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3D printing has shown to be instrumental in the development of complex 

structures that have been previously unobtainable through traditional manufacturing 

processes. Photopolymers have been used in lithography-based 3D printing techniques 

for decades and have shown to be easily printed from the micro to macro scales. The 

thermal decomposition, or pyrolysis, of patterned photopolymers of microscale and 

mesoscale has been shown to create carbon devices such as carbon micro 

electromechanical systems (MEMS) and electrodes. In this dissertation, I present the 

characterization of pyrolyzed photopolymers 3D printed via stereolithography (SLA) 

and two-photon polymerization (2PP). Furthermore, processes in which to bolster the 

material properties of the pyrolyzed materials was examined. 



First, I study the effects of increasing the pyrolysis temperature on 2PP 

photopolymers and how this changes the electrical conductivity and microstructure of 

the material. From this it was shown the ability to vary the conductivity of 3D printed and 

pyrolyzed glassy carbon parts by up to 500X through only the temperature of pyrolysis, 

including reaching conductivities an order of magnitude higher than previously reported 

work. By extending the characterization of pyrolyzed photopolymers to SLA 

photopolymers I am able to further develop a generalized understanding of the electrical 

and microstructural properties of pyrolyzed 3D printed photopolymers. Further, 

demonstrate a metric in which to understand the deformation of the material during 

pyrolysis and perform an electrical and microstructural study of the material. 

Secondly, I investigate increasing the electrical and mechanical properties of 

pyrolyzed photopolymers through metals deposition via electroplating. In doing so I 

introduce a novel technique on which to electrodeposit on the surface of pyrolyzed SLA 

and 2PP 3D printed parts. Metallizing these pyrolyzed samples showed to increase both 

the electrical conductivity and ultimate strength of both pyrolyzed photopolymers. 

Lastly, I looked at increasing the stiffness of the pyrolyzed photopolymers through the 

addition of hBN filler into the precursor photopolymer. In doing so I examine the 

manufacturing of the composite hBN containing photopolymers for 3D printing with 

SLA and 2PP systems. Following 3D printing and pyrolysis of the hBN/photopolymer 

composite compositional and microstructural analysis is performed. Mechanical testing 

of the pyrolyzed composites shows that a slight increase in the stiffness of the material 

is observed. I have shown the ability to control the electrical conductivity and 

microstructure of pyrolyzed 3D printed photopolymers through pyrolysis temperature. 

Through the addition of metals via electroplating I demonstrate a process by which to 



increase the electrical conductivity and ultimate strength of pyrolyzed photopolymers 

and through the addition of hBN into the precursor photopolymer I have shown a way 

to increase the stiffness of the pyrolyzed materials. These processes have already 

demonstrated the ability to 3D printed electrical devices and have laid out a 

groundwork for future development of 3D printed electronics, energy-storage devices, 

and shielding. 
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Chapter 1: Introduction 

3D printing has been instrumental in developing innovations within many 

disciplines, with the ability to rapidly prototype complex parts that may have not been 

previously obtainable with traditional manufacturing techniques. Through the 

development of new printable materials and processing techniques the field of 3D 

printing has evolved to a place where neural probes, ship hulls, or entire buildings can 

be easily printed. The immense contribution to the advancement of manufacturing 

using 3D printing is impossible to measure. My research goals are to further the 

characterization and process development of pyrolyzed 3D printed photopolymer 

materials. This important subset of materials has shown exciting promise in the 

development of 3D printed electronics on the meso- and microscale. All experiments 

performed are in the interest in better characterizing and developing processes in which 

to take advantage of the pyrolyzed 3D printed photopolymers. My research will 

advance characterization of the pyrolyzed 3D printed materials and develop processes 

to better enhance the material properties. 

I will provide a brief discussion on the landscape of 3D printing technologies. 

