a shape memory effect and a healing process in cross-linked PEO

films [64]. It is notable that in their study of the healing process only the laser-induced

photothermal heating was successful in repairing the crack, whereas conventional heat-

ing in an oven was unsuccessful. This result is remarkable considering the laser healing

took only three seconds, in comparison to the unsuccessful oven healing at 140C for 3
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minutes. The discrepancy was explained in terms of the shape changes during the heating

process; specifically, the oven heating caused the entire sample to expand isotropically,

which resulted in the crack pulling away from itself and thus no healing occurred. On

the other hand, laser photothermal heating caused a localized expansion just at the crack

width, resulting in swelling of the interface alone and mixing of the molten polymer.

Wang et. al. have recently demonstrated a fascinating technique for healing interfaces

between carbon fibers (CFs) and the host resin matrix by coating AuNPs on the surface of

CFs using electrophoretic deposition (EPD) [61]. By selectively depositing AuNPs on the

surface of the fiber rather than dispersing them throughout the polymer matrix, they were

able to achieve melting in a nanoscale thin region surrounding the fiber. This resulted in

local melting of the poly-methyl methacrylate (PMMA) and concurrent volume expansion

of the melt region resulting in compressive forces induced by the radial confinement of

the melt by the distal solid PMMA. Confirmation of this analysis by the authors could

have been performed by initiating a control sample wherein AuNPs were dispersed in the

PMMA matrix and photothermally heated to test the healing behavior. In this manner they

could have gained deeper insights about the confined melt swelling process in comparison

to melting the entire PMMA matrix surrounding the CF. It is curious that both Zhao and

Wang found that selective melting and concurrent swelling in a local region surrounding

the healing zone were advantageous for achieving high healing strength. These results

of photothermal healing warrant further study for the merit of extraordinary control over

polymer physical properties and the ability to selectively heal discrete areas of a polymeric

component.

The following chapters focus on locally induced microwave welding of 3D printed

parts, radio frequency heating of polymer composites, in-situ kilohertz heating of 3D

printed parts assisted by a novel asymmetric-resistively coupled dielectric barrier dis-

charge applicator, and microwave heating of polymer/carbon nanotube layer-by-layer thin
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films.
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2. WELDING OF 3D-PRINTED CARBON NANOTUBEPOLYMER COMPOSITES

BY LOCALLY INDUCED MICROWAVE HEATING∗

2.1 Overview

Additive manufacturing through material extrusion, often termed three-dimensional

(3D) printing, is a burgeoning method for manufacturing thermoplastic components. How-

ever, a key obstacle facing 3D-printed plastic parts in engineering applications is the weak

weld between successive filament traces, which often leads to delamination and mechani-

cal failure. This is the chief obstacle to the use of thermoplastic additive manufacturing.

We report a novel concept for welding 3D-printed thermoplastic interfaces using in-

tense localized heating of carbon nanotubes (CNTs) by microwave irradiation. The mi-

crowave heating of the CNT-polymer composites is a function of CNT percolation, as

shown through in-situ infrared imaging and simulation. We apply CNT-loaded coatings to

a 3D printer filament; after printing, microwave irradiation is shown to improve the weld

fracture strength by 275%. These remarkable results open up entirely new design spaces

for additive manufacturing and also yield new insight into the coupling between dielectric

properties and radio frequency field response for nanomaterial networks.

2.2 Introduction

For typical three-dimensional (3D)printed parts, the extruded filament traces display

tensile properties similar to injection-molded samples in the print (x) direction Figure

2.1A. However, the filament traces are aligned orthogonal to the y and z (build) direc-

tions such that tensile properties in these directions are limited by the interfacial bonding

∗From Sweeney C.B., Lackey B.A., Pospisil M.J., Achee T.C., Hicks V.K., Moran A.G., Teipel B.R.,
Saed M.A., Green M.J. Welding of 3D-printed carbon nanotubepolymer composites by locally induced
microwave heating. Science Advances. 2017 Jun 1;3(6):e1700262. Copyright 2017 American Association
for the Advancement of Science. Reprinted with permission from AAAS.
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strength of the filaments. Thus, despite additive manufacturings versatility and speed, the

mechanical properties of 3D-printed parts currently lag behind those of conventionally

manufactured parts. This is one of the principal barriers to widespread adoption of ma-

terial extrusion (ME) as a means to industrial manufacturing, along with speed and cost

[65].

The reason for this limitation is because polymer interfacial diffusion and filament

bonding only occur if the polymer is heated above its critical sintering temperature [66,

67, 68]. Because of the limited time at these high temperatures, conventional ME yields

incomplete filament bonding and creation of mechanical failure points. Previous efforts

to increase this heating time using heated air nozzles have resulted in morphology disrup-

tion, particularly in small samples [21]. This creates a critical processing trade-off, where

uniform heating warps the structure, but a lack of heating results in poor welds. This pro-

cessing difficulty prompts a more fundamental scientific question of how the filaments can

be thermally bonded without bulk heating and deformation of the structure.

A solution to this problem is to apply heat directly at the polymer interface at a length

scale much smaller than the filament trace dimensions, analogous to traditional macroscale

metal welding. We posit that the use of nanoscale radio frequency (RF) susceptors, local-

ized at the interface, may provide vigorous, targeted heating. In particular, carbon nan-

otubes (CNTs) are known to rapidly evolve heat upon exposure to microwave radiation

[69, 70, 71, 72, 73, 74, 75]. This effect occurs for both single and multi-walled CNTs

(SWCNTs and MWCNTs, respectively); other nanomaterials such as graphene nanorib-

bons have demonstrated similar heating, albeit at far slower heating rates [76, 77]. The

first report of using CNTs to bond polymer substrates using microwave heating was by

Zhang and co-workers [78]. Other groups have demonstrated that strong welds may be

achieved between thermoplastic interfaces using microwave heating of CNTs [79, 80, 81].
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Figure 2.1: (A) 3D-printed parts tend to display weak tensile properties in the y and z di-
rections due to poor interlayer welding. To address this, we coated thermoplastic filament
with a CNT-rich layer; the resulting 3D-printed part contains RF-sensitive nanofillers lo-
calized at the interface. (B) When a microwave field is applied, the interface is locally
heated to allow for polymer diffusion and increased fracture strength.

We now introduce a new technology called locally induced RF (LIRF) welding that

uses MWCNTs local heating properties to enable additive manufacturing of high-strength

materials (patent pending). After thermoplastic filaments are coated with an MWCNT-rich

polymer film Figure 2.1A, 3D printing of these filaments results in a macroscopic struc-

ture, with MWCNTs localized only at the interfaces between each trace. Upon exposure

to microwave irradiation Figure 2.1B, these MWCNT loaded interfaces selectively heat,

which promotes increased local polymer mobility and entanglement across the interface.

LIRF technology solves the problem described above by creating interfaces loaded with

nanoscale, microwave-responsive heating elements.
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2.3 Results

2.3.1 Coated filament

To deploy LIRF technology in a 3D-printed part, a material embodiment new to addi-

tive manufacturing is necessary. Our new coaxial filament structure is fabricated by way

of a bath coating process Figure 2.2A, wherein a thin coaxial MWCNT ink is applied to

the exterior of a feedstock polylactide (PLA) 3D printer filament Figure 2.2B.
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Figure 2.2: (A) Thermoplastic filaments are coated with a CNT/polymer ink and dried to
create (B) coaxial filaments, where only the exterior is RF-sensitive. (C) These filaments
may be 3D-printed to form structures with CNTs localized at each interface. (D) Optical
micrographs of sanded cross sections show that CNTs do not migrate into the filament
interior during printing.

In addition, we have demonstrated that a similar coated filament structure may be ac-

complished with a melt extrusion process by co-extruding a CNT masterbatch over a neat

polymer core, proving that this technology is industrially scalable. We selected an en-

gineering grade of PLA as a model 3D printing polymer, given its balance of strength
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and stiffness relative to conventional engineering-grade plastics. The low melt tempera-

ture allows for processing on standard open-air desktop 3D printers. The ink is made by

sonicating MWCNTs in chloroform and shear-mixing with a PLA/chloroform solution.

When melt extruded through a standard 3D printer nozzle, the coating remains intact and

thins because of extensional flow of the polymer Figure 2.1A and Figure 2.2C. Optical

microscopy shows that the as-printed structure has the desired MWCNT-loaded interfaces

Figure 2.2D.

This technology relies on the precise composition and microwave responsiveness of

the coating. The specific MWCNT content in the coating and the relative thickness of the

coating must be chosen to allow for microwave heating even after the printing process,

which thins the coating considerably. Hence, we examined the properties of homogeneous

MWCNT/PLA coatings by hot pressing solution-cast MWCNT/PLA films with MWCNT

mass loadings from 0 to 20 weight % (wt %).

CNTs were first sonicated in 50ml of chloroform for 30min, whereas the PLA was

dissolved in 50 ml of chloroform. The solid content of each solution was held constant at

4 mg/ml, whereas the CNT wt % was varied. Solutions were produced in a 0.5, 1.0, 2.5,

5.0, 7.5, 10, and 20 wt % CNTs. After sonication, CNTs were mixed with the dissolved

PLA and placed in a glass petri dish. The petri dish was left in a fume hood overnight to

let most of the chloroform evaporate off. The next day, the CNT/PLA film was placed in

the vacuum oven for 24 hours to remove the remaining chloroform. After vacuum drying,

the films were then removed from the petri dish.

The vacuum-dried cast films were then compacted and pressed with a parallel plate

hot press (Carver 3856) at 150◦C and 27.6 MPa. Two machined steel shims 0.5 mm in

thickness were placed on either side of the films to maintain a constant thickness between

all samples.
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2.3.2 Hot pressed film characterization

The prepared hot pressed films were electrically characterized using four-point-probe

(Signatone HR4-620850FN) resistivity measurements to determine the DC conductivity.

Samples approximately 3.4 cm by 7.2 cm were centered on a four-point-probe stand (Lucas

Labs) and measured using a differential voltage system (two Keithley 6514 electrometers,

Keithley 2000 digital multimeter) with current sourced by a Keithley 6221. Starting at the

lowest possible current for each sample, voltage drops were measured at three increasing

decades to ensure the linear Ohmic behavior of the samples. Three measurements were

taken inside the linear region for each sample and the voltage drop was taken from the

average of these measurements. Volume resistivity (inversely conductivity) was calculated

according to the following formula:

ρ =
π

ln2
∗ V

I
∗ t ∗ k

where ρ is the resistivity in Ohm-m, V is the voltage drop in Volts, I is the current

in Amps, t is the thickness in meters, and k is a correction factor for geometry based

on the probe spacing to sample diameter. For the sample geometry tested, k is taken

to be 0.983 (short sample dimension 3.4 cm divided by probe spacing 0.15875 cm and

correction applied from lookup table). The DC conductivity results are shown in Table 2.1

and plotted in Figure 2.3A.
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Table 2.1: DC conductivity measurement details.

wt%
thickness

(m)

Current

(mA)

Voltage 1

(mV)

Voltage 2

(mV)

Voltage 3

(mV)

Mean Voltage

Drop (mV)

StdDev

Population

Resistivity

(Ohm*m)

0.1 0.00048 – – – – – – –

0.5 0.00048 – – – – – – –

1.0 0.00048 – – – – – – –

2.5 0.00048 1.00 1.75E+02 2.21E+02 2.03E+02 2.00E+02 1.89E+01 4.27E-01

5 0.00048 1.00 1.68E+01 1.81E+01 2.23E+01 1.91E+01 2.35E+00 4.08E-02

7.5 0.00048 1.00 1.02E+01 8.05E+00 8.41E+00 8.89E+00 9.40E-01 1.90E-02

10 0.00048 1.00 5.55E+00 4.34E+00 6.05E+00 5.31E+00 7.18E-01 1.14E-02

20 0.00048 1.00 9.84E-01 1.32E+00 1.14E+00 1.15E+00 1.37E-01 2.46E-03

We then performed AC dielectric measurements to characterize the percolation be-

havior of the MWCNT network at microwave frequencies Figure 2.3A. In addition, we

measured the transmitted, reflected, and dissipated power of the films using a two-port

coaxial line technique [82].
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Figure 2.3: (A) Classic percolation behavior is observed for these nanotube networks.
(B) Percolation is associated with a marked increase in the dissipated power, but at high
loadings, the conductive network becomes reflective. (C) In-situ infrared imaging is used
to capture the (D) heating response of the nano-filled films, and the same two transitions
are observed. This trend is corroborated by (E) COMSOL finite-element simulations of
RF heating and heat transfer.

Microwave AC dielectric properties of the films were measured using a coaxial mea-

surement technique using a microwave network analyzer (Agilent E5071C) that measures

the scattering (S) parameters of two-port networks. The measurement technique uses a

disk shaped sample sandwiched between two transmission lines, as shown in Figure 2.4.
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Figure 2.4: Dielectric measurements using a sample holder placed between two coaxial
transmission lines.

