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Academidbstract
Hybridizing additive manufacturing (AMEructures and direct write (DYWeposition of conductive

traces enables the design and physical creation of integrated, complex, and conformal electronics such
as embedded electronics and complex routing on a fully AM structure. Although this hybridizatia
promising outlook, thee are several key AM substratelated limitations that limit the final
performance of these hybridized ABIW electronic parts. These limitations include {®mperature
processability (leading to high trace resistivity) gmoar surface finish (leading &ectronic shorts and
disconnections). Recently discovered ultraviedssisted direct ink write (UBIW) alaromatic
polyimide (PI) provides an opportunity to address these previous shortcomings previously due to its
hightemperature stability (450C) ansuperior surface finish (relative to other AM processes).

The primary goal of this thesisto characterize the integration of this EMWPIwith DW-printed
conductive inks as a means for obtaining Riginformance hybd AM-DW electronicsThis goahas
been achieved through an investigation into the increased temperature stability of AM Pl on the
conductivity and adhesion of DW extrusion and aerosol jet (AJ) silver inks, determining the dielectric
constant and dissipaih factor of processed UMIW R, and determining the achievable microwave
application performance of UBIW PI. These performance measurements are compared to
commerciallyavailable PI film and relative to existing AM substrates, such as ULOTEM

The temperaturestability of U¥DIWPIlenabled highetemperature postprocessing for the printed
silver traces, which decreased Dtk&lce resistivity from 14.94+0.55 times the value of bulk silver at 160
°C to 216+0.028 timeghe resistivity ofbulk silverat 375°C and AJ silvdraceresistivityfrom
5.27+0.013 times the resistivity of bulk silver at 200 °C $6+1.15 times the resistivity of bulk silver at
350°C. The adhesion of these traces was not negatively affected by higher processing tenggeratur
and the traces performed sifarly on UYDIW Pl and commercial.Furthermore, at similar
thicknesses, UDIW Pl was found to have a similar dielectric constant and dissipation factor to
commercial Dupont Kapton PI filimom 1 kHz to 1 MHzndicatingits ability to perform highly aa
dielectric electronics substrate. Finally, thecrease imesistivity was able to decrease the gap in
microwavestriplinetransmission line performanoghen comparedvith ULTEM 101frocessed at
200°Cwith peak 10 GHz S21 loss differences decreasimg 2.46 dB to 1.32 dB after increasing the
UV-DIWprocessing temperature from 200 °C to 400°C.
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General AudiencAbstract
Due to the extensive potential benefits and applications, researchers are looking to hybridize

additive manufacturing (AM) processes with direct w(iiAV) techniques to directly print a 3D part with
integrated electronics. Unfortunatelyhere are several key substratelated limitations that hinder the
overall performance of a part fabricated by hybrid ANV processes. Specifically, typical AM matsria
are not capable of providing an electronics substrate with combined sufficient surggolution,

surface finish, and higtemperature processing stability. However, the recent discovery of a novel AM
processable athromatic polyimide (PI) presents apportunity for addressing these limitations as its
printed form offers a high surfagesolution, superior surface finish, and mechanical stability up to 400
°C.

The primary goal of this thesis is to evaluate the benefits and drawbacks of this Pl spbuis
ultraviolet-assisted direct ink write (UBIW) AM, as an ANDW electronics subsite. Specifically, the
author characterized the effect of the increased temperature stability of the printed Pl on the resultant
conductivity and adhesion of silvekmprinted via direct inlrite (DIW) and aerosol jetting (AJ) DW
processes. These rdsiwere also compared to the performance of the inks on commercial PlI.
Furthermore, the dielectric performance of printed Pl was evaluated and compared to comnidrdial
demonstrate and evaluate the hybridized approach in a potentiateselapplicatia, the author also
characterized the achievable microwave application performance eDWV polyimide relative to the
existing highest performance commercially avalgaprinted substrate material.

The experiments in this thesis found an 83% and 66% dsena resistivity from extrusion and AJ
printed inks due to the ability of the printed PI to be processed at higher temperatures. Furthermore,
UV-DIW PI was found to have similar dielectric properties to commercial PI film, which indicates that it
can seve as a higiperformance dielectric substrate. Finally, the higmperature processing stability
was able to decrease the performance gap ionmivave application performance between the higher
performing dielectric substrate, ULTEM 1010. These resuits et UMDIW could serve as a dielectric
substrate for hybridized ANDW electronic parts with higher performance and the ability to be demoye

in harsher environments than previous ABW electronic parts explored in literature.
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1. Introductionto Additive Manufacturing and Direct Write

Electronics

Like the name suggests, AM technologies employ a process in which éageadded one by one to
build a desired geometry from the ground up. This groupcapproachminimizes waste and allows for
complex geometries to be created in computeded design (CAD) software and exported to an AM
system in rapid fashion with seengly limitless design complexitirect-write is a class aleposition
methods whichstands out as a mearto directlydepositconductive inks for electronigaurposes
(detailed inSction 1.2) With these methods,tsuctural AM technologies have the ability to be
hybridized with direct write electronics printinghis hybridization enables the design and physical
creation of integrated, complex, and conformal electronics housedsipatiallyefficient and structurally
sound poduct[1].

Hybridizing AM and direct writtDW)electronics has a promising outlook, boasting the ability to
create embedded electronicepnformalpassive electronics, armbmplexactiveelectrical signal routing
in and on a fully additively manufactured structur@bitison and coauthors took advantage of this
hybridizationthrough combining a form afheet laminatiomnAM, ultrasonic consolidatioUC) and
direct write of silver based into create anintegratedcircuitry within a honeycomibased structure, as
seen inFigure 11 [2]. Many other examples of novel ABIW electronics structures have been studied in

literature, asdocumented in Section 2.3



Figure 11: CAD model showing the hybridizing of &id DIW to create an embedded circuit within an
AM honeycomb structur§2].

While the hybridization of AM and DW electronics seems to podsagkesspotential, there
are drawbacks that must be considered. As stated by Espalin and coauthors, AM materials and methods
mustpossess high perfarance dielectric substrate properties, highasipl resolution, suprior surface
finish, and DW inkvith bulk level conductivitief3]. Unfortunately, there are currently no widely
available commercial AM materials capable of fulfilling all of these performance targets.

Recently scientists and engineers at Virginia Tech have developed multiple methods for the additive
manufactuing ofall-aromatic polyimide similarin chemistry and properties to commercial Dupont
Kapton,using multiple AM methodp!] [5]. This akaromatic polyimide AM materigrovidesa high-
performancedielectric substratehighspatialresolution,superior surface finishanda hightemperature
processing limit allowing for pogirocessing ofonductive inks at highdemperaturesthan allowed by

typicalAM substrata, leading to higher conductivity traceghe primary goal of this thesis is to



characterize thentegration of this allaromatic polyimide with the direct write of electronics as a
viable means foiobtaining highperformance hybrid AMDW electronics, previously unexplored in
literature. To achieve this goal, the followingsearchobjectivesare pursued
0] characteriz the effect of increasing the processy temperature of commercially available
direct write conductive inks on the ink resistivity and adhesion on Dupont Kapton
substrate
(i) evaluate the resistivity and adhesion of these DIW conductive ink®cessed at highe
temperatureson the alkaromatic pdyimide substrateand compareto that on Dupont
Kapton
(i) characteriz the dielectricperformanceof the AM allaromatic polyimide
(iv) demonstrating how the dielectric properties and higlemperature processing capabilities
of all-aromatic polyimide affect its RF performance compared to other higgrformance

dielectric substrates.
1.1Additive Manufacturing

AsAM technology field advances and expandssearchers and largmanufacturersand are now
viewing AM technologies as a feasible method for obtaining-pyformance parts with tunable
material properties, rather than just an interesting concept with promising potential. With a wide array
of moden technologies ranging frofiniction stir metal alloyextrusion tocontinuous liquid interphase
photopolymeriziation modern AM systems amdassifiedn sevenmodalities vat photopolymerization,
powder bed fusionmaterial extrusionsheet laminationpinder jetting direct energy depositionand
material jeting. [6] [7] [8].

The generic AM process begingh a 3D modelith a final AM printed part. The software creates a
full gructure geometry and then outpugt the 3D model file, typically an STL file, so that either another

software builtin or separate from an AM system can manipulate the file. This manipulation typically



involves slicing the STL file into layers of predeterminedtigiss Thinner layergrovidea more
accurate representation of the original design intent and a better surface fifilsh AM system then
takes this layeby-layer information and builds the part with little to no monitogn

In this thesis, the W process used will focus on ultraviolet assisted direct ink writeQUN) to
produce theall-aromaticpolyimide substrate. This technologyépresentedby the red line on the
morphological matrix ifrigure 12. This uniqgue AM processpresents a functional combination vt
photopolynerizationand material extrusionyhereinphotopolymerresin isselectivelyextruded
through a pneumatic syringe nozaadthen photocured in alayerby-layerfashion After printing the
photocuredpolyimideprecursorrequirespost-processingdrying andthermalimidizationto chemically
convert it to the fullyaromatic polyimide structure andchieve the desired higberformance
properties. Rau and coauthors explain this process using the diagram sh&iguia 13 [5]. Although
this material can also be printed using traditiomat photopolymerizationU\DIW has an advantage in
its ability to print materialsimultaneously, within the same layer, to achieve mudtierial parts. Unlike
vat photopolymerizatin, UMDIW also allows for the afiromatic polyimide to be printed directly tma
preexisting material or structurf®]. This ability could be useful for printing a dielectric electronics

substratepart onto a preexising surfaceor part
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1.2Direct Write of Electronics

Direct writing is a form ofmaterial deposition techniquesroadly describing a variety of
technologieghat selectively deposition of functional materials, such asdoctive inks, on flat or
conformal substrate$o, produce simple patterns or complex structuf@d]. Hon and coauthors review
andclassify direct writing into the methodsown inFigure 14. TheY SG K2 Ra WCf 246 Q | YR

be utilized in this thesis as a means to seledyidieposit conductive traces on a polyimisigbstrateand

5



will be explained in detail iGhapter 2W9 Yy SNH& Q 6S+tY 52 Ay @2f @Sa (GKS RSLJ
laser or focused ion beam®ipXDW involveslip-pen lithography with molecules diffusing ana
substrate through micraapillary or micrepipette action between the tip and the dace to create an
ordered pattern[11].
Direct
WWriting
|
| |
Droplet Enefuy Flow
[ ink-jet ] Aejr;sol [Laser ][ FIB ][ Pump][Extrusmn][ DPN [ NFP]
[Contmuous [ Drop on
Mode Demand
Figure 14: Direct writing classification of methods extensively reviewed by Hon and coa(iitidrs
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conductive traces on a polyimide substrated will be explained in detail in Chaptet29 y SNAH& Q o6 SI Y
DW involves the depositionof mateh | f & G KNR dza3K f I & S NDVRilNOVELdGpera SR A 2 Y
lithography with molecules diffusing onto a substrate through mizapillary or micrepipette action
between the tip and the surface to create an ordered pattgrt].

The wide array of available technologies afiowsa varietyof direct write materiaformulations
to be used for forming conductive tras.Hoey and coauthors assert that diregtite technologies,
specifically aerosol jettindnave advantages over traditioniihographybasedprocesses for depositing
conductive tracesThese advantages includeningas a maskless, time reducing, lovesist, higher
material utilization, and mar environmentally friendly method for producing microelectronics on a
variety of conformal and nononformal surfacegl2].

Combiningdirect write technobgies with additive manufacturing systems allows for the design

and creation of highly complex amspatiallyefficient highperformance electronics with a wide array of



applications (discussed further 8ction 23). However, as briefly discussed earli@r achieve high
performance this combination must feature substates with high special resolution and superior surface
finish. While someAM processes are capable of depositingterialsat high resolution and suate

finish,the materials feature low processing temperature limits which decreases the conductivity of the
direct write inks. This thesis will investigate the potentiaaddlitively manufactued all-aromatic

polyimide to serve as a higemperature cg@able substrate with high special resolution and superior
surface finish to provide high-performance electronienultifunctional 3D structurgpreviously

unachievable with traditional AM materials.

1.3Thesis Road Map

Thisthesis will discuss and demonstrate the feasibility and applications of combining -AM all
aromatic polyimide with aerosol jetting and flow pump direct write of silver particle ink® creation
of high-performance conformal electronic¥he additive manfacturing of aHaromatic polyimide
provides a novel materiagsimilar to commercial Dupont Kaptomith physical and chemical properties
desirable for multifunctional electronic p@. These propertiefiscussed further in Section 2.5
provide the meas to eliminate some of the limitations encounteredmmonly foundvhen combining
AM materials with direct writelectronics which includdow spatial resolution undesirable surface
finish causing shorts between conductive traces, and low temperature processing capabilities causing
low conductivity trace¢discussed further in Section 2.40 demonstate this concept, silver partiel
inks will be directly printed on botthe AM-produced alHaromatic polyimideandcommercial Dupont
Kapton filmas a point of comparisonh@ir integration feasibility, advantages, a@vantages, and
applications wilbe investigatecind compared

The ultimate goal and application of the-atomatic polyimide discussed in this thesis involves
hybridizing the printing AM stictural polyimide substrate and conductive traces in one system.

However, this hybridization presents some challenges giviagtimted solverdaden gel of the



polyimide precursor. As a result, this thesis is scoped to characterize only the printingdofctive

traces onto an already imidized polyimide substrate. This investigation will provide valuable findings
regarding thepossible advantages and limitations involving the ultimate goal of hybridized printing of a
UV-DIW polyimide precursor structureith DW conductive traces.

In Chapter2, a review of the integration of direct write electronics and additivegnufactured
parts is discussed in detallhis reviewncludesan indepth look at conductive direct write inks, aerosol
jetting, and extrusbn pumping. Previous examples and applications of direct write electronics
integration with additively manufactured parts is dissed along with the current limitations regarding
the combination of the twaechnologies Highperformance AM dielectric sutrates, with an emphasis
on novel AM alaromatic polyimide, are also discussed.