This is followed by an overview of photopolymers and the photopolymerization 

process, as this is the basis for stereolithography (SLA) and two-photon polymerization 

(2PP). A discussion of the current state of 3D printing of carbon materials is used as a 

segue to examine the pyrolysis of 3D printed parts. Electroplating is then discussed as 

a way in which to metalize 3D printed materials. The introduction ends with a 

discussion on hBN and its use as a filler for 3D printed materials. 
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1.1 A Brief History of 3D Printing 

 Additive manufacturing or 3D printing was first brought to life with the 

invention of SLA by Charles Hall in 1987. The invention of the SLA printing process, 

involving the polymerization of layers of photosensitive resin, resulted in the first 

commercially available 3D printing machine the SLA-1 being developed in 1988 by 

Charles Hallôs company 3D Systems Corporation. [1] Around this same time other 3D 

printing processes were being developed including selective laser sintering (SLS), 

which uses lasers to fuse powders, and fused filament fabrication (FFF), a technique 

which uses the extrusion of thermoplastics to manufacture parts.[1] These 3D printing 

techniques are widely regarded as the building blocks on which the field of additive 

manufacturing grew from. 

There are many different 3D printing techniques, as such an overview of the 

field has filled many textbooks. A limited snapshot of 3D printing techniques can be 

seen in Figure 1-1. I will begin with a more limited introduction into the field by first 

introducing the extrusion processes FFF and direct ink writing (DIW), followed by the 

photopolymerization techniques that are used within this work. 
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Figure 1-1: Overview of different additive manufacturing technologies. Reprinted 

with permission from [2]. Copyright 2021, John Wiley and Sons. 

 

1.1.1 Fused Filament Fabrication (FFF) 

 

FFF is a 3D printing technology based on building up layers of thermoplastic 

extruded from a heated nozzle to form a completed part.  FFF, alternatively known as 

fused deposition modelling (FDM), is one of the oldest and most common additive 

manufacturing approaches and can print a wide variety of thermoplastics and 

thermoplastic composites.  The technique has the advantage of being low cost and 

widely available although typically at lower resolution and worse surface finish than 

alternatives like SLA, and printed parts have been shown to have anisotropic 
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properties[3].  FFF is also capable of multi-material printing through the use of multiple 

extruder heads.  

 A schematic of the FFF printing process is provided in Figure 1-2. The FFF 

thermoplastic material is typically provided in spools of filament. The filament is drawn 

through a heated nozzle, which heats the filament above the glass transition temperature 

(Tg) of the filament material. The material is then deposited onto the build platform, 

where the material cools back to a solid phase[4]. This process is continued layer-by-

layer with supports being printed and included in the design. Post processing of parts 

is typically minimal, consisting of removal of supports and some finishing if necessary. 

Typical materials used in the FFF process are polylactic acid (PLA), acrylonitrile 

butadiene styrene (ABS), polycarbonate (PC), as well as many others. 

 

Figure 1-2: Diagram of how FFF 3D printing is performed. Reprinted with permission 

from [5]. Copyright 2021, Springer Nature. 

 

1.1.2 Direct Ink Writing  (DIW)  

 DIW has emerged as a popular 3D printing technique due to its affordability, 

ease of use, and vast material library.[6] During DIW, the printed ink material is 
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patterned by extruding it through a nozzle with compressed air and allowing it to 

solidify (Figure 1-3). The versatility of layer-by-layer deposition of custom inks and 

slurries with high precision and resolution has been instrumental in 3D printing of 

electrode materials.[7], [8] The freedom in material selection with DIW also makes it 

appealing for most applications. DIW is a highly customizable process, albeit with 

certain limitations resulting from ink fabrication and nozzle size.[9] Thus, precise 

rheology of fabricated inks as well as appropriate nozzle size is required to prevent 

structural deformations and defects.[10]  

 

Figure 1-3: Schematic of DIW with list of potential inks. Reprinted with permission 

from [6]. Copyright 2022, John Wiley and Sons. 