The parts of the dielectric disk that are outside the coaxial lines are completely en-

closed with a conductor. For convenience, two 7 mm Amphenol Precision Connectors

(APC-7) where used to act as the sample holder. A disc punch was used to punch out sam-

ples 14.8 mm in diameter ensuring the films would fit precisely in the sample holder with

minimal air gaps at the edges. The sample thickness was 0.5 mm. The method for extract-

ing the complex permittivity (or the dielectric constant and conductivity) is based on full

wave electromagnetic analysis of the structure. Two completely different methods were

used, one is based on the method of moments and the other uses a commercial software

based on the finite element method (ANSYS HFSS). Determining the complex permittiv-

ity from measurements is an inverse problem. Therefore, in both methods optimization

techniques are necessary where an objective function describing the error between com-

puted and measured quantities is minimized. We used the S21 parameter (the transmission

coefficient), which is a complex quantity, in the optimization objective function to retrieve
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the complex permittivity, and ensured that the iterative optimization procedure had proper

convergence for all the measured samples.

To better understand the mechanism for the rapid heating response, we measured the

microwave absorbing properties of the hot pressed PLA films using a microwave network

analyzer (Agilent E5071C) and a two port coaxial transmission line technique. Round

discs of each film thickness were fitted into a coaxial adapter while ensuring that air gaps

were eliminated. The network analyzer measures the scattering parameters (S11 and S21)

by detecting the incident, reflected, and transmitted microwave signals. The ratios of the

reflected and transmitted powers to the incident power are equal to |S11|2 and |S21|2,

respectively. The power absorbed by the sample and dissipated as heat, normalized to the

incident power, is calculated using the following formula:

Pdiss

Pinc

= 1− |S11|2 − |S21|2

The measured AC dielectric properties including the real part of the relative permittiv-

ity, the loss tangent, and the AC conductivity are plotted in Figure 2.5.
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Figure 2.5: AC dielectric properties including the real part of the relative permittivity, the
loss tangent, and AC conductivity.

2.3.3 Waveguide heating of hot pressed films

These dielectric measurements are then correlated with thermal imaging during mi-

crowave exposure. The hot pressed films were heated in a rectangular waveguide (AMCSS-

284-F/F-12-B, AMC LLC.) powered by a solid state microwave source (GMP 150, Opthos

Instruments Inc.) operated at 2.45 GHz at various power levels for 30 seconds. Spatial

temperature measurements were carried out using an infrared camera system (A655sc,

FLIR Systems Inc.) calibrated to measure temperatures of a sample located behind a

brass mesh covering the open end of the waveguide (Figure 2.3C and Figure 2.3D) [83].

The samples were inserted into the waveguide at the location of the first maximum of the

electric field standing wave, approximately 57.9mm from the brass mesh. This ensures the

samples were exposed to the strongest and most uniform electric field in the closed waveg-

uide. Various power levels were used to heat the samples and their temperature response
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was recorded using the FLIR supplied software (ResearchIR MAX).

Figure 2.6: FLIR thermal image screenshots of hot-pressed PLA films after 30 s of heating
at 15 W.

We observed a strong correlation between electrical percolation and the heating re-

sponse of the films, with a major increase in the heating rate above the percolation thresh-

old [75]. This implies that there is a minimum MWCNT loading in the film to achieve a

rapid heating response. Counterintuitively, the heating response then decreases Figure 2.6

and becomes less uniform at higher MWCNT loadings.
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Figure 2.7: Max temperature versus time for various wt % of CNTs in waveguide, 15-W
microwave power.

As shown in Figure 2.7, the 2.5wt% CNT film achieved the highest maximum recorded

temperature when heated in the waveguide at 15 Watts of incident power. This surprising

result occurs because, at higher loadings, the films become more reflective and thus less

absorptive to incident microwaves Figure 2.3B. This finite range of loading, where there

is strong coupling between the electromagnetic field and composite, is necessary for max-

imizing both heating rate and uniformity. This phenomenon has not been applied to com-

posite processing in previous literature. We also conducted finite-element simulations of

microwave adsorption and heat transfer using COMSOL Multiphysics Figure 2.3E; sim-

ilar trends appear (Figure 2.8), showing that these concepts can be accurately simulated

from first principles.
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Figure 2.8: COMSOL simulation predictions for temperature (average) versus time for all
samples.

2.3.4 Coating composition and heating

2.3.4.1 Heating response as a function of thickness

We also investigated how thin MWCNT/PLA films respond to the microwave as a

function of film thickness. These films were created by spray-coating composite films onto

glass slides. To do so, 9 g of PLA pellets were dissolved in 100 ml chloroform. Separately,

1 g of MWCNTs were added to 150 mL of chloroform and sonicated for 30 minutes. The

two solutions were mixed to give a 10 wt% solids in solution at a concentration of 40

mg/ml MWCNT. This ink was then diluted in 1:4 and 1:16 ratios to give inks suitable for

spray coating. These diluted inks were then sprayed onto PLA films and glass slides using

the apparatus pictured Figure 2.9.
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Figure 2.9: Setup for spray coating PLA films of varying thickness. The linear actuator
held by the far lab stand arm moves a piece of cardboard in front of the hobby sprayer as
it sprays a constant stream of 10wt% solids MWCNT / PLA / chloroform ink.

This apparatus consisted of a lab stand with an arm that held a motorized track and an

arm that held a hobby airbrush. The track arm and the airbrush arm were perpendicular.

On the end of the track arm was a motorized track that moved vertically, with an arm

taped perpendicularly to the direction of movement of the track. A hobby airbrush was

placed in the airbrush arm and directed at a piece of cardboard that was held in the arm

on the motorized track. This piece of cardboard held a glass slide and a piece of PLA

film to which the coatings were applied. The track moves up and down at a constant

speed of 0.554 cm/s, with the films applied by allowing the airbrush to spray at a constant

rate while the track moved the slide and PLA through MWCNT ink stream. Pressure,

spray rate, and dilution were varied per sample to achieve smooth, even films of varying

thickness. Because the glass and PLA are coated under the same conditions, the same
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thickness of film is applied. Remaining solvent was driven off under vacuum.

The PLA films heating response due to microwaves was characterized, and the thick-

ness of the glass slide was measured by profilometry (KLA Tencor P-6). These data were

matched up and used to plot heating of films against thickness in Figure 2.10. A positive,

exponential relationship between heating response to microwaves and thickness is visible

in the graph.

Figure 2.10: The microwave response of 10 wt % MWCNT spray-coated PLA films (as
quantified by the mean temperature of the film at 30 s) versus film thickness.

2.3.4.2 Microwave bonding of thermoplastic interfaces

To create the ink used in coating the films, 3.6 g of PLA pellets were dissolved in 50

mL of chloroform. Separately, 0.4 g of MWCNTs were added to 50 mL of chloroform

and then sonicated for 30 minutes. The two solutions were mixed to give a 10 wt% solids

in solution at a concentration of 40 mg MWCNT/mL. The ink was then sprayed onto the
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PLA films using a hobby airbrush. The area of the sprayed region was about 6.45 cm2.

The prepared samples were layered end over end like a typical lap joint. The samples

were placed between two glass slides then two rubber bands were wrapped around the

slides to keep tension on the films. The samples were then placed in a faraday cage and

irradiated at different times and powers using a 1250 W Panasonic microwave oven with

Inverter technology.

Lap shear and tensile strength measurements of the welded PLA films were conducted

using an Instron with a 500 N load cell. BlueHill software was used for data acquisition

and analysis. The area of the weld was entered into the software before each run. The

sample was then placed vertically into the clamps and secured. The clamps started ex-

tending the samples at a constant crosshead speed of 1.25 mm/min until the sample failed.

Once the sample failed, the clamps automatically returned to their starting positions, and

the sample was removed and a new one was placed in the clamps.
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Figure 2.11: Stress versus strain for lap-shear samples. For all samples, the break occurred
outside the weld (inset above).

Our data (Figure 2.11, 10wt% MWCNT/PLA ink spray coated onto PLA film, bond

area 2.5cm x 2.5 cm, microwaved in 1250W chamber at 50% duty for 15 s) show that

microwave radiation of thin MWCNT coatings can induce sufficient polymer diffusion to

cause tensile failure to occur outside the weld. For some samples (see sample CNT7 in the

figure), over-heating in the microwave can cause the surrounding polymer to fail.
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2.3.4.3 Filament coating method

A bath coating process was employed to achieve a thin conformal coating of CNTs +

polymer on the exterior of the feedstock PLA filament (Zen Toolworks, ZTW 3D Filament

PLA 1.75mm Natural, Polylactide supplied by NatureWorks). The filament diameter as

measured by calipers was found to be 1.70 mm ± 0.4 mm. Material properties for the

PLA supplied from the manufacturer are listed in table 2.2.

Table 2.2: Material properties of PLA filament.

Properties Test Method Test Condition Unit Value

Specific Gravity ASTM D792 - - 1.25 - 1.28

Melt Flow Index ASTM D1238 230◦C - 1.08 - 1.12

Glass Transition Temperature ASTM D3417 - ◦C 55 - 60

Melting Temperature ASTM D3418 - ◦C 145 -155

Melt Flow Rate ASTM D1238 A&B 210◦C g/10min 5 - 15

Tensile Strength ASTM D638 - MPa 48

Impact Strength ASTM D256 - J/m 0.16

Flexural Strength ASTM D790 - MPa 83

CNT composite ink was prepared in a similar manner to the solution-cast hot press

films and ink used for spray coating. Specifically, 3.6 g of PLA pellets were dissolved in

50 mL of chloroform. Separately, 0.4 g of MWCNTs were added to 50 mL of chloroform

and then sonicated for 30 minutes. The two solutions were mixed to give a 10 wt% solids

in solution at a concentration of 40 mg MWCNT/mL. This ink was then shear mixed in an

ultra-high shear mixer (Silverson L5MA with 5/8 Micro SL mixing head) at 5,000 RPM
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for 1 hour. To coat the neat PLA filament, first the dip coater was loaded with 10 wt%

CNT ink. The neat PLA was drawn through the dip coater (Figure 2.12) and kept vertical

during the drawing and drying process to ensure an even radial coating was deposited.

The excess chloroform was allowed to evaporate off in the fume hood. Next the coated

filament was placed in the vacuum oven at 100◦C and left for 24 hours to drive off any

remaining solvent.

Figure 2.12: Coating bath internal view. The structure is comprised of Teflon guide sand-
wiched between two aluminum plates.

The coated filament was characterized by SEM and optical microscopy and correlated

with linear mass density measurements to determine the areal coverage (Figure 2.13).
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Figure 2.13: Microscope image of the 1.75 mm printer filament with CNT coating.

By weighing a section of filament before and after the coating process and dividing the

differential weight by the length of filament, an average linear mass loading of approxi-

mately 1 mg/cm of filament was achieved with the coating process. Assuming the CNT

composite has a density of 1.34 g/cm3 (0.9*1.25 g/cm3 + 0.1*2.1 g/cm3 weight average of

PLA and MWCNTs) and the neat filament has a diameter of 1.7mm, the thickness of the

coating would be approximately 14.0 µm. This value agrees well with optical micrographs

of filament cross-sections. As coated filament is fed through the 3D printer extruder noz-

zle, it is thinned out due to extensional flow. From optical micrographs of printed unit

cells (Figure 2.14), we conclude that with careful selection of printer parameters, very

little mixing between the CNT composite sheathing and inner polymer core occurs.
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Figure 2.14: Microscope image of the coated filament after being extruded from a 0.5 mm
nozzle.

Therefore, using volumetric consistency between the coated filament feedstock and

the extruded filament, the thickness of the coating after extrusion may be calculated as

follows:

coating thickness = R0 −RI

area coat = π(R2
0 −R2

I)

Ecoat = REO − RIREO

RO

where Ecoat is extruded coating thickness, REO is extruded outer radius, RI is filament

inner radius, and RO is filament outer radius as in Figure 2.15. We compute Ecoat = 3.9

µm.
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Figure 2.15: Schematic for calculation of coating thickness.

2.3.4.4 Heating response of coated filaments

These heating experiments and simulations directly inform the choice of coating com-

position, the coating thickness, and the microwave parameters used for the actual heating

process. Of course, all this characterization is for homogeneous MWCNT-loaded polymer

films; to relate this work back to our 3D-printed structures, we both measured and sim-

ulated MWCNT-coated filament bundles. Cross sections of coated filaments were super

glued to a PLA film to create a bundle (Figure 2.16).
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Figure 2.16: Coated PLA filament array glued to polymer film.