Chapter 3and Chapter resent the research questions to be answered in this thesis along with the
experimental methods, results, and explanation required to answer thosstmns. More specifically,
the experiments required to characterize the feasibilggyantagesdisadvatages, and possible
applications of combining direct write electronics and AMaatimatic polyimide are presented and
their resultsare documented. e research questionghich guides this workclude

i. Howdoes increasing the processing temperature of sileaded conductive inkgrinted onto
Dupont Kapton affect conductivity and adhesion?

i. How does the silveloadedconductive trace caductivity and adhesioperformancecompare
when printed on AM alaromatic polyimide versus oamercial Dupont Kapton?

iii.  How does the dielectric performance of additively manufacture@amaticpolyimide
compare to commercial Dupont Kapton and similar ipghformance AM polymer substrates?

iv.  How does the dielectric performance and high temperatprecessing limieffect the RF
performance of the alaromatic polyimide and how does its perform@ncompare to ULTEM

1010?



Conclusions to the topics discussed in Chapi@n@® Chapter 4re presented in Chapté&. These
conclusions include the possilflerther applications of combining AM alfomatic polyimide with direct
write electronics. Future search questions regarding investigating the potential of direct write

electronics along with novel AM materials such asaimatic polyimiddsalso preented.



2. Review of Direct Write Electronics for Additive Manuwfiact)

To gain a full understandingf the current state of the art with integrating direct writand additive
manufacturingtechnologies for the sake of fabricating integratedustural electronicsa review of the
relevant direct write technologies, systems, integration, application, limitations, andg@agbrmance
dielectric substrates isecessaryThis review also provides some of tiecessarypackground
knowledgeand idertification of gapsn literaturerequired to formulate and answer the research
guestions presented in discussed in Chaptan8 Chapter 4Specifically, this review discusses current
direct write of electronics systems, aerosol jet (AJ) and flow DIWeofrehicmaterials(Section 2.2)
previousintegration and application of AJ and DIW electronics with(&bttion 2.3)limitations
integrating AM and B/ electronicgSection 2.4)and currently available higberformance AM dielectric

substrateqSection2.5).

2.1 ConductwelnkDirect Write Technologiesd Materials

The direct wrike technologies focused on by this review mustdoenpatible with additive
manufacturing technologyallowing for possible embedding and layer by layer circuit buildimg DW
technologies must hae hgh resolution XYZ positioning capable of depositing high conductivity inks over
surfaces. Among the direct write technologresiewed by Hon et al. and Teh et al., the aerosol jet,
extrusion, and inkjet direct write methods are most compatible witl [11] [13]. This claim is asded
by Perez and Williams in their ADMW integrated electronics review, in which they state that other
direct write technologies are characterized by incompatible reaction environments and tools difficult to
integrate with AM processg4].

2.1.1 Aerosol Jetting &
Aerosol jetting is a broad term ed to describe the contactless selective deposition of

accelerated aerosolizezslispendednk particles A broad array of customizations on thencept have

10



been developed including single nozzle deposifizt], multi nozzk deposition15], lensfocusing

deposition[16], and microcal spray depositiorj17], as reviewed by Hoey and coauth@tg]. Typically,

the particles areatomized using eitherraultrasonic or pneumatic atomizer and then carried by nitrogen

3ra 2 GKS RSLRaAGAZ2Y KSFIR FyR F20dzaSR o6& | aSoz2y
fine lines and prevent particle clogging at the deposition tip.ia§§yrdhm showing this pr@ss using an

ultrasonic atomizer is shown Figure 21 [18]. With this systemthe dispensing tip remains stationary

while the platen holding the substrate moves in the XY plane at a customizable gygaéidstrated, the

nitrogen carrier gas and shisagas are independently varied dependion the desired print qualities.

Increasing the carrier gas increases the volume of material deposited on the substrate. Alternatively,

increasing the sheath gas decreases the diameter of the deposited mategaingithe resulting

material line width[19].

P—— To dep-head I Ink loaded N,
N, carrier gas f Ink lcaded N, M

Sheath N, ees=—

Ink a8roso| —s—

K ) ) Tip

Substrate

Ultrasonic energy
Platen

Figure 21: Diagram of aerosol jet printing using an ultrasonic atomizer to atomize the ink pafiiéles

Oneof the main advantages of the aerosol jet (AJ) system is its ability to print high resolution

features with a wide variety ofinké. KS ! W Aa OF LI o6fS 2F RSLRAaAAGAY3I TS

making it ideal for microelectronic applicatiofis3].

Comparedoother YSGK2R&X (GKS !'wW aeadsSy Aa yz2a4 tAYAG
onlylimii SR o6& GKS Ayl Qamakidgit tapablé of prifitingdir&s witHivisaodity tgpigally
ranging from 1 to 1000 cP. Dep#ing on the ink, atomization process, and deposition head size, AJ

printing systems are typically capable of these higloiiggn inks at up to 300mm/s allowing for rapid
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printing of desired geometrigld.2]. Additionally, the standoff of the dispensing tip to the substrate is
variable from 1 to 5mm withousacrificingorint quality, allowing for simple conformal printing on ron
uniform or curved surfacd®0]. This flexibility warranted by the AJ pess, has allowed the printing of
a wide array of materials including met§®i ], carbon nanotubes and graphef#22] [23], polymers

[24], and biological material25]. Often,these materials can be printed in the form of suspended
nanoparticles due to the aerosolization process allowingfidvent to be evaporated in the heatable
tube and platen.

The material flexibility, high print speeds, and variable deposition standsiéinde make the
aerosol jet systermwvell-suitedfor integration with AM systems. The high resolution of the printed traces
hasthe potential to print complex arrays of microelectroniaiowing for a wide scope of integration
applications
2.1.2 Materid Extrusion DIW

Material extrusion direct ink writgDIW)is achieved through continuous flow of ink through a
syringe under positive mechanical pressure. This positive mechanical pressure can be achieved through
air pressure, mechanical extrusipressure pr a positive displacement pump. The two most common
methods to achieve this include syringe and midigpensing systems, commercialized by MicroPen and

nScrypt, respectivelfd1]. Figure 2.2 shows a syringe and midispensing DIW syste[@6][27].
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Figure 22: An example illustration of a syringe (left) and midispensing (right) DIW systei26] [27].

The mechanical pressure dependency of these two systems allows for variable operation
characteristics including variable volume dispensing aedipe geometry control from the XY
movement system. Changing theechanical pressureanbe taken advantage of to customize line
width depending on the desired application. The size of the micronozzle and dispensing tip can also be
changed depending on ¢hink used and desired line width.

Theflexibility of extrusionbased direct write allows for a wide arrayrohterialsto be
dispensed. Simple syringmased extrusionanmples are largely limited in material choice by the pressure
capability, nozzle diaater, and syringe configuratioMore complex systemare able toprint a wider
array of materials with a higher degree of control. The muigpensing Smart Pumgeveloped by
nScrypt demonstrates a higher degree of complexithie Smart Pump caccuraely control air

pressure, valve opening timing, and dispensiagyht. These highly controlled and accurate settings give
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the Smart Pump the ability to print materials from 1 cPs to 1,000,000 cps with speeds uprtor880
and line widthgenerally asll as 20> Y[27].

Due to the simple positive mechanical force dispensing principles, the array of maabtale
be printed by extrusion based DIW is seemingly limitless. Moreover, the high upper limit cfdog&ityi
with extrusion based direct write systems make them ideal for dispensing highly loaded metal particle
conductive inks with high volume. Additionally, the dispensing tip can be orientedf planewith
more complex movement systens allow for conformal printing orto 3D structuresdiscussed further
in Section 2.3.
2.1.3 Inkjet DV

Inkjet-based direct wrihginvolvesthe ordered deposition ink/fluid droplets on a flat plane in a
desired pattern or geometric shape. As discussed by Hon and avauthe two main methods of inkjet
printing are called continuous inkjet (Cl1J) and doopdemand DOD. CIJ, like the nameaiggests,
consists of ink droplets being dispensed continuously with some droplets hitting the substrate and
others being recycleflack into the ink storage unit. The droplets are selectively chtsée deposited
on the substrate or recyclednost commorny through electrostatic deflection. Unlike CIJ systems, DOD
systems deposit ink only when desired; this ink is deposited throygyessure pulséypicallycontrolled
by apiezoelectric or thermal (bubbljet) actuator[11]. These two processes areostn inFigure 23

[11].
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Figure 23: lllustrationsof CIJ (left) and DOD (right) jeksystemg11].
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One primary benefit of using dnkjet baseddW system for materiadleposition is their
relatively high write sped. Inkjet heads can be linked in series for thpid deposition of inks covering
large print areas in a short amount of tinfg8]. Depending on the technology utilized, jekprinting
can also create line widthess small a&0> Y, comparable taerosotbasedDW and slightlysmallerthan
extrusionbasedDIW [29].

However, the process also introduces challenges not found in the other DW methods discussed.
To be jettable, aiy’ 1 ¥sé@ositymust belimited to 100cP, ashigher viscosity inksanobstructthe
nozzle and requ@ higher, often uchievable pressures talepositmaterial [29] [30]. These viscosity
limitations also introduce issues wigrinting highly conductive lines since inks with higher solids
loadings will be more viscous and more difficult to print using inkjet technology, an issue not faced with
aerosol jet and exusion based DIVI31]. Although these viscosity limitations can be overcome using
nozzlefree approaches such as photoacoustituation [32]and lasefinduced forward transfer
technologied33], theseprocessepresent their own limitations andre notcompatible with AM
integration.

In order to combasome of these limitations regarding the printing of highly loaded metal
based inks, metalorganic decomposition (MOD) inks were developed as an alternativenkéGdve
proven to be a viable atnative for highly loaded conductive metal nanoparticle imkimkjet systems
which require a strict material properties band to be followed for successful prifgiig MOD inks do
not containany particles, rdier a solution of metal particlasdispersed in a solvent such as xylene or
mixed alcohols depending on the metal precursor. Aflest-processing evaporation of the solvent, the
metal particles collect on the substratdnowever,due to about 80% volumiess from this evaporation,
disconnections in conductive patterns often occur and need to be fixed using other techniques such as
sintering[35]. A figure showing the processing of MOD inks jgairad to traditional metal particle

dispersed inks is shown gure2.4 [35].

15



NP synthesis

K

TR
LA

.

:’f->

in insulator

(A) Particle ink

Formulation

(B) MOD ink

Formulation

Complexing
Metal agent
precursor
== E ~fj§‘:; Y/
Stabilizer \_.. O’/ . E
— -_— . Mix
LT
g — e -
Washing Stabilized NP ink Synthesis MOD ink
Printing Printing
- . .' .
. .
. @ °0.:o. G’)
) Nozzle cloggin
> wng & ®
@ O
Sintering Sintering
High Low
temperature temperature
Particles “
‘encapsulated

Figure2.4: An illustration showing the poessing differences between partidi@sed and MOD ink

Lyl12aSi

seaidsSvaq

deposition[35].

FoAf AlGE

(i 2gecdnidliegiviih aangRez0I8, A & S

noncontact, and comfrmaly onto substrates makesthem a respectable candidate for iegration with

AM. However, the narrow band of material properties of which it can successfully print gives it a slight

disadvantage compared to the aerosol jet and extrusion DIW approathesals@revents the

conductive highly metdbaded inks from bieg printed which result in lower conductivity traces, even

whenusing the MOD ink approad85].

2.1Aerosol jetting an@xtruson DIW of Electronics

Based orthe materiallimitations of inkjetting systemsaerosol jetting and extrusion DIW are

deemedthe most viable electronics DWfocesdor integration withU\-DIW polyimide resinAerosol

jetting candeposit a wide array of irkkin a variety of orientations over confornglrfaces with very
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high-resolutiontraces. Extrusion based DIW is able to use very simple to complex technologies to
deposithighly viscous inks with highsolutionand very high metal solids loading viscaussi resulting
in lower resistivityconductive traces Inkjetting, while able to matctihese processe resolution, is
limited in its ability to dispense inks witts narrow band of operation. For theseasons aerosol jetting
and extrusion DIW are ceidered in this thesis for depositing condwet traces on AM substrates. In
this section, previous application of aerosol jetting and extrusion &®&Mdiscussed as a precursor to
the integration of these technologies printing electronics on AM partsliscussed irgection 2.3.

2.2.1 Extwusion based DIW of conductive inks

Due to the high precision and widlgk printability band of extrusion DIW, there are many
instances of the technology being used to print conductive inks. Mam@ntistshave taken dvantage
of this simple technologthat extrudes continuoustreamsof materials through a nozzlenabling the
manufacturing of conformal and embedded electronic devices. With the wide material property
printability band offered by extrusion based DI8édtion 2.1.2) there are a wide array bfwW based
extrusionconductiveinks thathave been demonstrated as effective conductors for electronics
applications. These materials inclydhit are not limited tg silverbased inK36] [37] [38], copper
based inH39], electrodes[40], and carborbased nanomaterialgtl].

Silverbased inks are perhaps the most pigr and widely available inks for direct write
extrusion due to their high conductivity, lower price than gold inks, and resistance to oxifatioml in
copperinks. Shen anadoauthorsdemonstratedthel 0 At AG& (2 LINAYy(d wmptfa 6ARS
NBaAaulAorud (akodt 3 pmiesithieiresistivity of bulk silver) after sintering the lines at 625°C in
air [36]. They studied the direct write printing of five separate commercially available silver inks
featuringsolids loading around 80 wt%nd characterized their various material properties with respect
to DIWextrusion.Although these inks demonstrated resisiyvonlythree timesbulk silver, this

resistivity would not be achievable fybridizedAM applicationsas typical printable substrates cannot
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withstand such high temperatureZhou and coauthors demonstrated tlability to use this silvebased
DIWextrusiontechnology to create a broad array of RF passive antennas and discrete transistors, as

shown in Figure 2.B12].

Figure 25: A variety of RF passive antennas and transistors made usingtsibaxt DIW42]. Each black
transistor features a contact surface measurement ofimx 0.6 mm.

DIW extrusion has also been used iheédectronics applications rathéhan justin deposition of
2Dtraces. Fu and coauthors demonstrated the ability BygBint graphene oxide electrode inks to fully
print fuel cells, demonstrateth Figure 26 [40]. These lithiurffuel cells were entirely 3D printed using a
three-stageprocess with three separate inks usiextrusion DIW Althocughthis method only shows the
2D layer by layer application of DW extrusfonelectronics, various 3D applications have been
demonstrated alsoUsing extrusion DIY\Adams and coauthors were able donformablyprint silver
traces oer a glass hemisphete create small 3D antennaas shown in

Foure 27 [43].