The bundle was then placed in a waveguide and irradiated at 150 W. The temperature

was monitored using a FLIR camera equipment with a microscopic lens and FLIR soft-

ware. Figure 2.17 clearly demonstrates that there is only heating at the interfaces instead

of throughout the entire bundle or only at the edges of the bundle. Heat emanates from

the peripheral circumference of the filaments in the bundle, which coincides directly with

the nanotube coating. This site-specific heat source sets up a thermal gradient between

the coating and the interior of the neat PLA filament.We simulated the same bundle ge-

ometry in COMSOL with an applied electromagnetic boundary surface heat source at the

filament circumference and observed a thermal gradient consistent with the temperature

profile observed in the FLIR recording.
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Figure 2.17: FLIR image of coated filament bundle heating in waveguide and correspond-
ing COMSOL simulation of filament bundle heating in a waveguide. Edge heating phe-
nomena consistent between the simulation and experiment. Right: FLIR image of coated
filament bundle heating in waveguide. Left: COMSOL simulation of filament bundle
heating in a waveguide. Edge heating phenomena consistent between the simulation and
experiment.

Heating only at the interfaces instead throughout the entire structure improves the me-

chanical properties of the print. Heating in an oven would cause uneven heating. The

interfaces near the edges of the part would become stronger than the interfaces in the inte-

rior of the part. Using the microwave procedure all the interfaces receive a similar amount

of heating without overheating the structure which would result in dimensional changes

and warping of the printed structure.

2.3.4.5 Additional coating constraints

Additional constraints on the coating composition are imposed by the extrusion pro-

cess during printing. There is a maximum MWCNT loading in the coating based on the

ability of the coating and filament core to co-flow during extrusion; at higher loadings, flow

instabilities may result. Similarly, the coating thickness is determined by a trade-off be-

tween the need to generate heat and the need to localize that heat. For our experiments, we

52



selected a coating containing 10wt%MWCNTs and a coating thickness of approximately

14 µm.

2.3.5 LIRF welding of 3D printed coupons

For the microwave exposure process itself, the underlying polymer physics are an

example of classic polymer welding; three critical parameters define the system: time,

temperature, and pressure. In an additive manufacturing context, one cannot control pres-

sure, and uniform heating warps the as-printed structure. Therefore, we use the embedded

MWCNT coating to control the temperature at the interface for a given time. The CNT

compositecoated filament was used to print the coupons used for the microwave heat treat-

ment and mechanical testing. Samples were printed on an ME or fused filament fabrication

style 3D printer (Stacker 500) shown in Figure 2.18.

Figure 2.18: Stacker 500 desktop material extrusion 3D printer.
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Figure 2.19: Stacker printer nozzle showing heat sink.

The nozzle bore on the Stacker 500 was fixed at 0.5 mm in diameter (Figure 2.19).

Rectangular sample coupons, a single trace in width, were printed in the vertical (z) di-

rection in a continuous spiral pattern to ensure that each layer had a spatially uniform

thermal history during printing (Figure 2.20). The edges of each double-wall sample were

trimmed with shears yielding a rectangular sample with dimensions in accordance with

ASTM D1938. The sample is torn such that the fracture propagates along a single Z

direction weld line.
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Figure 2.20: Slicing pattern and G-code preview of the rectangular tear specimens.

We then exposed the samples to microwaves in our waveguide apparatus, and the tem-

perature was monitored using a FLIR camera as before (Figure 2.21. The waveguide was

positioned vertically and a Teflon block was fixed at the maximum electric field node. The

tear samples were positioned in the waveguide, resting on the Teflon block, such that the

printed traces were aligned parallel to the electric field. This orientation resulted in the

most uniform and repeatable heating pattern.
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Figure 2.21: FLIR camera positioned over the waveguide to directly measure sample tem-
perature during exposure to microwaves.

To achieve the most accurate temperature reading on the samples, a microwave choke

tube was fashioned to allow direct viewing of the samples, instead of viewing through

a mesh. The choke tube attenuates the microwaves down to a level that is safe for both

the camera equipment and human exposure limits [32]. The choke tube dimensions were

selected to have a 30dB attenuation of the microwave power, according to the following

equation:

α = 0.18

√
22, 500

a2
− f 2
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where α is the attenuation constant (in dB/m), a is the long dimension of the choke tube

in meters, and f is the frequency in MHz. A choke tube 3cm wide results in an attenuation

constant of 785 dB/m, which means a choke tube 3.8 cm or longer is appropriate. The

choke tube used in our setup is shown in Figure 2.22.

Figure 2.22: Microwave choke tube designed to attenuate and contain microwave energy
yet still allow for direct viewing of sample.

From a processing standpoint, it is desirable to minimize the time required to weld the

interfaces. Therefore, we controlled the microwave power to achieve high heating rates at

the start of the exposure to bring the sample up to the welding temperature as quickly as

possible, and manually regulate the power once the sample reached the desired tempera-

ture. Semicrystalline polymers, including PLA, benefit from having the interface above
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the melting point of the polymer so that crystalline regions can melt, diffuse, and recrys-

tallize across the weld line [84, 85, 86, 11]. For our microwave heat treatments, we used

an exposure time of 60 s at 160◦C as shown in Figure 2.23. Note that these temperatures

are too low to induce structural changes or covalent alterations in the MWCNTs [69, 73].

Figure 2.23: Maximum temperature versus time for all five LIRF samples.

From a process control standpoint, this type of temperature control could be computer-

controlled via a closed-loop proportional-integral-derivative (PID) controller. The solid-

state microwave source used in this study has the ability to be controlled via serial com-

munication protocol. In the future, if such a closed-loop power control system could be

implemented, it is likely that more consistent improvements in the mechanical properties

of the samples would be observed.
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2.3.6 Tear tests

To determine the strengthening effect of the LIRF welding process on 3D-printed in-

terfaces, we selected a mode III tear propagation resistance (trouser tear) test suitable for

thin plastic sheets (ASTM D1938) illustrated in Figure 2.24A.

Figure 2.24: (A) Tear tests are used to determine that (B) the fracture strength of 3D-
printed PLA coupons is increased by 275% when CNT coatings and LIRF welding are
applied. (C) Optical micrographs of the fracture surfaces reveal significant necking and
crazing in the LIRF-welded sample, whereas the smooth surface of the 3D-printed control
sample indicates a brittle fracture. (D) A nanotube-coated, LIRF-welded PLA chain link
printed in the z direction is able to support the weight of C.B.S. This LIRF welding enables
new, high-strength applications of additive manufacturing.
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This technique was identified as a standard test to gauge the fracture strength of 3D-

printed interfaces [11]. The sample is torn such that the fracture propagates along a single z

direction weld line. This test method accurately gauges the fracture strength of a single 3D-

printed layer weld line as it fails via the slip-stick mechanism; this is a mode III analog to a

double cantilever beam (mode I) test [23]. The results of the trouser tear tests are presented

in Figure 2.24B for neat hot-pressed films (that is, bulk polymer with no-weld line) and

3D-printed coupons including both neat- and CNT LIRFwelded specimens. CNT-coated

specimens without the LIRF treatment behave similarly to the neat specimen.

Figure 2.25: Instron 5944 load frame used for tensile and tear tests.
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Trouser tear test samples were tested according to ASTM D1938 standards on an In-

stron 5944 mechanical tester (Figures 2.25 and 2.26) fitted with a 500-N load cell and

equipped with Bluehill software.

Figure 2.26: Close-up view of sample gripped in the tensile load frame.

Samples were tested at a strain rate of 100 mm/min. The thickness of the fracture

surface was calculated from end-view fracture surface images as shown in Figure 2.27; the

mean value for 3D-printed samples was found to be 0.419 mm. Note that it is important to

use the actual thickness of the 3D printed interface, since nominal values measured from

the outer edges of the sample will result in values below the actual fracture strength. For
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the bulk samples, no ridges from the printing process are present, so a micrometer is an

appropriate tool to measure the film thickness.

Figure 2.27: Optical microscope image of a tear test sample viewed edge-on to determine
the mean weld line thickness.

The thickness for the bulk PLA hot press films was measured for each sample using a

micrometer as specified by ASTM D1938. Samples were loaded into the Instron grips and

pulled until the tear had propagated along the entire sample length. Load versus extension

was recorded in the Instron Bluehill software. These plots were converted to fracture

strength versus extension plots to normalize for the thickness of the sample. The fracture

strength was calculated using the following formula:
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SF =
2FN

t

where SF is the fracture strength, FN is the normal force, and t is the thickness of the

sample as determined above.

Fracture strength plots for all the samples including the bulk hot pressed PLA, printed

neat and CNT control samples, and the printed LIRF-welded samples are shown in Figures

2.28 to 2.31. Note: These are fracture strength vs. tear extension tests for trouser tear tests;

these are not typical stress-strain diagrams.

Figure 2.28: Tear test fracture strength versus extension results for bulk PLA film.
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Figure 2.29: Tear test fracture strength versus extension results for neat printed PLA.

Figure 2.30: Tear test fracture strength versus extension results for CNT-coated printed
PLA.
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Figure 2.31: Tear test fracture strength versus extension results for CNT-coated, LIRF-
welded printed PLA samples. Note the welded interface of each sample were stronger
than the bulk PLA film itself and thus fractured perpendicular to the weld (tear) line.

To determine the average fracture strength value along the weld line, it is necessary

to disregard the initial and final portions of the force (fracture strength) versus extension

curve as specified by ASTMD1938 standards. We used MATLAB to select the first peak

in the data during the linear loading of the sample tabs. This automatically selects the first

slip-stick criteria as the neat film or weld line begins to fracture. The start point in the data

is indicated by a triangle on each plot. For the end of test criteria, the minimum force value

before the onset of tensile crazing (hardening) was determined, and data 1 mm before this

point were truncated. The truncated final portions of the curve are plotted in gray. The

data in between these points were averaged to determine the mean fracture strength of

each tear. The average fracture energy of each sample set is plotted in Figure 2.32.

65



Figure 2.32: Tear test fracture strength results for each sample type. Note that the printed
CNT control sample has a similar strength compared to the neat PLA sample indicating
that the CNTs do not significantly impede the initial welding process during printing.

In addition, we conducted a short study analyzing the effect of nozzle temperature

on the fracture strength of the neat PLA printed coupons (Figure 2.33). We did this to

ensure that we used the best-case settings for the 3D-printed baseline samples. Nozzle

temperatures from 200◦C to 240◦C were selected on the basis of the lowest temperature

possible for printing the material, up to the highest temperature (240◦C) where degradation

of the PLA is expected to occur.
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Figure 2.33: Tear test fracture strength versus extension results for nozzle temperature
sweep.

As can be observed in the plots, the higher temperatures resulted in consistently stronger

welds; this influenced our decision to print the control samples at the highest nozzle tem-

perature setting of 240◦C. Note that we did not use any nozzle air cooling from the fan for

similar reasons; air cooling was found to reduce the fracture strength of the weld line.

2.4 Discussion

The results of these tests indicate that the LIRF welding process is a highly effective

technique for strengthening the interfaces of 3D-printed parts; fracture strength increased

by 275% over baseline 3D-printed parts. Both optical microscope and scanning electron

microscopy (SEM) images of the fracture surfaces for the three samples (hot-pressed bulk

PLA; 3D-printed neat PLA; and CNT-coated, 3D-printed, LIRF welded PLA) are shown

in Figure 2.24C and Figures 2.34 to 2.41. It is clear that the bulk hot-pressed PLA sample

undergoes significant plastic deformation during the propagation of the tear.
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Figure 2.34: Optical microscope image of tear test fracture surface for bulk hot-pressed
PLA sample (necking and crazing are clearly visible).

This plastic deformation and crazing is absent in the neat 3D-printed control sample;

instead, a clean and smooth fracture surface can be seen in Figures 2.35, 2.36 and 2.37.

Minor surface crazing is visible on the neat PLA printed samples at large magnifications;

however, the lack of any visible bulk plastic deformation confirms the brittle fracture.
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Figure 2.35: Optical microscope image of tear test fracture surface for neat 3D-printed
PLA control sample (necking and crazing are absent; instead, a clean fracture surface is
observed).

Figure 2.36: SEM image of tear test fracture surface for neat PLA 3D-printed tear samples.
Note the relatively clean fracture with little to no bulk plastic deformation visible.
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Figure 2.37: Higher magnification of 2.36. SEM image of tear test fracture surface for
neat PLA 3D-printed tear samples. Shearing artifacts on the sample surface indicate the
manner in which the sample was torn

In stark contrast, the fracture surfaces (Figures 2.38 to 2.41) of the LIRF-welded sam-

ples exhibit large necked zones along the tear path with significant bulk plastic deforma-

tion. The fracture surfaces of LIRF-welded samples closely resemble those of the bulk

hot-pressed PLA films.
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Figure 2.38: Optical microscope image of tear test fracture surface for LIRF-welded sam-
ple (necking and crazing are clearly visible).

Figure 2.39: Optical microscope image of tear test fracture surface for LIRF-welded sam-
ple (necking and crazing are clearly visible).
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Figure 2.40: SEM image of tear test fracture surface for LIRF-welded, 3D-printed PLA
tear test samples (necking and crazing are clearly visible).

Figure 2.41: Higher magnification of 2.40. SEM image of tear test fracture surface for
LIRF-welded, 3D-printed PLA tear tests. notice the large amount of bulk plastic deforma-
tion on the fracture surface which indicates the ductility restored to the sample interface
after the LIRF heat treatment.
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This evidence leads us to the conclusion that both the strength and ductility of the

samples have been restored. The fracture strength results support this conclusion; in some

of the LIRF-welded samples, the propagation of the crack along the weld line was pinned

such that the crack deviated from the center line and tore diagonally or perpendicularly to

the weld line. (This tendency is commonly seen in tear tests as noted in ASTM D1938 sec.