3D Printing of Anode 3D Printing of Cathode 3D Printing of Solid-state Electrolyte
Figure 26: Process diagram showing the creation of a fuel cell using[@aWV
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Fogure 27: Conformal printing of DW silver ink to create a 3D antgd@h

The wide material property printability range and 2D and 3D applicatioastaision based
DIW demonstrate the ability this technology to bilizedin a wide array of integrated AM eleotrics
applications. The high solids loading of conductive inkgigeoa viable option for creating high
conductivity electronic traces as the building block for complex AM integrated electronic parts.
2.22 Aerosol Jet ¥ of conductive inks

Aerosol jeting (AJ) is a broad term used to describe the contactless sedeadiposition of
accelerated aerosolized suspended ink particles. AJ is capable of printing very high resolution features
with a wide variety of inkgnaking it perfect for microelectronigplications[18]. Due to the only
fAYAGFOGA2Y AY GKS YI GSNRLI fbeitgaerdsdiZed, manWdondvitive isks vy 3§ K
for electronic applicatins have been created and studied. The broad array of AJ inks for electronics
applications includsilver particle ink§44][45], carbon nanotibe and graphene particle ink&2] [46],
copper and coppenickel alloyparticle ink[47], gold particle ink48], and organic materialgl8] [49].
LikeextrusionDIW, silvetbased inks are the most prevalent found ind#@tire. This is due to silver

having similar high conductivity like gold atapper-basedinks, with copper being the least expensive

19



of the three. However, copper ink remains a lower tier contender due to oxidation in ambient conditions
of printed tracedowering conductivity over tim¢s0].

Although aerosol jetting is #b utilize a wide variety of inke obtain high performance
electronic tracesvith high resolution, obtaining quality lines remains a problem. This is due to the
inherent design of the machine which aguality balancébetween line thickness and line edge
roughnessnust be found51]. Often times, to achieve high resolution lines with acceptable dimensions
and quality manufactuers or researchers must go through an optimization process in which they vary
the atomization parameters, carrgas, sheath gas, and tube/plateemperatures Zhang and
coauthors created a novel hybrid muttbjective optimization approach fachievingdesiredhigh-
guality silver traceg51]. This optimization approach was able to achieve a desirable batdtoe line
edge roughness and sufficient line thicknessd offers a proven statistical approach optimize printed
line properties rather tha the common trial and error method.

Aerosol jet printing of functional electronics using conductive inks haa lédely
demonstrated in literature. The studied printed electronics includes solar[d8lJselectrical
interconnectg52], antennag53], strain gageg54], and a wide array of other applications as reviewed
by Wilkinsan and coauthor$55]. Figure 28 shows a phased arraytenna conformally printed on a
curved substrate using silver nanopatrticle ink. This was achieved without usiegdsition rotation
sincethe AJ process is able to print on surfaces rotated up to 45° from the depositiorf3@&aGu and
coauthorsdemonstrated a technique for printing AJ ldurablepolymerfillets between different
leveled surfaces and then subsequently printing silver nanoparticle ink over the fillets féomedid
electrical connections betven the two surfacefs7]. lllustrated inFigure 29, this shows yet another
example of utilizing aerosol jet deposition technology to create conformal electrical traces over

nonplanar surfaces.
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Figure 28: Phasedarray antenna conformally aerosol jetted over a curved s@fa6].
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Figure 29: Aerosol jetted U\(:urable polymer fillets with aerosol Jette S|Iver partlcles printed on top to
crede conductive connections between multilevel surfages|.

To further expand on the idea of using A¥ Bf conductive inks to print electronics on
conformal surfaces, the idea tilting the deposition head oequivalently tilting the part to achieve
printing over curved surfacemust be considered. This concept could be applied to crettieg-

dimensionalntenna arrays for better speciaavigation Figure 2L0shows a 19 mm ceramic cube that
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was tilted 45° while an aerosol jet pringjrsilver nan-particles was translated in the X direction along
the surface while also alting its height in the Z directigf®6]. Technology utilizinfjve axis rotation of
the part while being printed on with thAJ has been developed bpt@mec with their Optome 5x

printer with an example application shown in Section 2.3.3.

Figure 210: Ceramic cube with aerosol jetted silver nanoparticles continuously printed on surfaces of
varying orientation[56].

Asdiscussedthis section, aerosol jet technology has the ability to print a wide array of
conductive materls with high resolution over conformal andn-planarsurfaces. This makesan
appropriate option to utilize forintegratingDW of electronics and additive manufacturing processes and

parts. Current integration and application of these technologiekheildiscussed iSection 2.3.
2.3 Integration and Application of AJ aBdrusionDIW and AM

In Section 2.2, the use of extrusion and aerosol jetting direct ink write of conductive materials to

create a wide array of functional electronics was discussed. Combining these conductive inks with the
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ability of these BV systems to print high precise pattrns on conformal and neplanar surfaces along
with the ability of AM systems to print an infinite amount of different shaped structaresblesthe
design and creation of integrated, complex, and conformal electronics housed in a spgdiciliyt and
structurally sound produdtl]. This section will discuss the previous integration and applicatiombf D
conductive inks with additivg manufactured parts to create compleurfctional electonics.
2.3.1 Hybrid AM DV Electronics systems

In order to prevent the need for separate system printing of AM parts affdelzctronic traces,
companies and labs have developed fully homogenous systems combining the two technologies into
one handsfree process in which the systgomnoduces embeddetlnctional electronicsThis technology
has progressed over time with a statidp integrated stereolithography and direct extrusion of
conductiveinks system developed at the University of T&aaEl Paso in 20128]. This system, shown
in

Figure 211, featured a 250/50 SLA machine with&crypt ink dispensing system. Utilizing laser
conductive ink curinghis sysem was able to successfully create functional 2D and 3D 555 timer circuits
formedvia DIW extrusion conductive ink traceato SLAprinted structure. Athough this proceswas
able to demonstrate theapabilitiesof hybrid AMDIW electronics systems, the required subprocesses

were manual andts products featured low power application due to high trace resistivity.
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Figure 211: Combined stereolithography and DIW system developedl&RJfor creating complex AM
electronic device§58].

Researchers at UTEP haigce progressed in their electrically functional A&Vice research
with the creation of a robotic mulprocess systemrhis system features a sixis robotworking as the
centerpiece combining twéused filament fabricatioprinters with separate raterials for multimaterial
printing as well as a géy with subtractive machining, copper wire embedding, DIW fluid extrusion,
electrical component placing, and conductive foil applicafid].
In 2013, researchers dthe University of Akron published their progress on hybridizing the
direct write of electronics and projection mictteseolithography[60]. Their process involved dispersing
carbon nanotubes in a photocurable polymer to create a conductive path within the rest of a
phaotocurable part to create a&3D structure with embedded electronics. This procpbstocured the
conductive phtoOdzNJ 6 f S LI2f @ YSNI g KAt S Al gFa o60SAy3a LINAYy(dSR

wires would maintain their shape while naonductive photopolymer was cured arourtkin to create
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3D electronic AMstructures as shownn Figure 212. Information regarding the resistivity of the
polymercarbon nanotubestructure was not reporteghowever, it can be assumed that it was much

higher than typical metal loaded inks.

Dispensing head

Projector lens =
Proje rrvf\‘ Conductive -+ Photocurable Conductive
beam material ~ material matenal
LTI S
! ,l. material t ‘ b ‘ h ’
(a) (b) (c) (d)

Figure 212: System for combining nonconductive photocurable polymer with photocurable conductive
material to create complex 3D electronic structufé]

In 2015, Jang and coauthors documented their process integrainghotopolymerization (VP)
and direct writeextrusionto create D circuits Their process involved creating a partial structure using
VP, removingthe structure, cleaning and drying thawstture, depositing/curing conductive inksd
components and then repeating until completid®1]. Although this process demonstrated a good
proof of concept for integrating AM and DIW of conductive inks, the ink used featursissivity
almost four orders of magnitude highdmnan bulk silverThis relatively highedstivity was a product of
the photopolymemot being able to withstand a processing temperature of 190°C, required by the other
ink option presented in the studyhe researchers also had to insert sepasestroric components
into the structure rather han only using conductive inks to achieve 3D functionality, as shofigtine
2.13. The process also featured a separate manual cleaning/drying phiatefpartialVPstructure
which created a long and nesutomated process. However, tliesearchersvere able to create a 3D

light sensing LED circuwising their integrated process.
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Figure 213: Process for integrating AM and DIW to create ctax@lectronics utilizing the removal and
cleaning oiVPparts[61].

In 2017, researchers at Duke University were able to break the mold of using separate processes
for combining creating 3D electronics using AM throagtployingthe fused filament fabrication (FFF)
of duakmaterials with conductive thermoplastic filamen The researchergilized coppetbased,
graphenebased, and carbon bladgkased conductive filament in combination with typical RisAa
dielectric Utilizing these filaments to create smaller electreabcomponents, researchers were able to
create a ligh-pass filter, embedded component, afr@e-standingconductive structuresrigure 214
illustrates the process of combining dielectric and conductive FFF to create a 3D embedded LED

structure[62].
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Figure 214: Embedded LED created through the FFF of conductive and nonconductive pbhsadr
filaments[62].

As a final example of necommercial 3D electronics AM systenmesearcherat Georgia
Institute of Technology created the*8D printer combining inkjet, fused filament fabrication, direct ink
writing, and aerosol jettig technologie$63]. This printer utilized these Alfocesseslong with pie
and-place robotics and intense pulsed liglintering to create complex dewsincluding those with
electrical functionalityUtilizing the combined AM capabilities in an uninterrupted process, the
researchersvere able to create a stretchable LED light ribbon with embedded conductivasirshavn
in Figure 215. To demonstrate 3D conductive trace functionality the researchers created a structure
with verticalvias that were cured irsitu using the heated bed and a pgminting oven cure; the final

product is shown irFigure 215as well The process aldeatured the ability to utilize prdabricated
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electronic components, such as a LED chip, in combination with the AM processes which utilized a FFF

structure andDIW silver electrodeas shown irFigure 216 [63].

b) c)

Figure 215: AM produced stretchable LED ribbon(left) and vertical LED conne@®@ 6 NA 3K G0 LINE
using fourin-on additive manufacturing systefé3].

a)

m—— ABS Structure
_ .
Silver Electrode

Figure 216: Fourin-one AM system used in conjunction with giabricated chip LED to create an
embedded electronic LED structy@s].

Companies aiming to commercialize the combined-é&ttronicscapabilities have created

printers with integrated AM structures and/Dconductive traces. Voxet8eated an affordable printer
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combining FFF and DIW conductive inks. The printer utilizes a pneumatic extrusion podepssit

an inkthat cures at roomemperature to allow for thedesigningand rapid prototyping of electrically
functional AM parts. Ris technology has been demonstrated on functional products such as a drone
with embedded electrical interconnects as showrrigure 217. However, this process results
conductive interconnects featuring a resistyvof approximately 31 times the value of bulk silver.
Additionally, the DragonFly 2020 prant by Nano Dimension, gsmultimaterialjetting AMprocess that
jets bothdielectric materials and conductive nanopartiods NanoDimension advertises thebdity to
rapidly prototype RF active devices, sensors, multilayer PCBs, and molded intetabenieed64]. The
silver nanopatrticle ink is typically cured via infrared heat treatedduring post-processingo achieve a
resistivityof 5% to 30% of bulk Coppf&5]. Although this resistivity demonstrates an improvement
upon Voxel8, there is still room for improvemt. An example PCB printed using the DragoRtyis

shown inFigure 218 [66].

Figure 217: Drone with IC chip made functional through combining FFF and DIW of conductive inks in
the Voxel8 printef59].
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Figure 218: Fully AM produced PQ@Boduced throught the inkjetting of conductive and roanductive
materials in the DragonFly Pro AM syst@&®.

2.32 Embedded Electronics
Embedded electronics are perhaps the most promising application of integrating Adlustrs
with functional conductive elements. Embedded electronics offgpatiallyefficient structure with
multiple layers of conductive elements integrating for complex electronics. In this subsection, various
examples of AM embedded electronics arecdissedncluding sensors, antennas, and microelectronics.
In 2013 researchers were able to utilize the idea of AM embedded electronics to create an 3D
printed bionic eayshown inFigure 219, mergingbiologicand electraic functionalities. The ear is
capable of capturing inductivelyouples signals from cochlshaped printed conductive electrodes
enabling forauditory sensing of RF signals and even humanoid left/right stereo fed$id his product

was printed via syringBIWextrusion using a Fab@Home 3D printestréictural,biological, and

St SOGNBYAO YIGSNAIE A AyOfdRAYI Fy FEIAYFGS KERNERI
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(biological) and a silveranopatrticleinfused silicone solution (electrical). This AMctronics integration

shows the biologial applicaibn potential of this electrically functional 3D printed product concept.

Figure 219: 3D printed bionic ear created using thgringeextrusion of structural, biological, and
conductive material§67].

AM-produced embedded antennas provide a very logical application of AM striiciuda
electronic integration due to their wideariety of functional geometries. In 2015 a significant
contribution to this concept was published by a variety of authors whadated antennas via AM
structural and electrical integratiof8-71]. Ketterl and oauthors integratedused filament fabrication
(FFFand extrusiorbased direct ink write to create a sewayer passive phased array connected with
conductive via$68]. Liang and coauthors were able to print patch antennd¥#Band ultrasonic wire
mesh embedding using the system discussd8% Using this method, the researchers were able to
construct the antenna with no sintering due to the very high conductivity of the embedded copper wire
[69]. Furthermae, this wire embedding technique was also used to creatAr@ahimedeanspiral
antenna documented by Shemalya and coauti@ig. As a final example, Pa and at#ors were able
to fabricate a lowprofile antenna that included an integratiragtificial magnetic conducting ground
plane via fused deposition modeling and extrusimased direct ink writ@f conductive materialf70].
The creation of these antennas proves Atvuctural and electrical integration to be a viable option for
the rapid prototyping of higlperformingantennas. A photo of each of these antennas is showtigare

2.20[68-71].
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[68], patch antenna with ultrasonically embedded copper wiop (right) [69], Archimedearspiral
antenna with ultrasonically embedded copper wire (bottom I§ft)], and a low profile antenna with
direct written conductive element&0].