9.4.) The LIRF-welded parts outperform even the neat hot-pressed films; this suggests that

the heat treatment may locally increase the crystallinity of the polymer interface or that the

MWCNTs reinforce the interface after the welding process.

We highlight another important observation about the structure of the samples after

the LIRF heat treatment. In the SEM images (Figures 2.40 and 2.41), one can clearly ob-

serve that the printed layers have not been structurally altered or warped after the welding

has occurred. This proves that the localized heating process is capable of increasing the

interlayer bond strength without sacrificing the dimensional accuracy of the part.

These enhancements in 3D-printed weld strength imply that MWCNT coatings on

polymer filaments, followed by LIRF heating, can allow for 3D-printed structures with

properties approaching those of conventional manufacturing. This enables load-supporting

structures with complex shapes such as the 3D-printed chain link shown in Figure 2.24D.

In our upcoming studies, we anticipate that this process can be extended to additive man-

ufacturing of other thermoplastics; other electromagnetic frequencies may also be feasible

for LIRF welding. Furthermore, these results indicate that conventional bulk heating of

polymers to induce welding could be replaced by localized RF-responsive coatings.
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3. RADIO FREQUENCY HEATING OF POLYMER NANOCOMPOSITES

3.1 Overview

Nanocomposites are becoming an important new class of industrial materials for use

in high performance applications. Electrically-active nanocomposites afford unique op-

portunities for targeted volumetric heating upon the application of an electric field. Direct

current (DC) and microwave heating methods are widely reported, however have not ex-

perienced widespread use due to the challenges and limitations of these heating methods.

Radio frequency (RF) heating offers many advantages over DC and microwave heating of

nanocomposite materials. Here, we give the first-ever report of RF electromagnetic heating

of polymer nanocomposite materials via direct contact and capacitively-coupled electric

field applicators. We present our RF heating technique for multi-walled carbon nanotube

(MWCNT) thermoplastic composites and measure their broadband dielectric properties.

We also demonstrate three different electric field applicator configurations and discuss

their practical use in an industrial setting. Finally, we demonstrate the use of RF heating

to cure an automotive-grade epoxy loaded with MWCNTs. Lap shear joints cured faster

with the RF method compared to control samples cured in an oven due to the heat transfer

advantages of directly heating the epoxy composite.

3.2 Introduction

Joule heating of nanocomposite materials has resulted in many unique applications

for material processing, including embedded curing of composites, embedded heating ele-

ments for deicing, and localized welding of 3D printed parts [87, 88, 7]. Most work to date

has focused on direct current (DC) heating [89] or microwave heating of electrically con-

ductive nanocomposite materials [90]. Radio frequency (RF) heating, defined as approxi-

mately 3 kHz to 300 MHz, is a largely unexplored method for heating of nanocomposite
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materials. Much of the historic industrial use and research on RF heating was focused on

food processing [91, 92, 93, 94], RF bonding or curing of materials [95, 96], drying of raw

materials [97], and biomedical hyperthermia or ablation [98, 99, 100]. Thermoset adhe-

sives with high dielectric loss have been cured using high power RF energy [101]. To date

most of the literature has focused on RF heating of nanocomposites for hyperthermia appli-

cations [102, 103, 104], or inductively-coupled RF heating of nanocomposites [105, 106].

In comparison to DC or microwave heating, the benefits of capacitively-coupled RF heat-

ing include: (i) the flexibility to directly or remotely couple electromagnetic energy to a

nanocomposite material, (ii) the ability to more efficiently transfer energy to the material

due to capacitive coupling, (iii) the option to use sub-percolation loading levels of nanopar-

ticle fillers, and (iv) reduction of safety concerns compared to microwaves by decreasing

stray electromagnetic radiation [107].

Perhaps the simplest method for Joule heating a conductive nanocomposite material is

to connect the composite to a direct current or line frequency (50-60 Hz) voltage source.

Nearly all electric heating elements used in consumer or industrial applications operate

in this manner. A notable example is the work from Lee and Wardle et al. who used

DC heating to cure composite panels out-of-oven with embedded CNT films [108]. There

are, however, two major draw-backs associated with DC Joule heating. First, the resistive

material needs to be directly connected to the circuit with conductive electrodes, and sec-

ond, the material needs to have a relatively high conductivity to pass a current through the

material. High frequency alternating electric fields may also be used to excite currents in

conductive composite materials for heating applications. Microwave heating of nanocom-

posite materials utilizes electromagnetic energy between 300 MHz and 300 GHz to heat

lossy dielectrics and has the benefits of being able to remotely heat the target material

with high energy density [109, 110]. Even so, heating parts uniformly with microwaves is

difficult, and shielding requirements present challenges for practical applications to pre-
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vent the dangerous emission of microwave energy [107]. Here we demonstrate a novel

technique for heating nanocomposite materials with RF energy. We measure the RF elec-

trical properties of CNT and polylactide (PLA) melt compounded nanocomposite films

and evaluate various electric filed applicators for heating the films. We show that direct

contact, parallel plate, and fringing field applicator geometries are all capable of heating

nanotube composites at high heating rates. A practical example of curing a high strength

epoxy loaded with CNTs in a lap shear joint configuration is shown. In this case, the

aluminum lap shear coupons serve as the direct contact electrodes used to apply the RF

energy to the epoxy nanocomposite. Due to the volumetric heating capability of the RF

method, the RF-cured lap shear samples reached green strength in 3 minutes as opposed

to 5 minutes for a conventional oven curing method. We anticipate wide applicability in

the industrial manufacturing sector.

3.3 Results and discussion

3.3.1 Sample preparation

Carbon nanotube polylactide (PLA) composite films (Figure 3.1) were prepared via

melt compounding. Starting with a 10.0 wt% MWCNT/PLA masterbatch (Nanocyl SA,

custom batch), various dilutions were melt compounded into neat PLA (NatureWorks

LLC, 3D850) with a micro-conical twin screw compounder (Thermo Fisher Scientific Inc.,

HAAKE MiniCTW).
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Figure 3.1: Hot pressed films used for the RF measurement and heating experiments. The
samples have silver electrodes painted on the edges for direct contact RF heating.

Prior to compounding, the polymer samples were thoroughly dried per the manufac-

turer’s specifications. Samples were melt compounded for approximately 4 minutes at 215

◦C before the die was opened and the sample allowed to extrude. The nanocomposite di-

lutions were then hot-pressed (Carver Inc., model 3856) into uniform 0.5 mm thick films

at 150 ◦C and 27.6 MPa. Rectangular samples 3 x 5 cm were cut from the films and silver

electrodes were painted onto the edges to aid in contact to the RF applicator cables.

3.3.2 Electrical characterization

To fully understand the RF heating response of the polymer CNT composite materials,

we first characterized the hot pressed films in the RF region. The complex permittivity
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was measured using a capacitive sample holder consisting of two conducting cylindrical

disks (Figure 3.2) and a network analyzer.

Figure 3.2: 3D printed radio frequency dielectric measurement jig for hot pressed film
samples

An adapter was used to convert N-type coaxial connection from the network analyzer

to two parallel prongs to connect to the capacitor disks. In the measurement, the sample

under test is placed between the two disks and the scattering parameter S11 is acquired

for the desired frequency range. A calibration procedure was used to account for the

connecting cables and the adapter and capacitor parasitics. The capacitor impedance is

obtained from the measured S11 parameter, which is then used to compute the complex
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permittivity, taking into account the fringing fields.

Figure 3.3: Dielectric spectroscopy results including conductivity (A) loss tangent (B)
of MWCNT/PLA hot pressed films 50 to 200 MHz. Calculated heating rate dT/dt vs.
frequency plot (C) for MWCNT/PLA composite films heated via direct-contact RF energy
(C inset: RC CNT network illustration).

The real part of the electrical conductivity and loss tangent as a function of frequency

from 50 to 200 MHz are plotted in Figure 3.3A and 3.3B (the real part of the relative

permittivity is shown in Figure 3.4).
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Figure 3.4: Real part of the relative permittivity vs. frequency for various weight percent-
ages of CNT/PLA composite films.

A large increase in conductivity is observed from 0.1 wt% to 0.5 wt%. The shifted

onset of a pseudoconductive network to lower loading levels is explained by the capacitive

coupling of isolated carbon nanotubes that may now contribute to the materials volume

conductivity. This is in contrast to DC percolation behavior where CNTs must be prox-

imally close enough to enable electron hopping or tunneling from CNT to CNT [111].

The loss tangent of the composite films (Figure 3.3B) reveals that the 0.5 wt% and 1 wt%

loaded films are the most lossy and therefore well suited for broadband radio-frequency

heating across the measured spectrum [112].
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3.3.3 Thermographic spectroscopy

Radio frequency power was applied to the samples with a signal generator (Rigol Inc.,

DSG815) and 500 W amplifier (Prana R&D, GN500D) shown in Figure 3.5.

Figure 3.5: RF signal generator and amplifier equipment

The samples were connected to the amplifier with a 50 coaxial transmission line ter-

minated by a Type N bulkhead connector with alligator clips soldered to the center pin

and ground reference. Samples were placed in a custom laminar airflow box to have a

consistent advective cooling rate across all samples. The samples were directly monitored

with a FLIR infrared camera system (FLIR Systems Inc., A655sc). To test the frequency
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dependent heating response of the samples and the RF power equipment, a step-wise heat-

cool frequency sweep was programmed into the signal generator. Frequencies from 1-200

MHz were swept such that power at 40 dBm (10 W) is applied for 2 seconds, followed

by 13 seconds of cooling before moving to the next 1 MHz incremental step. The heating

rates as a function of frequency were determined by selecting the points when the power

is switched on and 1 second into each cycle and calculating the slope between the points

as shown in Figure 3.6.

Figure 3.6: Close-up view of thermographic spectroscopy data for 0.1wt% hot pressed
film sample showing how the heating rate was calculated

Heating rates as a function of frequency for the PLA/CNT composite films heated with

direct contact RF power from 1 to 200 MHz are shown in Figure 3.3C. All samples from
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0.1 wt% to 10 wt% efficiently couple to and heat in response to the applied RF energy. This

result is surprising when compared with microwave heating of similar CNT composite

films. We previously demonstrated that samples below 1 wt% heat very little in response

to microwave energy, and samples above 5 wt% begin to reflect incident microwave energy

and thus heat less [7]. The 5 wt% composite film achieved the highest heating rate of

16◦C/s. All samples display heating rates that are highly dependent on frequency with

notable resonant modes. Resonant modes common to at least two samples are centered at

approximately 5 MHz, 35 MHz, 90 MHz, 120 MHz, and 180 MHz. As a general trend, the

lower weight percent composite samples couple well at higher frequencies, and conversely,

the higher weight percent composites couple at lower frequencies.

The two main factors that contribute to the observed resonant modes are the impedance

of the composite films and the characteristics of RF amplifier circuit. The CNT compos-

ite samples follow classic percolation models, and exhibit complex capacitive impedance,

especially at lower loading levels. Based on the heating rate results in Figure 3.3C, there

exists a clear distinction between films above and below the percolation threshold. The

higher weight percent films have a higher degree of percolation and resistive interconnects

between carbon nanotubes dispersed in the matrix. The films with lower loading are below

the classic DC percolation threshold value, and are therefore composed of a predominantly

disjointed network of carbon nanotubes. Such a network may be represented by a com-

bination of resistors and capacitors in series and parallel (Figure 3.3C inset). The greater

the contribution from capacitive effects, the more sensitive the heating rate will be to the

resonant frequency of the power supply and overall circuit. Because of this, most practical

RF heating equipment will implement an automatic matching network to ensure power is

effectively coupled to the load [113, 114, 115].
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3.3.4 Quality factor and matching

Perhaps the most important consideration for effectively heating nanocomposite ma-

terials with RF energy is the concept of impedance matching. Nanocomposite materi-

als pose a unique challenge for matching, largely because their electrical properties can

change over many orders of magnitude with small changes in composition or processing

conditions. Additionally, nanocomposites are complex materials with both resistance and

capacitance (inductive component is negligible for non-magnetic nanocomposites). Max-

imum power is transferred from the RF source to the load when the load impedance ZL is

equal to the complex conjugate of the RF source impedance ZS∗, which is the Thévenin

equivalent circuit.

ZS = ZL∗

This implies that the real part of the impedances (the resistance R) must equal each other

and the imaginary part of the impedances (the reactance X) must cancel.