Multifunctional AM also has the potential to create complex electronics for senguications
as reported by multiple authod§'2] [73] [74]. Muth and coauthors produced @3rinted embedded
strain sensors usg a photocurable elastomer as a structuegervoirwhile extruding conductive
carbon greasénk into the uncuredeservoir, as illustrated irFigure 221. After curing, the ink remained
a fluid while the elastomer solidifiegroving that 3D soft sensors cée created using AM structural
and electrical method§r2]. In 2015, Shemalya armbauthorswere able to utilize AM techniques to
print embedded capacitive sensors usirigrand wire embeddingb9]. These sensors were able to

distinguish separate metallic materials as well aswater from distilled a fully embedded
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demonstration model is showin Figure 222[73]. As a final example, Wand coauthors utilizeéFFand
DIW extrusion to print passive wireless sensors and integrated circuitry. Témessrchergprinted

hollow structuresfor conductive paths and then injected the structures with conductive ink to form 3D
conductive pathshat cured at room temperature. This approach yielded functional resistors, inductors,

capacitors, and an inductaapacitorresanant passive sensor circyfigure 223) [74].

(b)

Filler

Fluid %
=

Figure 221: Elastic strain sensors created through the injection of conductive carbon crease into an
uncured photocurable elastomer redqir2].

Figure 22: Embedded capacitive sensor created through ultrasonic wire embedding in an FDM
structure[73].
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Spiral inductor

Figure 223: Capacitoiresonant passive sensor circuit created through the injection of conductive
material into a lollow FDMstructure[74].

Another application of multifunctional AM to produce electrical structures is the fabrication of
3D printed batteries adocumentedby a multitude of resarcherq75] [76] [77]. In particular, lithium
ion batteries have beeamphasized in this approach. In 2013, Sun and coauthe$ DBV extrusion to
print the anode and cathode of lithium ion batterieghibitinghigh power densitie§75]. Later on, in
2018, Saleh and emithors reported printing highly complex 3D silver lattice electrodes via aEjetso
3D printing resulting in significantly higher battery performance compared to typical thin solid silver
electrodeq[76]. An illustration of these twoeportsisshown inFigure 224. Ina 2020 review of the
additive manufacturing of batteries, Pangdarpauthorsstatethat with continuous advancement 3D
printed batteries with high durability, safety, and energy will eventually be tledighoutmany fields

[77].
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Figure 224: DIW extrusion printed anode and cathode of lithium ion batteries ([é6] and pinted
highly complex 3D silver lattiedectrodes via aerosol jet 3D printiigght) [76].

In 2015 researcherdemonstrated their use addditive manufacturingo print a small satellite
(a Cubesatpropulsion system. The team successfully embedded a micro pulsed plasma thruster and
heated copper wires into arHFstructure, using the same approach documented eafb8i, as shown
in the CAD rendering irigure 225. This approachkignificantly contribted to the investigation of

utilizing AM structural and electrical integration to bring multifunctional 3D printed parts to qg&¢e

Power
Trig.

Embedded Fround

Busek Thruster X

Figure 225: Micro pulsed plasma thruster created using ultrasonic wire embedding into a FDM structure
[78].
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2.33 SurfaceElectronics
Although embedded electronicdfer a layered andpatiallyefficient approach for integrating
structural and electronic to create complex electrical devices, suitfiased electronics require less
processing complexityy 1 KA & NISGISS B0 (WRENFO-a@ | N&nduciivé #ades | G SR
on surface of AMproduced structures. This includes but is not limited to sensoistconnects, and
antennas.
In 2012, Paulsen ammbauthorsdemonstrated utilizingaerosoljet printing to print conformal
electronics on 3D structure$he researchers demonstrated printing a phased array antenna on a
curved surface, as shown earlierfigure 28, as well as LED apdopellerpower lines along withra

antenna directly printed on an fusetkpositicn modeling printed UAV structure shownhigure 226.

Figure 226: AM produced UAV with aerosol jetted antenna and electrical connections printed on its
surface[56].

There has been a prominent interest in the applicatio®®¥ conductive ink for microwave
circuitry. Cai and coauthorsadaerosol jet technology to print 3D dielectric polyimide structures which
were then used as the substeafor aerosol jet silver nanoparticle depositipt9]. These conductive
lines were utilized as transmission lines and characterized up to 50RBjtre 227 shows an example

of the printed transmissioriries on theaerosol jeted polyimide substrateResearchers were able to
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print a 65f m layer of polyimide with a resolution of 0.8 per layeralong with line widths of
approximately 8Q m. After 30 layers of printed polyimide, the thickness of the swabstdid not
increase hiearly due to the increased sample thickness trapping solvent, requiring the neegdst-a
procSadaAy3a WAAYISNAYIQ aGSLI® ! FOSNI LINAYGAYT GKS LIR2f
were printed, processed, and atacterized up to 50 GHZ his work represents the first aerosol jetted
printed polyimidedielectricsubstrat. However, sincthe polyimidewas printedwith only 65t m thick
layers more work must be completed before it can be deemed an appropriate option for hybridizing 3D
AM dructures with DW conductive traces.

In another example of printed transmission lines, Deffenbaugh and coauthors pantkd
characterizediver-based transmission lines on bo#iPand FFFAM substratesBoth of these
substrates featured temperature processing limitations including 111 °C for the VP substrate and a 90 °C
heated build plate for thé-FF substrate. These temperature processingdtions led to larger losses
when compared to the same substea with bulk copper silver lind80]. Furthermore, in 217,
Qayyum and coauthors demonstrated printing ultrawidebandr@Brconnects using aerosol jet
deposition of silver nanoparticlg81]. These interconnects were printed conformally on a 3D inkjet
printed polymer substrate, shown Figure 228[81]. These examples serve as previously studied
integration of AM structures with DW transmissilimes andorovide a starting point foResearch

Question #4 in this thesis.

Figure 227: Aerosoljetted 3D dielectric polyimide substrate used for aerosol jet silver nanagearti
deposition of transmission lindg9].
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Figure 228: Aerosol jet printed ultrawideband interconnects conformally printed on a 3D inkjet printed
polymer substratg81].

As a final example of surfaegectronics printed on AM 3D substrates, the wofkvadDonald
and coauthors on the rapigrototypingof 3D structural electronics is presented.this work, an
investigation into the 3D printing of electronics was presented along wittigbecationof a 3D printed
electrical gaming die, shown Figure 229 [82]. After multide design iterationdNB5 & S I NEpkrfeNI &
die-shaped structure with channels filled withicro-dispensedsilverbasedink interconnects for affial
product featuring a microprocessor, accelerometer, and LEDs. These researchers also conducted a study
to compare their AMbased rapid prototyping approach to traditioralectronicsprototypingmethods
and found a dramatic decrease in functional prgfaihgdesign cycle. This work demonstrates the
feasibility of using the integration AM structural and elégzt processes for the rapid prototyping of

multifunctional complex electrical devices.
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Figure 229: 3D printed dieshaped structure with DIW printed conductive interconnects along with an
accelerometer, microprocessor, and LE8E.

2.4Limitationsintegrating DV Electronics and AM

While Sction 2.3highlightedusing mutiple additive manufacturing methods to create

multifunctional 3D complex electronic structures, the feasibility and performance of these structures is
not without limitations. This is due to a variety of factors including temperature processing limgatfon
AM substate structuresas well amdhesion and placement of conductive ks AM substrates.
2.4.1 HighTemperature Processing

With the research discussed $action 2.3, itis clear that hybridizing AM technologies to create
complexAM electronics is ot only a posiility, but a reality with seemingly endless applications and
abilities. However, due to temperature processing limitations of AM substrdtesyverall performance
of the electronics is limitedAlthough material science continues to pregs ancroduce higher
conductivity inks, printed metal inks still suffer from high resistivity in relation to their traditionally

manufactured interconnectieaturedin printed circuit boardsThese high resistivitiggsultin a
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reductionin overall eletrical performance due to higher voltage drops and overall power loss though
the circuit[59].

Metal loaded inks capable of reaching higher conductivities rely on the ability for metallic
nanoparticles to show a reduced melting temperature compared to their respective bulk material; this
trend for various metals is shown figure 230Error! Reference source not foun@B3] [84]. This
melting of nanoparticles together is known as sintering and occurs maday d &G KS vy I IfrgelLd NI A Of ¢
surface to volume ratio leading to a reduction in surface energy. This sintering process forming large
metal partcles from smaller particles in known as Oswald ripening, and it halts at the point where the
larger particles obtimed are approximately 50% larger than their original size. This halt in sintering
leaves behind a porous structure resulting in an overaidetivity lower than the bulk materig85]

[86]. However, these inks require organic materials to stabilize the nanopartictesaintain a
dispersed solution which require higher temperatures, outside of the usability range of most AM
materials, to burn off and allow the particles to sinf86]. In an attempt to makeonductive inkeAM
substrate compatible, many metallic DW inks rely on high surface area metallic flakes which come closer
together and form conductiveontact paths as their polymer solvents cure and evaporate at lower
temperatures such as 120°C or even room temperature. However, since the flakes are too large for
actual sintering to occur, these inks feature higher resistivity than their nanopabéded counter
parts[87]. An example SEM image of a silver flake ink is shoWwigime 231. lllustrated by Perez and
coauthors, these various metallic ink processing effects are sdagure 232, with (a) featuring

particles withoutpost-processing surrounded by their solvent, (b) showing solhesaiporation and
particle contact resulting in ink conductivity, (c) showing low temperature sintedongesy of Oswald

ripening discussed earlier, and) @howing a fully melted bulk metgl].
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Figure 230: Trend showing the decrease in melting temperature aforgs metals as their particle
radius decrease84].
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Figure 231: SEM image of conductive ink featuring high surface area silver flakes dispersed in a polymer
binder[87].
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(a) (b) (c) (d)

Figure 232: The process of sintering and fully melting metallic nanopartdles

One of the main reasons for deposited inks being unable to achievebigtuctivityon AM
surfaces is the low temperature processability of variouspsmer dielectricsubstrates A significant
property of the AM polymer substrates with relation to tperatureprocessabilityis their glass
transition temperature or Tgthe i SYLISNI (G dzNB i ¢ KA OK IsustegtibldoY SNJ 6 SO 2
deflection and deformationAs stated by Perez and coauthors, most méded DW inks need to be
post-print processd at temperatures of at least 100°C to become condudtiyeUnfortunately, not all
AM substrate materials can withstand this temperature without degrading or reaching thdtofrg.
exampletKS C5a FyR th[,W9¢ YIFGSNRFT A& YIKRSI DRLITNING dzNFige
applications are listed imable 21 with the highest §being ULTEM 1010 wiil5 °CAlthough ULTEM
1010has the highestd A G A& OKI NJ O by Sthaths$sRurthernord, SIATEdhd dtherNA G (0 f S ¢
FFF materials featarpoor surface finish, discussed further in Section 2 A4ff2r going through a
selection proces€Espalin and coauthors chose Accura PEAK as the most viable vat photopolymerization
materialfor AM electrical applications. kaver, the PEAK required a Wwid thermal post cure in order
to reach a glass transition temperature of 11T 3]. The highest pgorming conductive trace inestion
2.3 had a reported conductivity of 40% bulk silver after sintering aerosol jet silver nanoparticles at 200C
forihour[81]® | 26 SOSNE (KA&A AAYGSNAYy3d GSYLISNI GdNNB 61 & o6

temperature (Tg). Of the other papers reviewediection 2.3, the highest reped ink conductivities
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post-processing were equal to 4.16% and 2.06% of bulk silver without degrading their AM sufiiate

[70].
Table 21: Properties of AM niarials and processes most compatible with the printing of electroi@ics
Material AM Process Glass Transitighleat
DeflectionTemperature(°C)
ULTEM 9085 HF 186
ULTEM 1010 HF 215
Antero 800NA FF 149
RGD525 PolyJet 80

*Via Stratasys Material Selection Guide for Factory FiadtslyJet Materials Data Sheet

In an effort to circumnavigate this AM subdeaemperature praessing limit, researchers at
The University of Texas at El Paso have chosen a novel approach of thermally embedding copper wires
with bulk resistivity into FFsubstrates; coined the Multi3D systenas discussed ifection 2.3.159].
However, when only considering DW inks, thé 3D printer fromRoach and colleaguessdussed in
Section 2.3.1was only able to achieve a resistivity of 200 * 20"dmfrom its silver inkusingphotonic
curing from a xenon flash lamfar higher than bulk silver with a resistivity 059 *10*-y dw[63]. The
printer was used t@®W conductive traces alongside extrusion DIW soft elastomer resin, inkjetted
acrylatebased polymer, and-FF printed ABS. With the photonic curing methbd,printer was able to
achieve lines with consistent resistivity without further oawst-processing. This method also provides
a method for avoiding complications caused by the relatil@lytemperature limit for overpost
processingLopes ad coauthors also used an alternative sintering approach sglectivelaser
sintering however, they found that attempting to cure the side profiles of the DIW ink using the laser

resulted in sarple substrate degradation, as shownFigure 233 [58].
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Figure 233: Substrate degradation resulting from laser sintering of a raaked conductive inf58].

As discussed by Jang andcuabors, other sintering techniques such mécrowave sintering,
electrical sinteringplasma sintering, and laser sintering have may drawbacks including the requiring
complex instruments and a narrow operation range to achieve particle sintering. Jargauttors
proposedthat intensepulsed light sintering (IPLanother name for the phonic curing used by the m4
3D printer previously discusseid,capable of quickly heating and sintering particles without damage to
low temperature capable substrates.i$leffect is due to localized heating occurring on metal
nanoparticles as a result etirface plasmon resonance caudsdIPL irradiatiofi88]. Athough IPL
shows very promising capabilities and advantages, sintering results can drallgathange with
different trace widths and pattern intervals under the same IPLldit@mmns. This can lead tmon-uniform
resistance in applications requiring varying traces and patti8ok

In an attempt to offer a alternate solution tchigh conductivity printed inks, Mireles and
coauthors attempted to creatan FFFsysem for various low temperature solder alloys. Although these
alloys were able to prasle higher conductivity, successful deposition with constant parameters
remained an issuf0]. Laser direct struaring (LDS) offers another alternative capable of obtaining
robust and highly conductive traces with almost any thermoplastic substrate. However, this LDS process

requires the part to first be given a chemical alkaline bath, adding another step to tleegrocesg91].
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2.4.2 PoorAdhesion/Interaction with AM Substrate
In their characterization of materials to be compatikligh AM electronic parts, Espalin @n
coauthorsKk A IKf A IKatiGIRB AR A K A8 W | YR G &dzLISNR 2NJ, adzNF I OS
statingthat VPholdsan advantage over FD8]. A substrate with high porosity will result in uncured
flowing ink forming shorts between linédshown n Figure 234); this is especially an issue in subttga
printed with strands of material such &FFor example, when Optomec and Stratasys partdece
print conformal circuits delivering power and antennas diFemodeled UAV structure, as shown
earlier inFigure 226, the wing surface had to be grid blasted and applied with a dielectric undercoat to

smooth the FDM surface and fill holes between material strg&6}

Figure 234: Shorts iruncured conductive ink electrical connections printed on an FDM subg8hte

Direct write printed ink adhesion to its AM sulsi is especially important goorly adhered
inks will cause open circuits and possibly damage to a device. Although traces printed on the surface of a
part can be repaired, embedded traces with poor adhesion would be impossible to, repaiering a
functional AM product useleg92]. Adhesion remains an issue with AM electronics as printed traces are
exposed to a variety of environments including different coefficients of thermal expansion compared to
their substrate, high humidity, loading/unloadingydastretching. These conditions caause ink traces
to undergo delamination from their substrate resulting in poor substrate adhesion and eventually full
removal[93].

Expandingon the topic of differing cefficients of thermal expansion between AM conductive

traces and AM substrates, Roach and coauthors stated that, when printing a range of materials in

45



combination, a mismatch in shrinkage caustaindeveloped from déects such as warping and
bending[63]. In an effort to increase adhesion between substrates, some authors have ttoned

various forms of surface treatmet enhance adhesion between metallic inks and polymer substrates.
For example, in an attempt to enhance adhesion between copper ink and a polyimide substrate, Jeon
and coauthors turned to oxygen plasma treatment arttva-step IPLsintering method94].

2.5High PerformanceDielectricAM Substrates

Kapton film already widely used in many industries including those indaitvaerospace,
microelectronicsand biomedicinadue to its highly desirable balance of electrical, chemical, and
mechanical properties over a wide range of temperatgig [96]. Kapton las been used in
applications with temperatures ranging froi69C to 400@nd boasts excellent chemical resistance
[97]. Because of these excelleptopertiesexhibited by Kapton, it has been chosen to operate in
environments as harsh as outer spd88]. Much like Kapton filmprinted UVDIWall-aromatic
polyimide features a temperature limit greater than 400 °C before a loss in mechanical properties
occurs.

UMW-DIW printedall-aromatic polyimidds not the onlyhigh-performancepolymer printed for
research or commercial purpes. As stated by Rau and coauthors, high performance polymers such as
PEEK, PEI, PPS, and PEKK have been additively manufactured and chardttesizedferenced
polymers are capable ahaintainingmechanicaktability over ahigherrange of temperature compared
to typical AMpolymersincluding143°C (PEEK)81 °C (PEIB5 °C (PPS), arld2 *QPEKK]R9] [100]

[101]. However, this range of temperatures at which deematerials lose mechanical properties is still
far below the 400 °C limit of UMIW allaromaticpolyimide. TheUV-DIW AM process of the adfomatic
polyimide used in this thesis make it a unique pdMymer for electronics as it features high thermal

stability; thisallowsfor the processing of metal loaded inks at higher temperatuvage also being
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printed with aUV-DIWsystem that allows fomultimaterial printing such as integrated electroniasd
superior surface finish, unlike the FFF process tmeBEI, PPS, and PEKK.

With PEI, also known commercially as ULTEM, having the highest Tg of the mehigined
performanceAM materials, & propertiesas a dielectric should be compared to the-DWV polyimide.
The dielectric constant of printed atomatic polyimidenad notbeen testedprior to this thesis
however, the manufacturersof Dupont Kapton HN filmeport a dielectric constant of 8-3.5 at 1kHz
higher than 3.23.0 possessed by ULTE85[96].

Figure 235 shows the dielectric constant éFFnaterials(PC, ULTEM 9085, ABIS0, and PC
ABS) Kapton, and FR, the substateaypicallyused for printed circuit boards, reported by Espalin and
coauthorg[3]. Kaptonhas a slightly higher dielectric constant than fiefmaterials listeclhowever; it is
still notably lower than the matgal used for printed circuit boards, FRproving its viability as an
electronics substateéKapbn also features a much higher dielectric strength, the maximum voltage
required to cause a dielectric breakdown in a material, than all other mentioned rabi02].

In this thesis, the dielectriconstantand dissipation factoof the all-aromatic polyimide, will be
determined and compared to Kapton filamd ULTEMO85 The dielectriconstant along with the
dissipation factor, or loss factor, are considered to be agithe most important and relevant substrate
material values affecting the performance of a cir¢discussed further in Section 3[1)03][104]. If the
measured dieletric properties of the U\DIW allaromatic polyimide are able to match or come éds
that of Kapton, it would be reasonable to state that-DWV polyimide is a high performing dielectric

substrate along with its high temperature processing limitatiand superior surface finish.
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Volume resistivity

Dielectric constant

Dissipation factor

Dielectric strength

(ASTM D257) {ASTM D130) (ASTM D150) (ASTM D149)
(€2 cm) (V/mm)
PC* 20E+14-6.0E+13 3028 0000600005 360-80
ULTEM 9085* 1.OE+14-6.0E+13 3230 0.0027-0.0026 200110
ABS-M30* 4.0E+14-5.0E+13 2927 0.0052-0.0049 370-71
PC-ABS® 20E+1444E+13 2927 0.0035-0.0032 34090
}{upmn" 1LOE+17 35 0.0026 154,000
FR-4* 5.0E+12 4.6 0.015 —

Figure 235: Dielectric properties of various AM and n@sM materials used in electrical applicatid$.

2.6 Literature Revieummary

After reviewing directwrite technologdes, printed electronics, and the integration and limitation of
combining additive manufacturing with direct write electronics, this sectiommarizes the major
findings and current voids in research. Of thanydirect write technologies available today, those best
suited for printed conductive inks for electronics include aerosol jetting, material extrusion, and
inkjetting. These technologs are able t@rint conductive inks with very high precision andaiegion
for the purpose of creating complex electronics. However, they each come with their own unique
advantages and disadvantages with respect to printing electronics.

Aerosol jettings a noncontact direct write technology able to conformally primtyaink capable
of being aerosolized, making it ideal for printing conductive metal nanopatrticle inks. One feature of
aerosol jetting that can be both helpful and harmful to researctsifigh customizability with respect
to printing parameters. With ovdive different alterable printing parametethat alter printed trace
properties, the traces are highly customizable but sometimes require trial and ersdatistical design
of experimentgo obtain a desirable trace. The aerosol jetting procass yields a relatively low output
of material with respect t@xtrusionand inkjet direct write.

Extrusionbased direct ink write is perhaps tleasest to implement of all DWwhethods. With its

main printing mechanism relying of physical force of an ink through a nozzle, it allows for the largest
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variety of inks with different properties notably viscous metal inks withigh solids loading leading to
higher conductivity conductive traceBepending on the driving technology, extrusion is also highly
preciseallowingfor the printing of complex electrical devices.

Inkjet direct write relies depositing droplets of inloiin a set height onto a substrate below. This
technology is highly preese and maneuverable, allowing for the printing of complex geometries
including those used in complex electronics. The main drawback pttirlg electronics is its limited
material cloice due to its limited viscosity range. Highly loaded highly conduatetal loaded inks can
often not be printed due to nozzle clogging issues.

Of the various conductive inks discussedluding carborbased inks and metal loaded inks
(e.g.,gold, silver, and coppgrsilver loaded inks provide the most fedsibption for printing conductive
traces. Metal loaded inks feature higher conductivities than caitbased inkshowever, copper inks
are subject to lower conductivity due to oxidatioues time and gold inks ammore expensive and less
available. Becausef these reasons, silver loaded inks are pheferredchoice for the direct write
printing of conductive traces in this thiss

Various applications dhe direct write of conductivenks were discussed including integrating

the direct write processes into other AM structural printing methods to create complex 3D electronics.

After reviewing the various previous and current integration of AM structurés BN conductive inks

some cleatimitations stood out:

- Typical AM substrates lose mechanical and/or chemical stability at relatively low temperatures

which limits thepost-process curing temperature, and thus final conductiwitiythe printed DW
conductive inksUItimately,the low Tg of printed AM substratélis leads to poor performance
in electronics applications.

- The AM substrates capable of the highest processing temperatures, and subsequently the

highest conductivity processedks, are produced through FRFowever FFFproduces parts
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with a poor surface finistwhich can lead to poor ink adhesion and electrical shorts between
conductive traces.

- The dielectric constant and dissipation factor are consideredrtbst important and relevant
substrate material valuethat affectthe performance of a circu[03][104]. In order for an AM
material to be electronics compatible, it musature a dielectric constant and dissipation factor
comparable with welkstablished electronics substratesich as ULTEM 9085, ULTEM 1010, and
Kapton film.

In this thesis, an attempt at using a novel polymer matetiddDIW allaromatic polyimideas
the AMsubstratefor direct write electronics will be explored agpotential remedy to these limitations.
Unlike currently available AM processable polymers, this mateaishightemperaturestability (400
°C) which couldallow for higher conductivity traces aftpostprocessigthe metal loaded inks at
highertemperatures This polymer is also printed through AWV printing allowing for a very smooth
surface finishUV-DIW alschasthe potential tobe integratedwith in-situ multimaterial electronics

printing.
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3. Results and analysistbk investigation into the&onductivity and
adhesion performancef aerosoljetted andextrudedsilverinks

onto allaromatic polyimide substrate

To gain a better understandirigto the conductivity and adhesion performance of aerosol jetted
and extruded silveinks onto alaromatic polyimide substrate, the first two research questions are
investigated

- Research Questiofti: How does increasing the processing temperature of sibvaded inks
printed onto Dupont Kaptoraffect conductivity and adhesich

- Research Questio: How does the silveloaded conductiverace conductivity and
adhesion performanceompare when printeeon AM allaromatic polyimideversus

commercial Dupont Kapton?
3.1Introduction to Research Questigh and#2

As discussediSection 2.4, one of the limitations regarding the integration\&4f Blectronics
and AMstructures is the relatively losiemperatureprocessing capabilities sfibstrateAM materials.
This lomtemperatureprocessingapabilityrestricts the curing/sinteringemperaturesof conductive
inks which in turn limits their conductivitgnd leaddo poorer applicatiorperformanceand limited
scopes of feasible electronic applications. As discuss@dapter 1 andSection 2.5, theadditively
manufactured akaromatic polyimide material used in thihesiss chemically very similar to commercial
Dupont Kapton, allowing it to readkmperaturesmore than 200C above the leading commercial

available AM mateals such as ULVHTable 21).
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Another limitation regarding the integration oM electronics and AMtructures(discussed in
Section 2.9 is the poor adhesion and interaction o¥ADinks with AM surfaces. Thimltation mainly
applies to mateials produced througlFFFsuch as ULTEM due to their inherent rough surface fiMBh;
produced parts feature a higher surface resolution resulting in smooth surfaces that allow for bétter D
ink adhesion. Given that adhes is key for overall functionf®W conductive traces in electronics, the
adhesion between ¥ conductive inks and the polyimide must be investigatechcessingnks at
highertemperaturescould also cause shrinkage atelamination as discussed Becton 2.4 giving
another reason tanvestigatethe adhesion of the inks aftgrocessingt varying temperatures.

Due to limited material availability and a desire to comparepgkdormanceof the AM aH
aromatic polyimide as an\ electronics substratto conmercial Kapton, the effect of sintering at
higher temperatures on ink adhesion and conductivity will firstrsestigatedwith commercial Kapton
film as the substratéthis will answer Reseeh Question 1)Using Kapton film as the substrate also
providesan opportunity to determine the optimumost-processingemperaturerangethat resultsin
the best balance of conductivity and adhesionthe chosen DW inks befointing on the AM
polyimide Using these experimentally determined aptim inkprocessing temperatures, the resistivity
and adhesiorof AJ and B/ conductive traces will be tested again on imidizeghalimatic polyimide
film to answer Research Questi@ndiscussedn Section 3.2

In order to determine thepossibie difference in intefacialadhesion between the DIW ink on a
Kapton substrate and an imidized-aromatic polyimide substrate, the material wetting wallso be
assessedWetting of the ink is important to achieving good adhesion between therdilasal liquid ink
and the substrat¢105][106]. Better adhesion between the ink and substrate is typically observed as
the contact angle decreases closer to 0°; a representation of this contact asplaws inFigure 31

[107]. The aerosol jetted tr@es printed in this thesis will not be measured for contact angle due to the
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deposition process involving accelerated nanopatrticles striking the sebstatace rather than a liquid

ink.

Ysv = Vsi + Y1y COS O

6 = Contact Angle
¥y

VAPOR
Yi» = liquid-surface free energy

LIQuUID

iTﬂl J TSV
o ¥s» = solid-liquid free energy

¥ = solid-surface free energy

Figure 31: Representation of contaeingle formed by material wetting between a liquid ink and solid
substrate[107].

3.2 Experimental Method for Answering Research Questiang #2

3.2.1 Materials
In orderto investigate the effect of increasing sinteritgnperatureon theresistivityand
adhesion of BV inks on the polynide substratescommercially available DW inks must be chosen. For
reasons discussed Bection 2.1 andsction 2.2, DIWextrusionandaerosol jetting are the chosen
means for depasing conductive traces this work Due toeach oftheir common use irthe literature
discussedn Chapter 2Dupont CB028 was chosen as the ink to be used for DIW extrusion and Clariant
Prelect TPS G2 was used for aerosol jetting. These inks also advertised a preferable shelf life and
conductivitycuring at 160 °C and 20Q °respectivelyTable 31 shows the advertised properties of
Dupont CB28 andTable3.2 shows the advertised properties of Clariant Prelect TRDGR to its
recommendatiorby Dupontr & (G KS OK2A OS F2NJ I LILJX AbQandedf2ya GKI G NI
properties2 SNJ I ¢A RS NI y3aS 27F (SY LIS sdmhelzB<&ER filny | LIG 2y | b
substrate in this set of experimente properties of this film can be seen thre datasheet found on
5 dzLJ2 vy (i Q §96]drSoodér kolbtBain a solid airomatic polyimiddilm substrate upon which DIW

and AJ silver samples could be depositédDIW formulation50k molecular weilgt polyamic acid, the
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precursor to polyimides, with 2.5 wt% photoinitiator TPO was blamett a standard glass slide and
imidized up to 425 °@ a vacuunto obtain a flat aHaromatic polyimide film adhered tihe glass slide
upon which the inks could barinted. A photo of these glass slidesi®wn inFigure 2.