Z = R + iX

RS = RL

XS = −XL

Where RS is the source resistance, RL is the load resistance, XS is the source reactance,

XL is the load reactance. The resistive term is frequency independent, and is equal to the

DC resistivity for a given sample geometry. It is important to note that the load impedance

includes both the sample impedance, and the impedance of the cables and other circuit

elements used to connect the sample to the load; it is thus a lumped sum equivalent circuit.
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The complex impedance of the load ZL may be defined as:

ZL = RL + iXL = RL + i(ωLL − 1

ωCL

)

where is the angular frequency given by ω = 2πf . When the inductive and capacitive

reactances are equal, the system is said to be at resonance. The resonance frequency of a

series RLC circuit is given by:

ωr =
1√
LC

The RF source generally has a fixed resistance and reactance, and most commercial sys-

tems are designed to have an impedance of 50 Ohms. For our samples, the reactance

is highly dependent on frequency, so these terms may be balanced to allow for efficient

coupling by using frequency variation (as measured by heating rate in Figure 3.3C). This

could be used to employ RF-based curing of CNT/epoxy systems at low loadings, where

samples with sub-percolation loadings may still strongly couple to fields with the appro-

priately matched resonant frequency.

In contrast, most industrial RF heating systems employ an operating frequency within

one of the defined industrial, scientific, and medicine (ISM) bands designated for commer-

cial use by the International Telecommunication Union (ITU) Radio Regulations (RR). Of

the available bands, 13.56 MHz, 27.12 MHz, and 40.68 MHz are commonly used for

heating [107]. In these cases, efficient heating could be accomplished through impedance

matching, which is typically carried out with a matching network composed of variable

inductor and capacitor elements either manually or automatically controlled.

Our system can be tuned based on composition of the nanocomposite rather than

through the use of a matching network alone. This is also important because even matched

systems that are as efficient as possible may be unable to heat a target material with low
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dielectric or resistive loss, i.e. an epoxy system that would normally require very high

power levels to heat, could be made to heat at much lower power levels with the addition

of a nanocomposite filler.

3.3.5 Applicator techniques

Demonstrations of both contact and non-contact RF heating were carried out on the

composite films. The direct contact method is the same as that used for the thermographic

spectroscopy technique. Silver electrodes were painted onto the edges of the composite

films and connected to the RF amplifier with alligator clips; one electrode is grounded

and the other carries the sinusoidal RF signal (Figure 3.7A). For the non-contact methods,

we utilize the electric fields produced between the ground and RF signal lines to induce a

time-varying electric field in the composite films resulting in resistive heating.
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Figure 3.7: Geometry illustrations (top) and corresponding FLIR thermal image (bottom)
showing the three RF electric field applicator configurations: direct contact (A) parallel
plate (B) and interdigitated fringing field (C). COMSOL models (D) showing electric field
strength around the sample and near the electrodes (bottom left) the heat generated in a
sample (bottom middle) and the power dissipation density (bottom right).

We demonstrate both a parallel plate capacitor-like arrangement (Figure 3.7B), and

a planar interdigitated fringing-field applicator (Figure 3.7C). The parallel plate system

consists of two copper discs approximately 5 cm in diameter fixed to an insulating support

bar. One disc is grounded the other is connected to the center pin of the coaxial cable

from the RF power source. Samples are placed in-between the discs without physically

touching either electrode. For the fringing field applicator, copper tape 5 mm in width

was laid down on a polyetherimide sheet to create a pattern of interdigitated fingers. The

copper was covered with an insulating layer of Kapton tape and soldered to the ground
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and center pin of a Type N bulkhead connector. Thin composite samples were heated by

placing them parallel to the interdigitated applicator within approximately 5 mm from the

surface of the applicator.

In all three cases, the samples heat rapidly in response to the applied electric field with

heating rates over 100◦C/s observed in response to power levels of a few hundred watts.

The direct contact configuration in Figure 2A shows the heat generated in a 1.0 wt% CNT

PLA film at 315 W applied power at 100 MHz after 4 seconds of applied power. This is the

simplest RF field application method and was generally least sensitive to factors such as

film orientation in the electric field. The non-contact heating results are similarly energetic.

We used a 7.5 wt% CNT PLA film and applied 100 W of power at 100 MHz; Figure

2B shows the heat generated in the film after 6 seconds. This applicator configuration

would be very useful for targeted heating of a material that is embedded or otherwise

inaccessible to directly contact with metallic electrodes. Another useful application could

be the efficient and direct heating of a nanocomposite material in a tube furnace where

indirect heating via an oven is typically implemented. Finally we show an interdigitated

fringing field applicator heating a 1.0 wt% CNT PLA film at 315 W applied power at 50

MHz and the intense heat generated after 1 second (Figure 3.7C). Such a fringing field

applicator is specifically useful for heating planar materials moving in reference to each

other (either the material moves relative to the fringing field applicator or vice versa).

The act of scanning the fringing field parallel to the field lines serves to uniformly heat

the sheet or film. This configuration may find uses in heat treating nanocomposite thin

films, thermographically characterizing the electrical properties of printed electronics, and

processing continuous feeds of materials.

Both non-contact methods are operated in an electrically small configuration; that is

the dimensions of the applicator are less than one-eighth the wavelength of the applied

RF field (at 200 MHz the wavelength is approximately 1.5 m) [107]. Because of this,
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the electric fields generated between the plates or interdigitated fingers cannot establish

standing waves, and so are highly uniform in nature.

3.3.6 COMSOL modeling

The applicator configurations discussed were modeled in COMSOL to develop a better

understanding of the electric field distribution in the samples and the coupled heat gener-

ated by the RF energy. Modeling the applicator geometry and sample to be heated can be

a valuable tool for creating an efficient and effective RF heating module in a real-world

application. For this geometry, we modeled the electric field with a lumped port, and as-

sume a power input of 100 W; for a 50 Ohm system this results in a peak voltage input

of 100V. The dielectric properties of the film were taken from the measurements we per-

formed earlier. Using the COMSOL Multiphysics RF and heat modules, we calculated the

electric field distribution in the film and coupled that with the material dielectric proper-

ties to determine the power dissipation and thus the temperature rise in the material. We

show in Figure 3.7D the electric field distribution (left), the temperature rise (middle),

and power dissipation density (right) for a capacitively-coupled parallel plate applicator.

Calculating the maximum predicted electric field strength is important to ensure that the

system is operated well below the dielectric breakdown voltage of air (approximately 3

MV/m) and the breakdown strength of the composite materials to be heated. Outside the

sample, the maximum electric field concentrates around the sharp edges of the applicator

plates and the corners of the sample. In spite of this, the maximum power dissipation and

temperature rise are observed in the center of the sample for both the simulation and exper-

iments. Another observation from the electric field lines is their relative uniformity inside

the parallel applicator plates. A more uniform electric field results in more uniform and

consistent heating across various samples. This is in contrast to the results we previously

showed for microwave waveguide heating of composite films where heating uniformity
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was highly dependent on the dielectric properties of the film [7, 116].

3.3.7 Application to rapid bonding

3.3.7.1 Lap shear adhesive samples bonded with RF

We now demonstrate an automotive- and aerospace-focused application of this technol-

ogy by bonding aluminum sheets with a high performance epoxy adhesive loaded with car-

bon nanotubes (Figure 3.15). It is highly desirable to bond aluminum and composite parts

with high-performance adhesives instead of rivets or traditional welds [117, 118, 119].

Properly selected adhesives outperform both welds and mechanical fasteners in regard to

mechanical strength, impact and fatigue resistance as well as weight. Historically, the one-

part epoxies used to bond vehicle components required cure temperatures of 180◦C for 30

minutes to reach full strength [120]. This required the components to be placed in large

ovens, draped with heater blankets, hot air guns, or infrared heaters to achieve the desired

degree of cure. With our RF curing technique, the epoxy adhesive composite volumet-

rically generates the required heat for curing because of Joule heating of the embedded

CNTs.
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Figure 3.8: Lap shear strength sample geometry showing the RF applicator technique, and
the thermal profile recorded with a FLIR camera (A). Temperature profile as a function of
RF cure time recorded by the FLIR camera (B). Time to reach equivalent green strength
for traditional oven cure and RF curing technique (C).

Aluminum strips (ThyssenKrupp Materials NA Inc., 7075 T6) 1mm thick and 25.4

mm wide by 152.4 mm long were bonded using a single-part high temperature cure epoxy

(Betamate Flex 100, DowDuPont Inc.) loaded with MWCNTs (Cheap Tubes Inc.). The

epoxy and CNTs (0.25 wt%) were mixed with a planetary centrifugal mixer (AR-100,

THINKY USA, Inc.) at 2000 RPM for 15 minutes. The CNT loading level of 0.25wt% is

below the classical DC percolation threshold, and yet still couples effectively with the RF

power source.

91



Figure 3.9: Lap shear assembly process 1. Overlap area masked with PI tape 2. Beta-
mate/CNT epoxy composite added and PEI spacers inserted 3. Two halves pressed to-
gether and held in place with PI tape 4. Electrodes attached to each lap shear strip with
alligator clips

Lap shear samples were prepared for lap shear strength according to ASTM D1002

(Figure 3.9). Polyetherimide (PEI) spacers were inserted on both edges of the lap shear

samples to ensure a consistent bond line thickness was maintained for every sample. A

strip of Kapton polyimide (PI) tape was used to clamp the strips in position during the

curing procedure. For the RF cured samples, the prepared specimens were connected to

the RF amplifier by grounding one of the aluminum strips and connecting the other to the

center pin of the Type N bulkhead connector.
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Figure 3.10: Setup for monitoring lap shear temperature with FLIR camera.

The applied power was approximately 10-100 W at 44 MHz throughout the curing

process and was manually controlled by directly observing the temperature of the samples

with a FLIR camera and the power level adjusted to achieve a desired thermal cure profile

(Figures 3.10 and 3.8B). Our RF curing method allowed the sample to be brought up to

the desired cure temperature of 200◦C within 2 minutes by applying up to 100 Watts of

RF power at 44 MHz.

The samples all had an initial heating rate of approximately 5◦C/s, similar to the direct-

contact hot pressed films shown in the previous section. The heating rate is determined

by the applied RF power minus heat flux to the components being joined. The maximum

heating rate is governed by the dielectric breakdown strength of the epoxy CNT composite,

93



the degradation temperature of the epoxy, or other thermal considerations for the compo-

nents to be joined. At higher loading levels (>0.5 wt%) we did in fact observe dielectric

breakdown and arcing events if the power level (and thus the electric field) was raised too

high. Using low CNT filler loading levels, an adhesive with higher dielectric breakdown

strength, or more sophisticated RF equipment may all help to mitigate breakdown events.

Figure 3.11: Diagram of oven control test for curing lap shear samples. Convective heat
transfer dominates.

Control samples were cured in an oven according to the manufactures recommended

processing conditions. The samples were suspended across thermally insulating alumina

bricks to ensure convention heating dominated rather than thermal conduction through the

aluminum strips (Figure 3.11). The oven was pre-heated to 200◦C and samples were timed

according to the total residence time in the oven, ranging from 2-6 minutes.
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The green strength of the joint was assessed by curing the specimen at a specified time

at 200◦C, followed by immediately weighting the lap shear specimen with 8.2 kg (Figure

3.12).

Figure 3.12: Weight and tensile grip mass measured at 8.2 kg, used for the green strength
test in this study

Samples that could hold the weight without measurable joint displacement were de-

fined as having reached their green strength, conversely, if the lap shear joint failed, the

specimen was defined as failing the green strength.

After 3 minutes of heating, the RF-cured sample passed a green strength test, holding

an 8.2 kg mass for a minimum of 30 seconds; the sample continued to hold the weight for
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30 minutes before we removed the grips (Figure 3.13 and 3.14).

Figure 3.13: Green strength test for the 2 min RF lap shear sample, the sample failed after
a few seconds of having the weight applied
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Figure 3.14: Green strength test for the 3 min RF lap shear sample, the sample held the
weight for approximately 30 min without failing

The remaining RF lap shear samples cured for 4 and 5 minutes each passed the green

strength test (Figure 3.8C). In contrast, the control samples (cured via convective heat

transfer in an oven set to 200◦C) took 5 minutes to cure to green strength. After 4 minutes,

the lap shear sample had begun to cure; however the sample slipped via adhesive failure

after a few seconds of the grips and weight being applied.

This difference between the RF curing and oven curing process is best explained by

the heat transfer mechanisms at work. In the RF curing technique, heat is generated vol-

umetrically within the adhesive system itself via capacitively-coupled Joule heating of

the sub-percolated CNT network. In the oven curing technique, the limiting factor is the
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convective heat transfer to the aluminum strips and the conduction heating into the epoxy.

Epoxies, as well as most adhesive systems, are poor thermal conductors and share the same

rate limiting steps governed by Fouriers law. Especially in the automotive manufacturing

sector where cycle times dictate which technologies are production-ready, volumetric RF

curing of nanocomposite epoxies offers great incentives for rapid curing of adhesive joints.

Besides using less active filler material, the low loading levels of CNTs ensure the

adhesive maintains its inherent mechanical properties, and is not significantly embrittled.

This is also advantageous from a cost perspective by limiting the amount of nanomate-

rial filler necessary to achieve sufficient heating performance. Additional advantages for

industrial applications include a large reduction in capital equipment costs typically asso-

ciated with large ovens, custom tooling, and other heating elements. This heating method

is highly efficient from an energy perspective since heat is generated directly within the

target material; similar to induction heating, excessive heat losses are thus minimized

[121].

3.3.7.2 Example: RF bonding of model truck

In Figure 3.15, we show an example of a model truck being bonded together with

the RF technique we developed. The truck bed was removed with a metal cut-off wheel

(Figure 3.15B) and prepared with the CNT-loaded Betamate epoxy.
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Figure 3.15: A model truck (A) was bisected by (B) cutting the truck bed off. (C) The
truck and bed interface was filled with CNT loaded Betamate epoxy and connected to the
RF source. (D) The interface containing the epoxy rapidly heated and the temperature
was monitored with the FLIR camera. (E) The finished, welded truck was able to support
weight (1.4 kg) in the truck bed.

We grounded the truck body and connected the truck bed to be bonded to the hot side

of the RF source (Figure 3.15C). After a few minutes of heating (Figure 3.15D) the truck

was fully bonded together to the green strength (Figure 3.16) and was able to support a 1.4

kg load in the truck bed (Figure 3.15E).
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Figure 3.16: Cured truck halves being tested for green strength

It is clear from the FLIR images that heat emanates locally from the composite epoxy,

this allowed the plastic components to be left on the model without melting them (this

would not be possible with curing in an oven at 200◦C). Such a technique may be applied

on a full scale vehicle production line with robotic assembly equipment. Certain parts

of the vehicle to be bonded could be connected to an RF power supply while the rest of

the body is grounded. This would eliminate costly tooling, IR heaters, induction heaters,

or ovens conventionally used to cure these epoxy bonds. Instead the components to be

bonded are the electrodes and part of the circuit used to bond the heat-generating epoxy

composite.

100



3.4 Conclusion

We highlight the advantages of RF heating and demonstrate for the first time the use of

RF energy to heat polymer nanocomposites. By characterizing the dielectric properties of

the material we are able to understand the mechanism for RF heating of the CNT compos-

ite materials used in this study. Various electric field applicator configurations including

direct contact, parallel plate, and interdigitated fringing field applicators have been demon-

strated by heating PLA/CNT composite films. We also have highlighted the practical use

of this technique for bonding epoxy lap shear samples, and show that RF heating was able

to achieve green strength two minutes faster than an oven-cured counterpart.
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4. DIELECTRIC BARRIER DISCHARGE APPLICATOR FOR 3D PRINTING

4.1 Overview

Material Extrusion (ME) 3D printing is a revolutionary technique for manufacturing

polymer parts; however, it has historically suffered from poor interlayer bonding, which

is related to Z-strength. Many methods have been proposed to address the mechanical

deficiencies of 3D printed parts, but most fall short of a production-ready solution. Here

we report the use of a dielectric barrier discharge (DBD) plasma mounted concentrically

around the nozzle of a 3D printer for in-situ welding of ME 3D printed parts. To our

knowledge, this is the first report of a DBD plasma being used as a non-contact means

to induce Joule heating in electrically-active composite materials. Our polymer welding

process is accomplished by coupling the electromagnetic power from the DBD plasma into

the interfaces of the 3D printed layers by adding a conformal layer of carbon nanotube

polymer composite to the printer filament. The current passing through the part results

in resistive heating of the layers and thermal welding of the interfaces. We show that

parts printed with this method have isotropic strength, and are equivalent to their injection

molded counterparts.

4.2 Introduction

Atmospheric dielectric barrier discharge (DBD) plasma was first discovered by Siemens

in 1857 [122]. Originally used for the production of ozone, DBD plasmas have found many

practical commercial uses, including water and air purification, surface treatments, aero-

dynamic flow control, lasers, lamps, and plasma displays [123, 124, 125]. A DBD consists

of a high voltage potential applied to a conductive electrode separated by a solid dielectric

layer and an air gap in between a ground electrode. The dielectric serves to limit current

between the electrodes, suppressing hard arc discharges in favor of distributed filamentary
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plasma or Townsend discharges. A unique feature of DBD plasmas is their ability to oper-

ate at atmospheric pressures in ambient air. The other defining feature of DBD plasmas is

the low temperature of the plasma gas, which can be cool to the touch [126]. Much work

has been devoted to developing DBD plasmas with low gas temperatures and current lev-

els intentionally engineered to minimize electrical heating in the substrate. In this work,

we seek to accomplish the opposite: we use an atmospheric non-thermal DBD plasma to

heat a polymer nanocomposite.

To our knowledge, this is the first report of DBD plasma being used to intentionally

heat an electrically active material. The DBD serves as a non-contact conductive elec-

trode, which enables a high voltage kilohertz electric field to pass a current through a

thermoplastic composite containing carbon nanotubes. The DBD plasma enables uniform

heating of the grounded thermoplastic nanocomposite part without having to physically

contact the material with the high voltage electrode. Furthermore, we extend this concept

to 3D printing for the purpose of increasing the mechanical properties of printed parts by

welding the interfaces of the extruded layers while the part is being printed.

We have previously shown that microwave energy can be used to weld the interfaces

of 3D printed parts, increasing their interlayer strength significantly [7]. In that work, we

embedded CNTs on the surface of 3D printer filament with an ink coating process. The

coating remains at the interfaces of the 3D printed part, which allowed us to heat and weld

the interfaces of the part with microwave energy. Microwaves, however, pose a challenge

for uniformly heating materials with arbitrary shapes, and strict shielding requirements for

safety limit the use to 3D printers with Faraday cage enclosures. Furthermore, microwave

equipment, such as waveguides and horn antennas, are prohibitively large to mount on a

3D printer for in-situ welding. Higher microwave frequencies could be used to miniaturize

the size of the components; however, the price of these components becomes prohibitive

for commercial use.
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In addition to microwaves, we have also shown that radio frequency (RF) electromag-

netic energy may be used to heat polymer nanocomposites. RF electromagnetic heating

has the benefits of lower shielding requirements both for safety and electromagnetic in-

terference of the printer electronics. It may be operated in an electrically small capacitive

applicator configuration to minimize far-field transmission, and the heating is localized to

the vicinity of the hot electrode plane, making uniform controllable heating possible. Al-

though direct-current (DC) has been used to heat nanocomposite materials, the electrodes

must physically contact the surface of the part. In the context of ME 3D printing, we need

a non-contact electrode to ensure the surface finish and mechanical integrity of the printed

part is not compromised during the print.

Figure 4.1: Illustration of the DBD nozzle applicator concept for a 3D printer (A). Image
of the DBD plasma interacting with the 3D printed part (B). Equivalent circuit model for
the system (C).
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We have developed a novel concentric DBD plasma applicator disc positioned around

the nozzle of a 3D printer (Figure 4.1A). The disc consists of a metallic electrode embed-

ded in a dielectric disc with a hole in the center for the 3D printer nozzle. As a part is

printed, a high voltage kilohertz RF signal excites a DBD plasma between the bottom of

the disc and the 3D printed layer below it (Figure 4.1B). The nozzle serves as the ground

electrode completing the circuit (Figure 4.1C) and the current pathway. In a large block

of material, this fringing electric field produces a hemi-toroidal heating zone both ahead

of and behind the deposited layer. Our process serves a three-fold purpose: plasma func-

tionalization of the polymer surface to increase initial wetting of the polymer interfaces,

preheating the layer ahead of the print to above the polymer glass transition temperature

(Tg), and post-heating the deposited polymer bead to achieve time at temperature required

for complete bonding. By performing these steps while the part is printed, we eliminate

time-consuming post processing treatments; instead parts are ready for functional end-use

applications right off the print bed. This is important for the commercial viability of this

technology and its efficacy for use in a production environment.

4.3 Results and discussion

4.3.1 Heating mechanism

The mechanism for heating is best understood by analyzing an equivalent circuit model

of the system. As shown in Figure 4.1C, an AC current source is connected in series to

the high voltage plane in the applicator disc. The dielectric barrier layer used in the disc

has a characteristic capacitance Cd associated with it given by the material properties of

the dielectric, and the geometry of the disc. In between the disc and the 3D printed part

is an air gap, typically between 0.5-2 mm where the plasma forms. In the simplest case,

DBD plasmas may be modeled with an equivalent circuit consisting of a resistor Rp and

capacitor Cp in parallel. In reality, the resistor is a transient element that is switching on
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and off at a rate consistent with the driving frequency of the power source. The resistance

of the plasma is based on the composition of the atmosphere and the power associated

with the DBD. The resistance of the plasma results in some heating of the air, as well as

light emissions from excited gaseous species. The DBD plasma couples directly to the 3D

printed part, which is resistive (R3D) based on the small amount of CNTs added to the

thermoplastic feedstock filament.

Figure 4.2: COMSOL simulation of the predicted electric field lines and current path back
to the grounded nozzle in a 3D printed wall, similar to the tensile coupons printed for
mechanical testing

To illustrate the exact electric field pattern and resultant stationary heat profile gen-

erated in the part, we modeled a 3D printed wall using a lumped sum approximation for

the electrical properties of the material (scaling issues prevent the full simulation of the
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electric field in the part since the CNT coating is on the order of microns while the part is

several centimeters large). In Figure 4.2 it is clear that the predicted heating pattern is in

line with the illustrations in Figure 4.1A.

The composition of the nanocomposite material is selected such that the electric cur-

rent from the DBD plasma couples efficiently to the printed layers resulting in significant

Joule heating. The current flowing through the 3D printed part flows to the nearest ground

path, in this case the 3D printer nozzle which is electrically grounded to back to the AC

current source. Based on this circuit configuration, our technology may be defined as an

asymmetric resistive-dielectric barrier discharge [127].

4.3.2 Electrical characterization

To determine the power delivered by the DBD disc system, we used a high frequency

oscilloscope along with a voltage probe connected the the high voltage line of the disc

and a current probe connected to the ground return path from the part. Results of the

measurements are shown in Figure 4.3.
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Figure 4.3: Voltage and current plots of the DBD disc coupled to a CNT nanocomposite
film.

The voltage potential of the disc is approximately 12 kV peak to peak, with a frequency

of approximately 15 kHz.

4.3.3 Plasma spectroscopic characterization

Spectral data of the DBD applicator was recorded both on a fixed plasma applicator

and in-situ while a part was printed (Figure 4.4 and 4.5).
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Figure 4.4: Spectra of the DBD plasma measured in-situ while a part was being printed

Figure 4.5: Spectra of the DBD plasma measured on a bench-top system. Each peak is
assigned to a specific ionized gas species
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The majority of the spectra is dominated by the 2nd positive system of N2, which

is common in air discharges. To determine the effective temperature of the plasma, we

analyzed the spectroscopic data to approximate the rotational and vibrational temperatures

of the gas species. From a thermodynamics perspective, the rotational temperature of the

plasma is more closely related to the physical temperature of the plasma gas species near

the 3D printed layer.

Figure 4.6: Temperature of the DBD plasma measured on a bench-top system. A curve
fitting program was used to estimate the plasma rotational and vibrational temperatures

A spectrum is shown in Figure 4.6 with a simulated N2 2nd positive system with N2+.
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The best match for temperature from a curve-fitting program indicates that the rotational

temperature of the discharge is Trot=920 K, and the vibrational temperature is Tvib=2789

K.

4.3.4 Plasma surface functionalization

In addition to the heating effect of the electrical current on the part, we investigated the

effect of the plasma on the surface chemistry of the 3D printed layers. It is well known that

DBD plasmas may be used to modify and functionalize the surface of various materials

including polymers [128, 129]. Plasma functionalization has been directly correlated to

an increase in adhesion strength for epoxy-bonded lap shear joints [130]. Narahara et al.

reported the use of an atmospheric pressure helium plasma plume for treating the layers

of 3D printed parts [26]. Although they noticed an increase in surface free energy of the

PLA printed layers, it only resulted in modest improvements in interlayer strength. We

propose that the plasma treatment may aid in promoting the initial step of the polymer

welding process: wetting. We performed X-ray Photoelectron Spectroscopy (XPS) on 3D

printed polyamide samples to investigate the effects of the DBD plasma on the polymer

and resolve the change in surface chemistry associated with wettability of the polymer

interface.
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Figure 4.7: XPS data: intensity vs. binding energy for control 3D printed polyamide
samples, and samples with the in-situ DBD plasma treatment

The carbon (C1s), nitrogen (N1s), and oxygen (O1s) peaks are indicated on the graph

in Figure 4.7. Notably, the nitrogen peak for the plasma treated sample is more pronounced

compared to the control sample. The peaks were resolved for percent atomic composition

of the various functional groups on the surface. It was found that before and after the

plasma treatment the carbon peak decreased from 88.2% down to 81.6%, the oxygen peak

increased from 11.8% up to 12.7%, and the nitrogen peak increased from null to 5.7%.

This indicates that the surface chemistry of the polyamide changes quite dramatically with

an increase in functional groups associated with high surface energy and favorable wetta-

bility of the surface as the next polymer layer is extruded on top of it.