Table 31: Aerosol Jet Clariant Silver Nanoparticle Ink Advertised Properties.

Item Value Unit

Viscosityat 20°C 50+20 mMPA*s

Solids Content 50 Wit-%

Density 1.8+0.2 g/lcm”3

Shelf life 6 months

Volume Resistivity 2 [x times bulk silver] on glass at ideal sintering
Sheet Resistance 0.03 [Ohm/sq] on glass aifleal sinterin@2
Recommended/Typical Curg 200°C 1hr

Table3.2: Extrusion Direct Ink Write Dupont CB028 Silver Microparticle Ink Advertised Properties
Sheet Resistivity 7-10 YMmK Al K Y
Viscosity @ 25C 15-30 Pa. S
Recommended/Typic&ure 160° 1 hr

Figure 32: Alkaromatic polyimide adhered to standard glass slides.

3.2.2 Printing and Processing

In order to determine how increasirtbe postprocessingemperatureaffected the resistivity
and adhesion of the printed silver inkaultiple samples were processed arying temperatures

ranging fromthe manufacture @commended valugup to 400 °G the temperatureat which Dupont
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states Kapton HN film is used arttetapproximate temperature at which the printed imidized all
aromatic polyimide starts to breakdown in mechanical properidsThe extrusion DIW samples were
printed with a Nordson EFD pneumatic fluid dispensing systhite the AJ samples were printed with
an Optomec M3D systenAfter being processed through thrange of temperatures, the gxsion DIW
and AJ traceesistivityand adhesion characteristics were measured.

In order to obtain aneasuremenof the volumeresistivityof a trace of the silver inks used in

this thesis, the following equatiomasused

Equation 1 equatesthe resistivty, *, of a printed trace to a function of the trace resistanBetrace
crosssectional areaA, and trace lengthl. Aside from the legth term, which is predeterminedhen
creating the AJ or DIW print path, the trace resistance and trace-sexd®nal area each require

precise measurement tools to get an accurateasuremenof their values. Trace resistance cannot
simply be measuredsing a typical two probe multimet, since thismeasuremenincludes a resistance
of the cables and the contact resistance between the probes and the trace of interest. Rather, a four
probe method must be usedvhich eliminates the effect of the cable andntact resistance and is able
to obtain accurate resistance measuremefit88)]. This method consists of passegnown current
though a sample and then measuring the voltage potential across two points a known distance apatrt.
I a Ay 3 lawKhe @d@asured voltage and known current can be used to determine the resistance
term used h Equationl. An image representation of this conceptsisown inFigure 33 andFigure 34.

This four point probe approach to determine conductive trace voluesisivity has beerwidelyused in

pastresearch18] [22].
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VOLTAGE MEASUREMENT DEVICE

Vi
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SFECIMEDN

Figure 33: Representation of the four point probe measurement of resistance from current input, |, and
voltage measurement,3{108]

Figure 34: Aerosol jetted silver ink printed in four point probe resistanc tarangement with the
current source (l) and the measured voltage[B1).

After determining how resistivity could be measured using the-fmint probe and stylus
profilometer approach, the extrsion DIW and AJ inks could be printed and processed. Originally, the
SEGNHzZAAZ2Y 5L2 &l YLX Sa ¢ SNB mNdadhe@dtheZodr-pontbn nmQQ (i KA
method of testing resistivity, the first iteration of extrusion DIW samples were printed as shown in
Figue 35. In this arrangement, the current would be applied through probes contacting the end of the
rightmog and leftmost points of the horizontal trace and the voltage would leasured through
probes contacting the bottom of the two vertical traces. However, after speaking with Virginia Tech ECE

professor Dr. Arthur Ball, it was determined that therticalvoltage measuring areas of the
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arrangement should be shortened to reduasy potential contact resistance error. This

recommendation led to the second iteration of extrusion DIW samples, shotigume 36.

Figue 35: First iteration of fesistivity and adhesion test samples 'printed with extrusion DIW of CB028
silverbased conductive ink.

[t 1 ot L 175

Figure 36: Second iteration of resistivity and adhesion test sampiinted with extrusion DIW of CB028
silverbased conductive ink.

Extrusion DV Pinting

After attemptingto obtain a 2D crossectional profile of the tracehown inFigure 36, it was
found that theDupont Kapbn film was too warped to obtain accurate profiles. This warpage was
deduced to comdrom the ink shrinkage after drying and oven curing. In an attempt tobadrthis
warpage, it was decided that a smaller nozzle should dispense the CB028 ink on aiajither
Substrate Therefore the ink gauge was reduced from 30 GA, with an inner diameter of 0.15 mm, to 32

D! gAGK Iy AYYSN RAINSAGNI BIFLINZDbY nIYY TT X KS  g1ldadn n NRLQ
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Kapton film. It was also believed that allowingader time for the ink to spread before hardening could

lead to more shrinkagéduced warping of the film. Fa&ll these reasonsa smallstudy was conducted

aimed at determining the optimum method to reduce film warpage. This study took plititcehe sane
arrangement showtin Figure 36 andprinted withi KS yS¢ on D! y211tS8 2y GKS
four separate times for four separatamples. One of these samples was printed on a 90°C heated

surface for imnediate hardening, another was printed and immediately placed in an oven at 160 °C for

10 minues, another was printed and immediately placed in an oven at 160 °C for 20 minutes, and the

final sample was left to spread for 1 hour before they were all placesh oven and heated at 350 °C

for one hour.

After placing these samples in an oven ab 3& for onédhour, they were removed and
visually inspected for film warpage; the pasbcessed samples are showrFigure 37. It was
determinedthat there was no obvious visual difference between the various samples and all of them
were free from warpingvith the newsmaller nozzle and thicker film. However, therhthute
immediatecure method was used in an attempt tog®ibly minimize spreading ankdrefore avoid
shrinkage related delamination at higher processing temperaturbe.final extrusion DIW printing
parameters are showim Table 33. These parameters were used for Dignting on both commercial
Dupont Kapton and bladedhidizedU\-DIWall-aromatic polyimide materiaDue to limited material
availability of polyimide adhered to glass slides, three resistivity arrangements were printed per
polyimidefilm. For DIWbf conductive ink this simply meant repeating the same printing pattern spaced

out to fit three resistivitypatterns on the same slide
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created to determine the best method for minimizing film warpage.

Table 33: Extrusion DIW parameters used to print Dupont CB028 silver ink.

Nozzle Inner Diameter 0.10 mm (32 GA)
Pneumatic Pressure 90 PSI
Deposition Had Offset 0.1 mm

Print Speed 3.0 mm/s

Aerosol Jet frting

Moving onto the process for printing the aerosol jetted resistivity arrangements. Based on the
Optomec Aerosol Jet M3D user manual, as well as previously cited literature, the ultrasonimeatomi
was used for ink atomization, mainly stemming from its atised viscosity. In using the ultrasonic
atomizer, a wide array of printing parameters can be altered including atomizer gas flow rate, sheath gas
flow rate, ultrasonic atomizer current, tuiemperature,platen temperature, and deposition speedl.
procesgdiagram highlighting these various factors is showhigure 33. Due to the wide variability

possible from combining these factors, previous literatusing Claant silver nanoparticle ink
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published by Smith and coauthdi8] as well as Zharand coauthorg51] was studied in order to
obtain good starting point.

The main godh obtaining an acceptable aerosol jetted silver trages to print contimous
uniform lines with the most material and least overspray possiblederoto obtain a higher degree of
accuracy when measuring tleeosssectionalarea of the lines. This resulted in some unforeseen
challenges as parameteirstially chosen for thickines worked for the first 30 minutes of printing but

o N\ w LA

quickly droppedinguf AGe a GKS ae2adSy adl NISR,whishksgusied G Ay 3 G|

in splatter and overspraythiseventof aerosol jetted lines changing in quality and geometrgr time
with constant printing parameters was also found by Smith eralithors[18]. The linequality in
printing a2mmx2mm square arrangement before and after printing30 minutes is shown iRigure

3.9.

—_— ST N

3 Entrained ink aerosol
Carrier gas To print head l

e
Ink : 77777777777777777
Bath : ___________________
Ultrasonic Polyimide substrate s
transducer

Heating platen s / | = |
Moving stage Enwrapped by sheath gas
-

Figure 38: The process diagram for aerosol jetting using the ultnassatomization proces®1].

60



_ HS TN

Figure 39: Result of aerosgetting a 2mmX2mm square of silver nanoparticle ink before (left) after
(right) 30 minutes of printing.

After discovering that the initial printingarametersinspired by literature did not result in
acceptable silver traces, a trial and error apmrioavas adoptedwith prior knowledge of the limitations
of the Optonec system used in this thesis, ultrasonic atomizer power was kept current at its upper
threshold. Smith andoauthorsfound that a platen temperature of 60 °C resulted in the highest guali
lines, so that factor was kept constant as W&8]. Therefore, the deposition speed, sheatisgand
carrier gas printing characteristics were altered until astant line with minimal overspray was
observed and held visually constant after 1 hour of continuous printing. The progression of line quality
after varying these parametersstiown inFigure 310, with the finalparameters being shwn inTable
3.4. The final line quality was achieved through steadily decreasing the carrier gas to limit the amount of

materialtraveling andncreasing the sheath gas to achieve a tighter spgrafgparticles.
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Figure 310: Progression, top to bottom, of printed silver nanoparticles after varying printing parameters
used for visual inspection of line qual{tyace widths range from approximately 45 to 100{ m).

Table 34: Final printing parameters chosen for aerosol jetting silver nanoparticles after trial and error
approach to achieving acceptabiee quality.

Sheath gas flowate 65 sccm
Carrier gas flow rate 24 sccm
Platen emperature 60 C
Deposition Speed 2.0 mm/s
Tube temperature Not used
Platen vacuum ON
Atomizer current FULL
Nozzle Tip Diameter 150t m

In order to match the aerosol jettegtsistivityarrangements printed for the extrusion D|W

Optomec VMTools #oCAD widget was used. The shape infill was optimized to have a consistent ink fill
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in on 2mm x 2mm probe contact padée final AutoCAD shapesed for printing on commercial Dupont
Kapton filmis shown inFigure 311 and features a 3tnmtrace length in the center portion used for the
final resistivity testingg identicalto the length used in the extrusion DIW arrangemedtdr printing on

bladed imidized UNDIW alaromatic polyimide material, the sanmesigivity pattern made was

multiplied n AutoCAD to fit three patterns on oséide Figure 312).

Figure 311: AutoCAD VMTools drawing used for printing resistivity testing arrangeméhtshe
Optomec Aerosol Jetn commercial Dupont Kapton film

Figure 312: AutoCAD file used to output a toolpath including three resistivity arrangements for the
Optomec Aerosol Jetn bladed imidized UDIW polyimide.

3.2.3 Sample Oven Post Processing

After successfully eliminating warpage from the DIWDapontKaptonsamples andchieving
desirable line quality from the aerosol jetting silver nanoparticle inkhree separate samples were
printed of each DW procedsr each processing temperatur&or the extrusion DIW of CB0@8
Dupont Kaptonsamples were treated dt60 °C200 °C, 250 °C, 300 °C, 350 °C, and 4Qdt6@l of 18
total sample$ For the aerosol jetting of Clariant Prelect TPS G2 silver nanopamkickaimples were

treated at 200 °C, 250 °C, 300 °C, 350 °C, and 48adtal of 15 total samplgsThe samfes treated at
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160 °C, 200 °C, and 250 °C were placed opanvent ambient Fisher Scientific Vacu@wrenModel
282A for one hour at their spdigd temperature. Due to limitations with the Fisher oven, the samples
treated at 300 °C, 350 °C, and 400 ¥enplaced in a KJ Group GSL 1600X Tube Furnace with ambient
airflow for onehour along with a 30 minute rampp time as required to avoid damagitemperature
overshootasspecified by the user manual.

After printing the triple resistivity arrangementsdour separatéladedimidized UVDIW
polyimide filmslides for DIW and another four slides for AJ, the slides were processed using the same
methods as thecommercial DuponKapton substrate slides. The four DIW slides were processed for one
hour at 300 €, 325 °C, 350 °C, and 375 °C in a KJ Group GSL 1600X Tube Furnace with ambient airflow
including a 30 minute rampp time as required to avoidainaging temperature overshoot. Three of the
AJ samples were sintered at 300 °C, 325 °C, and 350 °C in th&3@neup GSL 1600X Tube Furnace
and the one remaining slideas processed at 275 °C in an opemt ambient Fisher Scientific Vacuum
Oven Model 82A for one hourThe reasoning for these temperature processing rangeliscussed in
Section 3.3.1 andestion 3.3.2 A photo of printed and processed DIW and AJ samples on bladed

imidized UWDIW alaromatic polyimide film is shown Figure 313 andFigure 314.

Figure 313: Three DIWesistivity arrangements printed ontdadedall-aromatic polyimide substrate.
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Figure 314: ThreeAJ resistivity arrangements printed orbladed aHaromatic polyimide substrate.

3.2.4 Resistivity Testing

Rather than using separate devices to pass a known current and then measure the voltage for
resistance, a Hewlett Packard 344Migital Multimeter with fourpoint probe resistance measurement
capabilities and a resolution of 108 ¢ | & (Figeée$18). To obtain 2@rosssections to measure
the crosssectional area of the conductivesaites printed in this thesis, a DektakXT stylus profilometer
with 4 angstronrepeatability was used. A phof thesis profilometer with an aerosol jetted sample

beneath its stylus is shown iRigure 316.
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Figure 316 DektakXT Stylus Profilometer used to determine 2D trace s®s$ons.
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Thesesamplesveretested forresistivityusing thefour-proberesistance measurement with the
HP 34401A digital multimeter and Bruker DektakXT stylus profilometer. The DektakXT was used to take
measurements at 25%, 50%, and 75% along the length of therc@Binmportion to achieve a more
accurate average crosectional area for each linEach Kapton film substrate was also adhered to a
standard glass slide with double sided tape to aid in getting more accurate profilometry Agatmsto

of the DIW and Atracedeing measured for resistance using the four point probe method is shown in

Figure 317 andFigure 318, respectively.

r .
Figure 317: Aerosol jeted silver nanoparticle ink on Dupont Kapton film being tested four resistance

using the four point probe tesnethod.
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Figure 318: xtrusion direct ink write prined sil\'/e'r':linl‘< on Dupont: aptonbeing ested for resistance
using the four point probe test method.

3.2.5 Adhesiorand Material Wetting esting

In order to testadhesion of the of the DIW and AJ tracastandard scotch tape test was used.
This method simply involves placing a stretch of standard 3M Scotch tapg thie length of the trace,
pressing down on the tape to assure good adhesion éotthce, and tearing the tape off in a briskd
steady motiomat an angle of 180 degrees. This method is seen in literature and is commodiguae
gualitative test of ik adhesion to a substratf7] [109]. A photo of an DIW and AJ sample with scotch
tape applied is showin Figure 319 andFigure 30, respectively Since this test is qualitative rather
than quantitative, a sample pagf no part of the silver was removega@ndfail (if anyof the silver was
visually removejitest was conductedeach of the samples were inspected with a microscope before

and after testing in order to assure thany trace removal was found.
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Figure 319: Scotch tape applied overDIW sample with heat ffeated silver ink.

2801

' N o gl
Figure 30: Scotch tape applied over an AJ sample with heat treated silver ink

In order to investigate the DIW CBO®R& material wetting on Kapton HN filand allaromatic
polymidS FAfYaszx GSy aSLINFY¥dGS RNRLX SGa 2F 5L2 Ay
film and then also on bladed alomatic polyimide film. The droplets were dispensed from aA5G
nozzle with 0.5 second periods fieumatic pressure extrign using the samBIW system previously
discussed, an example of these droplets oraetimatic polyimide film is shown Figure 1. These
droplets were imaged using a microscope camera and batkdighthen pocessed in ImageJ image
measurement software to determine the approximate contact angle for each drdfilgire 322 and
Figure 33 show the image capture setup diagram aamdexample measurement made in ImageJ. The

contact angle was measured 1 minute anchiiutesafter the ink was dispensed to allow it time to

spread ifneeded.
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Figure 1. Alkaromatic polyimide film with silver CB028 silrgk droplets used for contact angle
measurements.

Microscope Camera Droplet on Light Source

Figure 2. Experimental setup diagram for obtaining contangle photos of CB028 silver ink droplets.

/ Contact Angle: 49.8781

Figure 3. Example measurement oB028 silver ink droplet contact angle on bladed polyimide film 1
minute after extrusioncompleted in ImageJ software.
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3.3 Results and Discussion

3.3.1 Research Questiarl
Research Questio#l: How does increasing the processing temperataf silverloaded inkgrinted
onto Dupont Kapton affect conductivity and adhesion?
Results

After printingand postprocessing thermal treatmentss described in Section232 and Section
3.2.3 thesampleswere tested for resistance, crosgctionalarea, and scotch tape adhesion
performance.Asshownin Figure 324 andFigure 325, the resistivity of the DIVdnd Alamplesvere
determined through the testing of the rissanceand crosssectional areaising methods discussed in
Sction3.2 The actual values showmkigure 34 andFigure 5 areincluded in Table Al andTable
A2 (located in Appendi®), respectively Thisincludes the original tested resistance acrdsssectional

area values as wells theresistivityin relation to the resistivityf bulk silver.
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Figure 34: Resistivity of the DIW traces after being treated at varying temperatures for 1 hour.
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Figure 35: Resistivity of the AJ tracafter being treated at varying tempatures for 1 hour.
Following the procedure discussedSection 32.5, eachsamplewas inspected before and after
scotch tape was applied/removed to determine if any amount of trace was remdadde 35 present
the results of the scotch tape trace adhesion test. An example of an aerosol jetted ganogdssed at
200 °hefore and after failing scotch tape adrson test is shown ifigure 326.

Table 35: Scotch tape adhesion test results of DIW and AJ samples.

Processing Al
Temperature| DIW Samples Samples

(°C) Passed Passed
160 3/3 N/A
200 3/3 1/3
250 3/3 1/3
300 3/3 2/3
350 3/3 2/3
400 3/3 2/3
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Figure 36: Aerosol jet samplprocessed at 200 “@led in 2mm X 2mquare before and after failing
a scotch tape adhesion test

Discussion

Figure R4, Figure 35, andTable 35 show that increasing the processing temperature of
Dupont CB028 past itsanufacturerspecifiedvalue of 160 °C up to 400°C has notable effects on the
resistivity of the printed traces. The tracd@ssistivitydecreased fromaround14.94+0.5%imes the value
of bulk silverat 160 °Go 2.29+0.02&imes bulk silver, a decrease foaround 83%at 400 °CThisresult
is enhancedy the fact that all of the sames, regardless of processing temperatures, passed the scotch
tape adhesion tests achieving no removal of their trace. This indicates that electronics printed on a
additive manufactured part capable of processitgperaturesabove 300°Qsuch as printedll-
aromatic polyimidg would be able to perform better than the same electronics printed on a additively
manufactured part capable of processing temperatures around 2@uwG as ULTEM 1010

The decrease iresistivity is likely partially due tourn off of non-metalink additivesas
processing temperatures increasethis concept idlustratedby Figure 327 showing some decrease in
averagecrosssectionalarea of each DIW trace as the applied processing teatpee increasedA two-

tailed t-test between the sample crosectional areas of 250 dnd 300 °C revealedmvalue of
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0.01232 indicating that the difference between the two sets of areas is signifitiaistworth noting

that the Kapton substate usedith the DIW traces experienced a color darkening after being processed
at 400 °C. Thisdicates a chemical change in the Kapton and a possible decrease in mechanical
properties;Figure 328 shows the color diffeence between a Kapton suipate processed a800 °C and

400 °C.
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0.021
0.019 }

150 200 250 300 350 400
Sintering Temp (C)

Trace Cross Sectional Area (mm”2)

Figure 7. Average crossectional area of each DIW silver trace at varying processing temperatures.
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~1cm

Figure 38: The substra colordifference between a DIW resistivity sample processed at 300 °C (left)
and 400 °C (right).

FromFigure 5andTable A2, it is clear that, like the DIW traces, tAd traces experience a
significantdecrease in resistivitgp=0.0005gfter increasing the processing temperature from 200 °C up
to 400°CThis decrease is highlighted by the fact that thsistivityof the silver tracesavean average
of 5.27+0.013times theresistivityof bulk silver after 200°C processing ammdaverage 01.78+0.15
times theresistivityof bulk silver at a processing temperature of 300 °C.réhistivityof the AJ traces
then steadilyincreases to an avegeresistivityof 1.81 times bulk silver after 350 °C processing and 2.14
times theresistivityof bulk silver after 400C processinglhis rise imesistivityabovea processing
temperature of 300°C indicates that 300°C isdptimum processing temperaitre of the aerosol jetted
silver nanoparticles. This findingasrroborated in pasin literature where Rahman and coauwfts
investigated the highemperaturestability of aerosol jetted silver nanopatrticles and found that

impedance of silver nanopatrticteaces increasedtgprocessing temperaturegreater than300 °C which
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was attributed to increased grain growti sintered metal nanoparticleat increased temperatures
[110]

As seenri Table Al, the DIW silvesamplesall passed the scotch tape adhesion testing at all
temperatures rangingrom 160 °C to 400 °C. This indicates that the increasing processing temperature
did not have aignificant effect on the adhesion of the ink to the Kapton substdte.aerosol jetted
resistivityarrangements did not experience an overalhsistent trend in passing/failing the scotch tape
adhesion testing. Samples at both the high and low endhetémperature spectrum experience
delamination and a failure to withstand the removal of scotch tape. It is worth nétigigsamples
treated at 20 °C and 250 °C experienced a passing rate of only 33% while the samples treatetCat 300
350°C, and 400C experienced a passing rate of 66%. This could indicate that the increased coalescence
of particles after processing at higher temperatures inseghtheir adhesion to the substrate and
cohesion to other particles. However, more studies are needed béfiseconclusion can be made.

One of the main findings sought after by the scotch tape adhesion testing of these silver traces was

to determine ifprocessing the traces at higheamperaturespast themanufacturerspecification of 200
°C had any negativenpact on the traces adhesion to the substrate. From this adhesion test, it can be
concluded that increasing the processing of the AJ traces t6@ppPast thenanufacturerspecification
of 200 °C, did not have any negative effect on the adhesion of lirex sianoparticle traces to the
Kapton substrate.
3.3.2 Research Questior2#
Research Questio#2: How does the silveloaded conductive trace conductivity and adhesion
performancecompare when printecbn AM allaromatic polyimidesersuscommercial Dupont Kapton?
Results

After printingfour extrusion DIW samples of silver Dupont CB028 onto btzd#ed aHaromatic

polyimide and completing thermal pogtrocessingas described in Section 3the samples were tested
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for resistance, crossectional area, and scotch tape adhesion. The tests wisecompleted for the

four other blade casted allromatic polyimide films wht three resistivity arrangements per slide printed
on with aerosol jetted Clariant Prelect TPS G2 sitaeoparticle ink. The results of the DIW and AJ
resistivitymeasuremens are shown orfFigure 329 andFigure 330, respectively, along with the

previous results from Kapton for compansd he full resistivity data for the DIW and AJ tracestpdn

on the altaromatic filmare shown infable A3 and Table A4 (Appendix A)respectively.
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Figure 9: Measured resistivity of DIW tracea aommercial Kapton film and labadeall-aromatic
polyimide film.
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Figure 330: Measured resistivity of AJ traces on commercial Kapton film anchéateall-aromatic

polyimide film.

After performing a scotch tape adhesiorsteon all silver traces on afomatic polyimide

substrate, the results were collected and at@wn inTable 36. All DIW passed the test and

experienced no trace delaminatiphowever, some AJ samples ditbt pas the test and experienced

some silver delamination.

Table 36: Scotch tape adhesion test results of DIW and AJ traces-aroaihtic polyimide film.

Processing Al
Temperature | DIW Sample§ Samples
(°C) Passed Passed

275 N/A 2/3

300 3/3 2/3

325 3/3 1/3

350 3/3 3/3

375 3/3 N/A

Table 37 shows theaverageresults of the 10 anglmeasurementgper filmafter sitting for 1

minute and 5 minutesfull measurement data ishown inTable A5. Inorder to determine if the two

substratesstatisticallydiffer in contact angle 1 and 5 minutes after droplet deposition, a-taiedt-

test was conducted. Thigest resulted in g valueof 0.2974 &er 1 minuteand 0.9016 after 5 minutes,
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indicating that there is insufficient evidence to infer that there is a difference in the measured ink
contact angle of the two films.

Table 37: Contact anlg average andtandard devition of CB028 silver ink on Dupont Kapton film and
polyimide film.

Kapton Film Kapton Film Polyimide
After 1 Polyimide Film After 5 Film After5
Droplet # Minute After 1 Minute Minutes Minutes
Average 54.A 52.81 52.00 52.15
Std. Dev. 4.21 2.21 1.26 2.94

Discussion

Figure 9 and Table A3 shows thatDupont CB028 ink printed on-@tomatic polyimide film
experiences the sindt resistivity aprocessing temperatures equal to or greater than 300°C when
compared with traces primtd on commercial Kapton and processed at similar traces. In terms of direct
comparison at 300 °C and 350°C, DIW traces experienced very similar Jdlaes @sistivity. Being
exact, traces processed at 300 °C experienced an avezamptivityof 2.25:0.04times theresistivityof
bulk silver when printed on adiromatic polyimide compared to 2.60.17times theresistivityof bulk
silver when printecdbn commercial Kapton film. Furthermore, traces processed at 350 °C experienced an
averageresistivityof 2.32:0.04times bulk silver when printed on adromatic polyimide compared to
2.38t0.02times the resistivity of bulk silver when printed on commak&apton filmA two-tailed t-test
revealed that thaesistivitydifferences from traces on both filna 300 °C and 350 °C are not significant
with p values of 0.1411 and 0.196lherefore,it can be said that traceesistivityof DIW CB028
performs simliarly when printed on alairomatic polyimide compared to Kapton film.

Figure 330 and Table A4 shows that Clariant Prelect TPS G2 silver nanopatrticle ink aerosol
jetted onall-aromatic polyimide filmexperiences similaresistivityat processingemperaturesequal to
or greater than 250C when compared to traces printed on commercial Kapton and processed at similar

values. In terms of direct comparison at 300 °C and 350 @aces experienceadkry similar values of

79



trace resistivity. More specifically, traces processed at 300 °Cierped an averageesistivityof 2.25
+0.10the resistivityof bulk silver when printed on allromatic polyimide film compared to an aveeag
resistivityof 1.78t0.15times the resistivity of bulk silver when printed on Kapton film. This difference
and beter performanceon Kapton film i€onsidered significant with a twiailed t-test p value of
0.03815.This trend icontinuedat a processig temperature of 350 °C, traces printed alfraromatic
polyimide experienced an averagesistivityof 1.95:0.09times theresistivityof bulk silverg higher

than the averageesistivityof traces printed on Kapton and processed at the same temperatarehw
experienced an averagesistivityof 1.81+0.08times theresistivityof bulk silverThis difference in
resisivity between the two films processed at 350 °C is not considered significant with-eatleo t-

test p value of 0.5392lt is unclear whther the significant difference between the 300 °C samples is
due todiffering interaction between the silver nanogtizles and the two substrates. It is possible that
the ink being close to the end of or past its shelf life during printinglbaromatic polyimide

contributed to the higheresistivityof the printed traces. This is due to, because of C&leelated
closures, the Clariant ink was printed onaibmatic polyimide almost 4 months after being printed on
Kapton film.

Like those DIW tracgwinted on Kapton film, all DIW traces printed allaromatic polyimide
and processed @emperaturesfrom 300 °C to 375°C passed the scotch tape adhesion test.
Furthermore aerosol jetted traces on aflromaticpolyimidefeatured a 66% pass rate at @ning
temperatures greater than 25%C; theexad¢ same passing rate was found with traces printed on
commercial Kapton film and processed in the same temperature window. These findings indicate that
overall material adhesion between the inks and the twbsttates is similar and both are capable of
reliablyperformingas an electronics substate for DIW silverqrddditionalinvestigation is needed
before the same can be said about AJ silver ink due to the 33% failuneitateoth substates after

procesing at temperatures greater than 250.°This canclusion is further supported by the
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investigation into material wettingvhich determined that the contact angle of CB028 silver ink on both
commercial Kapton polyimide and the-alomatic polyimide was stitically the same. This indicates
that good adhesion and similar line widths from DIW ink can be expected on both substExtasples

of measured crossectional tracerofiles of both AJ and extrusion DW samples showing similar
spreadingon each substte after processing at 350 °C is showifrigure 331. The AJ profile sample
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is commonly seein literature [22].
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Figure 331: Examples of 350 °C processed extrusion(Wer half) and AJ (ugp half) profiles on

bladed polyimide (left half) and commercial Kapton (right half) measured with the DektakXT stylus
profilometer.