Although the data suggests that conditions for polymer bonding will be more favorable

in the presence of the DBD plasma, it is unlikely that surface chemistry alone can account

for the isotropic strength properties seen in our samples. A full polymer weld requires

entanglement of the polymer chains across the weld interface. Thus, in addition to the
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initial wetting of the polymer interfaces, polymer mobility initiated by thermal energy is

required for a sufficient amount of time to reach full bond-line strength.

4.3.5 Joule heating and welding of the interfaces

We propose that the thermal effects from the DBD Joule heating dominate the inter-

facial welding kinetics, and in turn the dramatic improvements we see in the interlayer

strength. To characterize these thermal effects, we employ the use of in-situ thermography

measurements (Figure 4.8A) of the mechanical test coupons [131].

Figure 4.8: FLIR infrared thermal image of 3D printed test coupons printed side-by-side,
the left coupon has the DBD plasma system while the right is the control sample (A) and
temperature vs. depth plot of each coupon in Figure 4.8A with and without DBD plasma
heat, temperature is plotted for the top 25 mm of each sample

To simplify the thermal analysis of the DBD applicator, we approximate its effect on

the printed layers as a one-dimensional heat source (QDBD) with a given penetration depth

governed by the power output of the plasma and a residence time based on the print speed

and dimensions of the disc.
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Figure 4.9: Simple 1D heat transfer model plotted in MATLAB for the residual nozzle
heat alone (left) and with a simulated plasma disc heat source (right)

In order to compare our physical measurements to the predicted heating of the DBD

system, we created a MATLAB script where various disc geometries, power levels, and

print speeds (residence times) could be evaluated. The results of an 80 mm disc (two 30

mm line sources separated by the central gap for the nozzle) and 1 mm nozzle diameter

are shown in Figure 4.9. The Y axis corresponds to the Z height of a printed coupon, and

the X axis corresponds to a one-dimensional temporal fixed frame of reference extruded

plot, or alternatively in a moving frame of reference: the width of the printed part. This

model does not account for the thermal mass of a polymer trace deposited. Future models

may include this heat source for better accuracy.

4.3.6 Thermal analysis of mechanical samples

For the mechanical test coupons used to test tensile strength, we also measured the

thermal profile and compare that to a control sample printed at the same time (the Stacker

printer has 4 available print heads for simultaneous printing). The results of these mea-

surements are shown in Figure 4.8B, where we plot a 25 mm line temperature profile of

the sample starting at the top of the sample near the newly printed layer. This thermal

profile is a good measure of the time at temperature history of the part which governs the
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polymer interdiffusion across the printed layers [97]. In comparison to the control coupon

printed with identical settings, the DBD heated part has a surface temperature 50◦C hotter

at 180◦C, which is above the Tg of the PA (160◦C). This demonstrates the success of our

method at accomplishing the preheating of the polymer layer to above the Tg prior to the

deposition of the next layer. Not only is the surface temperature increased, we see that

the depth of heating is significant compared to the control sample. The DBD heated part

has the same temperature of the surface of the control sample nearly 10 mm deep into the

part. This demonstrates a vast increase of the time above the critical temperature required

to form a complete bond between successive layers. It is generally accepted that the bond

strength between thermally welded layers follows an Arrhenius relationship governed by

the activation energy of the polymer and is correlated to the inverse fourth power of time.

φ(T, t) = K0 exp
(
− Ea

RT

)
t
1
4

where φ is the degree of the bond as a function of time, K0 is the proportionality factor, Ea

is the activation energy, R is the gas constant, T is the temperature, and t is the weld time.

We have succeeded in increasing both the weld temperature and weld time without over-

heating the part such that the dimensional tolerances or surface finish were compromised.

This correlates directly to an increase in mechanical properties.

4.3.7 Mechanical properties

To assess mechanical enhancement, mechanical test coupons with a thickness of 3.5

mm were printed both with and without the application of DBD welding. ASTM D638

tensile dogbones were routed out of the test coupons with a CNC mill to ensure geometric

consistency between all samples. In addition to 3D printed control samples, we prepared

injection molded dogbone samples with the same polymer used to produce the thermo-

plastic filament feedstock.
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Figure 4.10: Tensile stress-strain plots for the dogbones tested with and without DBD
heating as well as a comparison to injection molded samples

Results of the tensile tests are shown in Figure 4.10A; the DBD-welded samples exhibit

tensile strength values statistically equivalent to the injection molded samples and 35%

higher than the 3D printed control samples (Figure 4.10B). To our knowledge, this is the

first report of isotropic tensile strength values for ME 3D printed parts that do not employ

post-processing or adhesive bonding techniques.

4.4 Conclusion

In conclusion, we have successfully demonstrated the use of DBD plasma as a non-

contact electromagnetic heating source for nanocomposite materials. We have applied this

concept to an in-situ disc attachment for a 3D printer nozzle to heat and plasma treat the

layers of a 3D printed part while it is being built. The results are exceptional, with the

Z-strength matching that of injection molded counterparts. This DBD welding process is

a promising method for enabling material extrusion 3D printed components to be strong

enough for both functional prototypes and production-ready end-use parts.
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5. SUMMARY

In this dissertation, we sought to describe the interaction between electromagnetic en-

ergy and functional nanocomposites and apply these phenomena to polymer processing.

We used microwave energy to target and heat CNT-rich interfaces of 3D printed parts.

After the microwave heat treatment, 3D printed PLA samples were shown to improve the

weld fracture strength by 275%. This work was expanded upon with the use of an in-

situ electric field applicator mounted on a 3D printer nozzle. By heat treating the parts

during the printing process, tensile samples showed strength values equal to their injec-

tion molded counterparts. Additionally, we showed that industrial adhesives can be heated

with radio frequency electromagnetic fields when carbon nanotubes are incorporated into

the adhesive. Samples cured with the RF field reached green strength in three minutes

as opposed to five minutes for oven-cured control samples. These applications show the

promise of coupling electromagnetic energy to nanocomposites for industrial manufactur-

ing applications.
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APPENDIX A

ULTRAFAST AND HIGHLY LOCALIZED MICROWAVE HEATING IN CARBON

NANOTUBE MULTILAYER THIN FILMS∗

A.1 Overview

Carbon nanotubes have emerged as highly effective materials for microwave absorbing

applications due to their high electrical conductivity, large aspect ratio, and high tempera-

ture stability against oxidation and corrosion. Ultrathin films are fabricated through layer-

by-layer deposition of carbon nanotubes and poly(diallyldimethyl ammonium chloride)

from aqueous suspensions under ambient conditions. The number of immersion cycles

controls the assembled thickness of these coatings, which provides an effective means of

precisely tailoring their electrical properties and thermal response to microwaves. Films of

thickness below 200 nm are capable of heating to high temperatures when irradiated with

low microwave power, reaching over 130◦C in 30 s, at less than 10 W forward power, and

rapidly cooling when the power is removed. In contrast to metal thin films, the multilayer

carbon nanotube films are active microwave absorbers over a wide range of thickness,

making them interesting for applications such as electromagnetic interference shielding

and microwave welding.

A.2 Introduction

One of the lesser known properties of carbon nanotubes (CNT) is their exceptional

ability to absorb microwave radiation.[132] This peculiar phenomenon has been used for

CNT detection, electromagnetic shielding, and CNT growth and cross-linking.[133, 134,

∗Reprinted with permission from M. Haile, C. B. Sweeney, B. A. Lackey, O. Sarwar, R. Henderson, M.
A. Saed, M. J. Green, J. C. Grunlan. Ultrafast and Highly Localized Microwave Heating in Carbon Nanotube
Multilayer Thin Films. Adv. Mater. Interfaces 2017, 4, 1700371. Copyright 2017 John Wiley & Sons, Inc.
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135, 136, 137, 138, 139] Due to their versatility, chemical resistance, and absorption effi-

ciencies, even at low loading levels, CNT are excellent materials for microwave-absorbing

(MWA) applications. There is growing demand for MWA materials in the fields of radar

detection, electromagnetic shielding and electronics. Upon exposure to microwave fields,

carbon nanotubes efficiently attenuate incident propagating waves and evolve tremendous

heat. This ability to heat as powerful microwave susceptors could be useful in food pack-

aging, where coatings are used to heat and brown foods during microwave cooking. Con-

ventional MWA materials such as aluminum present some health concerns.[140]

Polymer composites incorporating CNT offer a wide range of applications and the

possibility of tuning desirable properties, including MWA, by varying nanotube load-

ing. Although many studies have observed the microwave absorbing behavior of CNT

bulk nanocomposites, there is little research on how such composites behave when their

thickness is on the scale of nanometers.[132, 141, 142, 143] The present work investi-

gates the microwave absorption of thin films composed of anionically stabilized carbon

nanotubes and a polycation, deposited layer-by-layer (LbL). LbL assembly involves the

bottom-up fabrication of thin films by alternately exposing a substrate to positively and

negatively charged materials in aqueous suspensions. Film thickness is controlled by the

number of deposition cycles, with each positive and negative layer pair referred to as a

bilayer (BL).[144, 145] This is a powerful coating technique, capable of coating many

substrates to impart a variety of properties such as energy generation,[146, 147, 148, 149]

antimicrobial,[150, 151] gas barrier,[152, 153] and flame retardancy.[154, 155] LbL as-

sembly provides an elegant approach to constructing thin CNT composites on complex

substrates with high loading and exceptional electrical conductivity.[156, 157, 158, 159,

160, 161, 162, 163, 164, 165] In the present study, CNT-based films were deposited on

polyester (poly(ethylene terephthalate), PET) substrates using LbL assembly under am-

bient conditions and aqueous suspensions. These sub-300 nm thick coatings provide an
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attractive alternative to common MWA coatings, such as magnetic materials or ceramic

ferroelectrics, which require more complex processing and add undesirable mass.[166]

A.3 Methods

Multilayer thin films composed of either single-walled (SWNT) or multiwall carbon

nanotubes (MWNT), stabilized by deoxycholate, were paired with poly(diallyldimethy-

lammonium chloride) [PDDA] and deposited according to a previously reported procedure.[158]

Substrates were first dipped in the polycationic solution containing PDDA, depositing one

positively charged layer (Figure A.1).

Figure A.1: Schematic of the LbL process for fabricating CNT thin films. The substrate
is alternately dipped into a cationic PDDA and an anionic DOC stabilized CNT mixture,
with rinsing and drying in between. These steps deposit one bilayer and are repeated to
grow a film of desired number of bilayers (i.e., thickness).

After rinsing and drying, the substrate was dipped in the anionic suspension contain-

ing CNT and sodium deoxycholate (DOC), depositing one negatively charged layer that

was rinsed and dried. This cycle was repeated until the desired number of bilayers was
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achieved. PDDA / MWNT and PDDA / SWNT film thicknesses, as a function of the

number of bilayers deposited, are shown in Figure A.2.

Figure A.2: (a) Film thickness as a function of bilayers deposited as determined by el-
lipsometry for 5 BL and 10 BL and by profilometry for films of 20 BL or more. (b)
Transmission of the films measured by UV-Vis spectrometry, integrated from 400-750
nm.

Both assemblies exhibit linear growth beyond 20 BL, depositing on average 3.1 and

2.3 nm per bilayer, respectively. The growth per bilayer is thinner and nonlinear at 10

BL, which is typical of multilayer thin films as they are establishing a coherent base layer.

These recipes were deposited on PET for the microwave experiments, and on silicon for

determining thickness via ellipsometry and profilometry.
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Figure A.3: UV-vis spectra for (a) PDDA / MWNT and (b) PDDA / SWNT films.

Each substrate results in a similar thickness value for a given number of bilayers, as

reported in earlier studies.[157, 160, 167, 168] The transparency of these films on PET

was measured using UVvis spectroscopy (Figure A.3, Supporting Information). Although

both coating recipes had comparable thicknesses, PDDA / MWNT films were generally

much more opaque than PDDA / SWNT films, with only 53% transmittance at 5 BL and

less than 10% transmittance at 20 BL and above. PDDA / SWNT exhibited over 90%

visible light transmittance at 10 BL and below. Very low transmittances of less than 50%

were only achieved at 60 BL and above.
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Figure A.4: SEM micrographs of the surface of (a) [PDDA / (MWNT+DOC)]40 and (b)
[PDDA / (SWNT+DOC)]40 films.

Differences in nanotube loading were seen between the two CNT types, when scanning

electron microscopy was used to observe the surface morphology of the 40 BL films. The

PDDA / MWNT film has a considerably rougher surface, due to larger nanotube size,

and has a considerably higher concentration of CNT than that of the PDDA / SWNT film

(Figure A.4). Thermogravimetric analysis performed on PDDA / CNT delaminated films

indicates that the concentration of MWNT and SWNT are 71.6 and 15.6 wt%, respectively

(Table S1, Supporting Information).

A.4 Results

In an effort to observe the thermal response of these microwave-absorbing LbL films,

coated PET samples were exposed to microwaves in a waveguide assembly while tem-

peratures were recorded using a forward-looking infrared (FLIR) camera (A655sc). Each

sample was irradiated for 30 s at 10 W forward power. The heating curves for both SWNT

and MWNT films (Figure A.5) demonstrate these films ability to rapidly attenuate mi-

crowave energy, converting it to radiant heat.
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Figure A.5: FLIR temporal plots of the maximum temperature recorded of the a) PDDA /
MWNT and b) PDDA / SWNT films during microwave heating at 10 W. c) Relative power
curves of the LbL films measured with a two-port coaxial method: reflected, transmitted,
and dissipated (absorbed). d) Maximum temperature versus film thickness for MWNT,
SWNT, and Al films.

The films rapidly respond to the applied microwave field to reach temperatures over

130◦C. This result suggests that the PDDA / CNT films are excellent microwave suscep-

tors, capable of efficiently converting incident microwave power into thermal energy via

Joule heating. To better understand the mechanism for this rapid heating response, the mi-

crowave absorbing properties of the LbL films on PET were measured using a microwave

network analyzer (Agilent E5071C) and a two port coaxial transmission line technique.

Round discs of each film thickness were fitted into a coaxial adapter while ensuring that

air gaps were eliminated. The network analyzer measures the scattering parameters (S11

and S21) by detecting the incident, reflected, and transmitted microwave signals. The ratios
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of the reflected and transmitted powers to the incident power are equal to |S11|2 and |S21|2,

respectively. The power absorbed by the sample and dissipated as heat, normalized to the

incident power, is calculated using Equation (1)

Pdiss

Pinc

= 1− |S11|2 − |S21|2

(1) It is worth noting that the goal of this coaxial measurement is to assess the microwave

absorption capabilities of the LbL thin films as a function of thickness. It also demon-

strates that such extremely thin films have excellent conductivities, allowing for efficient

microwave absorption. The focus here is on microwave power dissipated in the sample

rather than reflected power. Designing a specific radar absorber requires minimizing both

reflected power and transmitted power using free space experiments. Typical design tech-

niques (e.g., frequency selective structures, metasurfaces, matching layers) using the LbL

thin films described here could contribute to optimized radar absorbers.

Higher temperatures are achieved with a higher number of bilayers for both the PDDA

/ SWNT and PDDA / MWNT assemblies, as predicted by the dissipated power trends

observed during coaxial measurements. Notably, the jump in heating rate from 40 to 60

SWNT bilayers is clearly visible in both the relative power measurements (Figure A.5c)

and the heating curve in Figure A.5b. The rate at which the samples cool upon the ces-

sation of microwave heating is also remarkable. Cooling of over 100◦C in less than 30

s is observed for some samples, indicating that the high temperature is localized in the

nanocoating and is quickly transferred to the still-cool substrate and air.

In Figure A.5d, the maximum temperature as a function of film thickness at 30 s of

heating is shown for both PDDA / SWNT and PDDA / MWNT films. Both nanotube

films display a similarly increasing maximum temperature as film thickness is increased

by adding more bilayers. This positive correlation between film thickness and heating re-
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sponse appears logical; however, this trend is not typical for MWA thin film susceptors. In

order to demonstrate this trend more clearly, we compared the LbL films directly with alu-

minum thin films, which are commonly used commercially. The thermal response of sput-

tered aluminum films on PET is plotted for comparison in Figure A.5d. For the aluminum

films, a decreasing maximum temperature is observed as film thickness is increased from

7 to 100 nm. This inverse relationship of thickness to heat evolved clearly indicates that

the aluminum films are highly reflective to incident microwaves, which means thicknesses

below 20 nm are useful as microwave susceptors. In contrast, the PDDA / CNT assemblies

have a wide range of thicknesses displaying different heating profiles, providing greater

flexibility for tuning their heating response.

Figure A.6: FLIR images of the MWNT (top) and SWNT-based (middle) LbL films of
increasing thickness in the microwave waveguide at 10 W after 30 s of heating. A patterned
logo (bottom) made with the carbon nanotube LbL process demonstrates the ability to
remotely heat discrete areas of interest.
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The spatial heating profiles of the nanotube films were recorded for each sample, as

shown in Figure A.6. The electric field, and thus deposited power, in the waveguide are

maximized at the center. No difference in the spatial heating profile is observed for the

MWNT or SWNT-based films, which suggests the same thermal heating mechanism is

responsible in each case. The exact nature of the heating response of CNT and their com-

posites to microwave irradiation is still not well understood. It is generally accepted that

incident microwave radiation interacts with carbon nanotubes through electric field cou-

pling, causing the excitation of electrons and electric currents in the film that leads to Joule

heating concentrated at resistive lattice defect sites and nanotubenanotube junctions.[169]

It is believed that the observed rapid heating and cooling rates stem from CNT-related

heating phenomena reported in prior studies. For instance, it is well known that nanotube

films can rapidly heat (and cool) from a stimulated direct current (DC) biased audio signal

to produce a thermoacoustic effect.[170, 171, 172] The CNT film loudspeakers are able

to drive audio signals up to many hundreds of kilohertz due to their low heat capacity and

thermal cycling efficiency. Further studies involving wide-band terahertz spectroscopy of

CNT films in response to stimulated electric currents, ranging from DC to the gigahertz re-

gion, may be helpful in elucidating the exact mechanisms responsible for the rapid heating

observed. Regardless of the exact heating mechanism, this work demonstrates the efficient

frequency upconversion from S-band (24 GHz) microwave energy to long wave infrared

(2040 THz) radiant thermal energy in these carbon nanotube-based thin film assemblies.

A.5 Conclusions

In this report, both SWNT and MWNT-based layer-by-layer films of varying thick-

nesses were prepared and exposed to microwave energy. The microwave response of

these thin CNT films (<300 nm) was outstanding, evolving significant heat in low-power

fields. High localized temperatures at the coated surfaces were achieved without appre-
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ciably heating the bulk PET substrate. The ease of deposition and process scalability,

bolstered by the useful range of film thicknesses that respond to incident microwaves,

confirm the utility and advantage these films have over current susceptors materials. By se-

lectively depositing carbon nanotube susceptor films, precise control of material interface

temperatures may be realized by an applied external electric field. This spatial temperature

control could be used for material bonding, curing, and thermally driven microstructure

evolution. Beyond susceptors, these multilayer films could be used in designing radar

absorbing structures for stealth vehicles and aircraft, electromagnetic interference (EMI)

shielding films, as well as antennas for radio frequency identification tags.

A.6 Experimental

Materials: MWNTs (2030 nm outer diameter and 1030 µm length, C 95 wt%) were

provided by Cheap Tubes Inc. (Cambridgeport, VT). SWNTs (0.71.3 nm diameter, (7,6)

chirality, C 70 wt%) werepurchased from SouthWest NanoTechnologies (Norman, OK).

PDDA (Mw 200 000 g mol1) and DOC were purchased from Sigma-Aldrich (St. Louis,

MO). Sulfuric acid (H2SO4, 98%), hydrogen peroxide (H2O2, 30%), and methanol (99.8%)

were also purchased from Sigma-Aldrich and used as received. P-doped, single side pol-

ished (1 0 0) silicon wafers (University Wafer, South Boston, MA), with a thickness of

500 µm, were used as substrates for elipsometer and profilometer thickness measurements.

Films for microwave testing were deposited on 179 µm thick PET film (ST505, Dupont-

Teijin) purchased from Tekra (New Berlin, WI). Layer-by-Layer Assembly: All solutions

were prepared using 18.2 M Ω cm deionized water. A cationic 0.25 wt% PDDA aqueous

solution was prepared by diluting a 20 wt% PDDA solution with deionized water. The an-

ionic solution was prepared by dissolving 0.05 wt% CNTs in deionized water containing

2 wt% DOC, followed by a three-step ultrasonication process to remove large nanotube

bundles: 30 min of bath sonication, then 20 min using a tip sonicator, and a final 30 min
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of additional bath sonication.[173] Single-side polished (1 0 0) silicon wafers (University

Wafer, South Boston, MA) were cleaned by immersion into a piranha solution (4:1 mix-

ture of H2SO4 and H2O2; caution: dangerous oxidizing agent) and sonicating for 30 min,

followed by thoroughly rinsing with deionized water and drying with filtered air. 175 µm

thick PET (trade name ST505 by DuPont Teijin, Tekra Corp., New Berlin, WI) film was

cut to size, followed by rinsing with methanol and water. The cleaned PET substrates

were then corona treated with a BD-20C Corona Treater (Electro-Technic Products Inc.,

Chicago, IL). Corona treatment oxidizes the surface of PET, increasing the surface energy

and allowing for positively charged polymers to better adhere.[174] PDDA / CNT assem-

blies were deposited on a given substrate according to the procedure shown in Figure A.1,

using automated rinsing, dipping, and drying. Substrates were immersed into the cationic

PDDA solution for 5 min, then rinsed with deionized water and dried using filtered air.

Immersion into the DOC-stabilized CNT suspension for 5 min came next, followed by

rinsing and drying. These four steps comprised one cycle, yielding one BL. Dipping times

were 1 min for every subsequent cycle until the desired number of bilayers was deposited.

All samples were stored in a drybox for a minimum of 12 h prior to testing. Film thickness

was measured on silicon wafers with a P-6 profilometer (KLA-Tencor, Milpitas, CA) and

alpha-SE Ellipsometer (J.A. Woollam Co., Inc., Lincoln, NE). Coated PET samples were

mounted on aluminum stubs in preparation for surface images that were acquired with a

field emission scanning electron microscope (Model JSM-7500F, JEOL, Tokyo, Japan).

Electrical Characterization: DC electrical conductivity of the prepared PDDA / CNT films

was measured with a four-point-probe (Signatone HR4-620850FN). Samples 3 cm Œ 5 cm

were centered on a four point- probe stand (Lucas Labs) and measured using a differential

voltage system (two Keithley 6514 electrometers, Keithley 2000 digital multimeter) with

current sourced by a Keithley 6221. Starting at the lowest possible current for each sample,

voltage drops were measured at three increasing decades to ensure the linear Ohmic be-
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havior of the samples. Volume resistivity (inverse conductivity) was calculated according

to the following formula:

ρ =
π

ln2
∗ V

I
∗ t ∗ k

where ρ is the resistivity in ω m, V is the voltage drop in volts, I is the current in amperes,

t is the thickness in meters, and k is a correction factor for geometry based on the probe

spacing to sample diameter. For the sample geometry tested, k is taken to be 0.983 (short

sample dimension [3 cm] divided by probe spacing 0.15875 cm and correction applied

from lookup table).

Figure A.7: DC conductivity measurements, made with a 4-point probe, for MWNT
(square marker) and SWNT-based (circle marker) films as a function of thickness.

Results are plotted in Figure A.7. Microwave dielectric properties of the films were

measured using a coaxial technique using a microwave network analyzer (Agilent E5071C)

that measures the scattering (S) parameters of two-port networks. The measurement tech-
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nique uses a disk shaped sample sandwiched between two transmission lines. The parts of

the dielectric disk that are outside the coaxial lines are completely enclosed with a conduc-

tor. For convenience, two 7 mm Amphenol Precision Connectors (APC-7) were used as

the sample holder. The APC-7 connector has an inner conductor diameter of 3 mm, outer

conductor diameter of 7 mm, and flange diameter of 14.8 mm. The films to be measured

were prepared by laminating both faces with clear packing tape to insulate and protect the

surfaces from the coaxial sample holder. A disc punch was used to punch out samples 14.8

mm in diameter, ensuring the films would fit precisely in the sample holder with minimal

air gaps at the edges. All power measurements were carried out at 2.45 GHz to match

the frequency used for the waveguide heating experiments. Microwave Heating: PDDA /

CNT films were heated in a rectangular waveguide (AMCSS-284-F/F-12-B, AMC LLC)

powered by a solid state microwave source (GMP 150, Opthos Instruments Inc.) oper-

ated at 2.45 GHz at various power levels. Spatial temperature measurements were carried

out using an infrared camera system (A655sc, FLIR Systems Inc.) calibrated to mea-

sure temperatures of a sample located behind a brass mesh covering the open end of the

waveguide.[175] The samples were inserted into the waveguide at the location of a maxi-

mum of the electric field standing wave, 57.9 mm from the brass mesh. This ensures the

samples were exposed to the strongest and most uniform electric field in the waveguide.

A diagram of the instrument setup is shown in Figure A.8.
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Figure A.8: FLIR and waveguide heating setup. The waveguide (rectangular WR284,
AMC Microwave Inc.) is connected with coaxial cable to the solid state microwave source.
The FLIR camera views the sample from above. The sample is placed on a Teflon block
suspended at the maximum electric field intensity.

Various power levels were used to heat the samples and their temperature response

was recorded using the FLIR supplied software (ReseachIR MAX). Aluminum-coated

films were deposited onto PET using a PVD 75 Metal Sputter (Lesker Company, Jefferson

Hills, PA). Thickness of aluminum films was determined by profilometry of coated silicon

concurrently sputtered alongside PET samples.
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