Data from the tables and figures previously discussed can also be usstinatean optimum

processing temperate for fuire research involving printing DIW or AJ silver traces on 3D printed all
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aromatic polyimideTheresultsin Section 3.2indicate thatthe lowestresistivity DIW silver inkccurs
at 325°Cand 375 °@nd at 350 °@or AJ silver inkHowever, due tohe possible AJ silver ink material
expirationaffecting printed tracesas well as previous literatuiggesting an optimum processing
temperature of 300 °C, more investigation may be needed before a claim can betmah@e350 °C

processing temperatureill result in better performance than a 300 °C processing temperature.

3.4 Possible Applications of 3D Printed Complex Structufedktatic
Polyimide

Section 3.2showsthat the additive manufacturable airomatic polyimide has adhesion and
temperature processing capabilities very similar to commercial Dupont Kapton. The main advantage of
the allaromatic polyimide is its ability to be printed into complex structures through eitheDWV or
VP Thisenables the creation of complex electroacreated with aHaromatic polyimide structure along
with AM deposited conductive traces with processes such as extrusion direct ink write, aerosol jetting,
and ink jetting.

An interesting finding when evaluatirige possible electronic applications widhi-aromatic
polyimide as the substrate was the solderability increase of the CB028 ink after processing at higher
temperatures. It was found that the CB028 could not be soldered after being processed at temgeratu
lower than 300 °Crigure 332 shows soldering attempts on DIW resistivity samples processed at 400 °C
(left) and 250 °C (right). The sampi®cessd at 400 °C was able to be soldered easily versus the 250
°G was not able to be soldered at all. The syhbility of the higher temperature processed DIW ink
indicates that complex structures and conductive traces could be printed witiatiatic polyinide
and silver inks to form a complex AM printed electronic parts integrated with separately produced

electronic components such as IC chips and capacitors.
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Figure 332: DIW CB028 resistivity samples procéss‘e at 400 °LCaheft250 °C (right) showing the
inability for the 250 °C sample ink to be soldered.

To test this concepta DIW silver Dupont CB028 ink was applied to a printed complex all
aromatic polyimide lattice structure to form a circuit to which an LED could be soldered onto. This
structure was then processed at 350if@icating that the resistivity of the DIW silveould be about
2.15 times bulk silver, as shownTiable A3. An LED was then soldered onto the conductive ink and

connected to a current source using wires, as showkigare 333.

Figure 333: 3D printedall-aromatic polyimide lattice with conductive ink and a soldex@dLED.
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Although this LEBoldered onto a 3D printed adiromatic polyimide truss structure is simple, it
demonstrates a meh larger space of capabilities and possibilities. This material is capable of being
printed into complex structures and then processed at temperatures u@@°@wvhich enables the
soldering ofseparately manufactured electronic components. This operssipdities for complex
shapes with solderedn complex electronics experiencing lower loss due to lower resistivity ink lines.
Not only would the conductivenk tracesfeature solderabilityandlower resistivity, unlike ULTEM which
would experience diffiglty in soldering along with higher resistivity connections, the overall structure
would be stable at higher temperatures than typical AM materiatsich woud allowfor it to be

deployed in harsher and more demanding environments.
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4. Results and analgsof the investigation into the dielectric
performance of U\DIW printed ataromatic polyimide

To gain a better understanding thfe dielectricperformance of UMDIW allaromatic polyimide, the
followingresearch questions investigated in this section:
- Research QuestioB: How does the dielectric performance of additively manufactured all
aromatic polyimide compare to commercial Dupont Kapton and similarpégformance

AM polymer sbstrates?
4.1 Introduction to Research Question #3

In Section 2.5 the dielectric performance of various kpghformance additive maufacturing
polymers and standalrprinted circuit board material was discussed. The dielectric constant along with
the dissipation factor, or loss factor, are considered to be among the most important and relevant
substrate material values affecting the f@mance of a circuifl03][104]. The measured dielectric
constant of a material, also known as relative permittivity, is the AC frequéepgndent ratio of the
capacitance of that material when placed between two plates with respect to the capaeitdrac

vacuum or air between #hplateg[111]. This relationship is shown in Equat®helow:

5
With respect to this thesis, insulating materials, such as the polymers discussed, are typically

used as a substrate to insulate components of an electrical system. However, they can also be used as

the diekctric material in a capacitor. Typically, a lowélectric constant is better for high frequency AC

circuit applications or to minimize electrical power loss in power applicafioly. Dissipation factor is

the AC frequencylependent ratio of thecapacitive reactancef a material to itgesistancdandicating

the electrical energy losh an insulator This loss, or powatissipation, is typically due to heand a
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lower dissipation factor indicates that a materiah more efficient insulator of current. A perfect
dielectric material features current that flows 90° out of phase with the volthgevever, most

polymers ae not perfect and feature a current that leadsethioltage by some degree less than 90°. This
imperfect dissipation loss angle is the tangent of the small angle between the perfect 90° current,
known as capacitive curref®, and the slightly less tma90° current, known as the resistive currgi@

[111].This concept is illustrated Bquation3 and Figure 41.
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Usinganimpedance analyzer in conjunction with a parallel plate capatitsed sample test
fixture provides an opgrtunity to determire the dielectric constant and dielectric loss tangent, another
name for the dissipation factor, fromnalyticalrelationships. This is a achieved through a technique
known as impedance spectroscqpyhich is used to determine the resistce and capacitana# a
material as a function of an applied AC sinusoidal voltage 4iyh2]l The impedance analyzer is able to
measure the real and imaginary impedance of a capacitor material in the parallel plate test fixture as a
function ofits applied AC voltge signal frequency. The real and imaginary components of this material
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shows the fomula for the capacitance of a parallel plate capacitor with a dielectric material between
the plates in terms of the material dielectric constakitthe constant permittivity of free spact, , the
flat area of the dielectric materiaf), and the distace between the plateq,
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From the real and imaginary impedance data measured with the impedance analyzer, the
capacitance of the dielectrjgolyimide in the prallel plate set up can be calculated and used to find the
dielectric constantk, from Equation5. As utilizedn previous impedance and dielectric spectroscopy
literature, the capacitance of the dielectric mataris a function of the applied fgeiency its real and
imaginary impedance shown byEquation6. Equatiorb and6 canthen be combied to reveal the
overall formula to determine the dielectric constant of a matem@,> & KERjuign 7ATYierQ G S NI
also represents the real part of the calculagermittivity of the material; when used in ofunction
with the imaginary part of penittivity, RQ Q & KEjuaton8Atheterms can baused to calculate the

loss tangent; also known as the dissipation factor of the material, as shovigimation9 [113][114]
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Discussed in Section 2.5, it was found that Kapton has a slightly higher dielectric constant, with a

value of 3.5, than some other additively manufactured materials such as polycarbonate, ULTEM 9085,
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and ABSwhich ranged from2.7 to 3.2. However, its dissipation factor was relatively low and equal to
ULTEM 9085 with a value of 0.002Bwer than ABS. These values indicate that Dupont Kapton itself
can perform at a high level as an electronics substrate, comparathieottier high-performance AM
polymers.One of the goals of this work is to characterize the dielectric performance -&flUValt
aromatic polyimide. Since the processed-DWV allaromatic polyimide is chemically identical to
commercial Kapton, it is exped that their dielectric properties will be very simildiowever, given

that the Kaptonimitation alkaromatic polyimide AM material investigated in this thesis is has never
been electrically characterizeahd the fact that increased char yields of thigl Allaromatic polyimide
introduces residual carbon (a known conductor of electricity) after proce§s]nthe dielectric constant
and dissipation factor of the material must be determined. The next section will discuss the methods

used to investigate and answer this research question.

4.2 Experimental Method for Answering Research QuesBion #

Asdiscussed in the previous section, an impedance analyzer was used to collect data complex
impedance data from running an AC sinusoidal voltage across the material in a parallel plate capacitor
based setup. This complex impedance data allowed for tteulagion of the dielectric constant and
dissipation factor of various printed polyimide disksing Equation§ through9. The same method of
data collection was also used to collect impedance data &ilm ofDupont Kapton as a control to
determine theoverall accuracy of the method and provide a good source of comparison to a known
value for the polyimide disks.

4.2.1 Materials

To begin the process for answering this research question, 50k molecular weight polyamic acid,
the precursor to polyimides, wit2.5 wt% photoinitiator TPO was printed from a pneumatic syringe
extrusion system. This particular PAA solution was previously determined to create the most desirable

additively manufactured athromatic polyimide through the use of polyamic salts andafdhis
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solution was kept constant throughout this thesis. A more in depth view at the specific chemistry
involved in this process is discussed by Rau and coaJtior§he syringe was equipped with a 25GA
nozzlein a HPx HiglRPressure Dispensing Taold connected to a Nordson EFD pneumatic pressure
controllerset to17.7PSI, aumber previosly determined to work well for printing this particular PAA
solution; the UMDIW printing parameters are shownTiable 41.

Table 41: UMDIW Polyimide dielectric testing disks printjpayameters.

Nozzle Inner Diameter 0.10 mm (32 GA)
Pneumatic Pressure 17.7PSI
Deposition Headffset 0.2mm

Print Speed 3.0 mm/s

With the final goal of testing 0.1mi®.2mm thick disks with a diameter larger than 16mm (the
size of the impedance anabyztest fixture electrodes), it was decided that a 1mm thick 25mm diameter
disk should be printedThis was chosen with prior published andiah knowledge showing that printed
polyimide structures laminated to glass experience9806 shrinkage in the 4rection. With respect to
prior printing parameter knowledge from VT DREAMS Lab members, thimgsystem layer height
was set to 0.2 mm and 5 layers of PAA solution were pritdenteatea 1mm thick 25mm diameter disk.
Each layer was cured undéeyrote Photonics LC4500 UV projector (405 nm, 10 m\¥iotensity at
the build plate)for five secodsfollowing deposition Five total disks were printed, and some select

images of the printed unprocessed diskshewn inFigure 42.

89



Figure 42 Asprinted unprocessed five layer Udlred polyimide precursr disk

In order to convert the printed 3D PAA precursor teaatimatic polyimide, the structures had
to be imidized at high tempetares. To avoid cracking and slling from the printed precursor, the
structures were given one full week to air dry to expel any trapped sgladtar which they were
imidized in a vacuum up to 425 fur of the five printed structures survived imidinpa without

severe warping andne of them isshown inFigure 43.

Figure 43: Imidized aLIarbmatic polyimide disk to be used for dielectiesting.
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As mentioned earlier in thisstion, the overall goal was to print disks which could be placed
between 16mm electrodes in a parallel plate set up. Since the polyimide disks printed featured a
diameter of approximatel5 mm, this allowed for # precise custom cutting of the disksdlmsely
match the electrodeshape Figure 44 shows the result of placing the 16mm diameter electrodes on top
of the 25mm polyimide disks and cutting arouthe shape with a thin blade. This method was able to
achieve polyimide disks that approximately matched or slightly exceeded size of the 16mm diameter

electrodes.
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Figure 44: 16mm diameter electrodes used for impedance testing along with the 16mm imidized all
aromitic polyimidecut to match the electrode shape.

4.2.2 Methods

A Keysight E4990A 20839MHz impedance analyzer was used in conjunction with a custom
parallel plate capacitebased test fixturgshown inFigure 45). In measuring théielectric costant and
dissipation factor of its Kapton HN film, Dupont cites that its measurements are based on ASTRRD150
[96]. This test method involves placing a sample between two metallic plattsa&king a masurement
of its capacitance to compare to the capacitance of a vacuum and determining the dielectric constant
using Equatior2 discussed earlier. Thisrea process was followed with the custom parallel plate fixture

impedance datdrom 20Hz to 30MHZquations6 through9 were employedo determine the dielectric
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constant and dissipation factor of the polyimide disks and Dupont Kapton. Thegbhgmide disks
tested possessed thicknesses ranging from 0.19 mm to 0.11Imnmeaisuredwith digital calipers with
resolution of 0.01 mm. Along with these disks, Dupont Kapton HN film with a known thickness of 0.127

mm was tested. Each disk was tested thseparate times and its values were averaged.

1cm

Figure 45: Parallel plate capacitdrvased setup for measuring the impedance of printedyjoide and
commercial Dupont Kapton.

4.3 Research Questior8#Results

As seen in these previously mentioned equations, the thickness and surface area of tlagatisks
determining factor of their dielectric constant and dissipation facidrerefore the disks werdept
separateand measured tanake sure that their calculat dielectric values were accurate. These
geometric values arshown inTable 42. The area calculation was kept constant and equal to the
surface areaf the electrodes which was equal 209.18 mnj, calculated from its measured 16.32 mm
diameter.

Table 42: Measuredgeometries of the irpedance tested polyimide disks.

Disk Thickness (mm) Area (mn73)
Printed Polyimide Diskl 0.19 209.18
Printed Polyimide Disk #2 0.19 209.18
Printed Polyimide Disk #3 0.17 209.18
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Printed Polyimide Disk #4 0.11 209.18
Dupont Kapton Disk 0.127 209.18

Using the imaginary and reahpedance data measured by the impedance analyzer, along with
the measured geometric values shownTable 42, Equations through9 were used to calcate the
dielectric constant andidsipation factor of the printed polyimiddisks and commercial Dupont Kapton
disk as a function of the applidtequency. For each of these disks, the final dielectric constant and
dissipation factor was averaged from tlereeparate trials at each applié@quency.Figure 46 and
Figure 47 show the calculated average dielectric constant and dissipation facteafdr disk at the
measured frequencies. The data is noisy aeflides a heavy variance at frequencies belddiz and
above 1Mhzfigure 48 and Figure 49 showthe dielectric constant and dissipation factor inside the
frequency band of kHz to IMhz.
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Figure 46: Calculatedlielectric constant of the tested polyimide disks as a function of applied
frequency.
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