 

1.1.3 Stereolithography (SLA) 

SLA is a layer-by-layer 3D printing process in which a photochemical resin is 

exposed to light causing the chemical monomers and oligomers to cross-link forming 

a solid polymer structure (FIG 1-4). Since being introduced as the first commercially 

available 3D printing technology in 1986 by Charles Hull [11], SLA has advanced to a 

point where cheap commercial printers are widely available with an immense catalog 

of printable materials. The use of photocurable resins as the printable material allows 
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for the ease of incorporation of additives into the thermoset precursors allowing 

tunability of the material properties of as-printed parts.  

 
Figure 1-4: Inverted SLA Printing. Reprinted with permission from [12]. Copyright 

The Authors, some rights reserved; exclusive licensee Sage Publications. Distributed 

under a creative Commons Attribution License 4.0 (CC BY). 

 

SLA 3D printing can be performed within a vat of material, where the build 

platform is lowered into the vat as the sample is being polymerized by the laser on top 

of the vat. This process can also be inverted so that the build platform is lowered into 

the vat of resin and the laser is exposed to the photopolymer through the bottom of the 

resin vat, polymerizaing a layer, then the sample is peeled off the vat bottom and 

lowered back into the resin tank. In both of these methods the laser is used to 

polymerize each layer in the building process. Each pass of the laser polymerizes a 

parabolic cross-section of the photopolymer which is determined by the laser energy 

and depth of penetration of the laser. Figure 1-5 shows a graphical representation of 

this cross-section. 



7 

 

 

Figure 1-5: Cross section of UV laser on the surface of SLA resin. Reprinted with 

permission from [13]. Copyright 2009, Elsevier. 

 

In designing the print process for SLA there are many parameters to take into 

account for optimization of the print. These include layer thickness, laser scan speed, 

temperature of the resin, build platform z-offset, as well as scattering effects from filler 

materials[14], [15]. When a new resin is formulated for printing, optimization of these 

and other printing parameters are required. Two of the most critical printing parameters 

for developing a printing process for a new resin are the depth of penetration (Dp) of 

the laser into the resin and critical exposure energy (Ec). Dp is defined as the depth of 

penetration of the laser into a resin until a reduction in irradiance of 1/e is achieved. Ec 

is the exposure energy at which resin polymerization begins to occur. These parameters 

are crucial in understanding the cure depth (Cd) and are related by what is known as the 

working curve equation: 

ὅ ὈÌÎ  (1)     [16] 

This equation is used to determine the thickness to which the resin is cured as a function 

of the dosage of light for a given light source, where Emax is the maximum laser 

exposure energy. With the working curve equation, optimum printing parameters for 
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new resins can be found by measuring the Cd of a single layer using arbitrary Ec and Dp 

values to cure that layer. The optimum Ec and Dp values can then be calculated by 

plotting Cd vs ln [Emax][17]. 

1.1.4 Two-Photon Polymerization (2PP) 

2PP is a method of additive manufacturing which uses a non-linear optical 

process to photopolymerize a resin. A femtosecond pulsed laser is focused into a 

volume of a photosensitive resin at which point the light pulses initiate polymerization 

when two photons are absorbed in the resin, thus the name two-photon polymerization. 

Because of the nonlinear nature of the process, a resolution beyond the diffraction limit 

can be obtained, resulting in submicron resolution. As such, 2PP is a promising 

technique to reliably print complex 3D micro-devices. Figure 1-6 shows a graphical 

rendition of the 2PP process. 

 

Figure 1-6: Diagram showing differences in resin absorption from 2PP 

compared to single photon polymerization. Reprinted with permission from [18]. 

Copyright 2019, Elsevier. 

 

 

The high spatial resolution as well as the true 3D fabrication of parts allows for 

innovation in the fabrication of micro/nanoscale 3D printed devices. The ease of which 

3D micro-devices can be manufactured using 2PP has allowed for extreme design 
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freedom in a size scale that was previously limited to mostly 2-2.5D processing. 2PP 

has attracted much interest in the fields of microfluidics[19], biological growth [20], 

chemical sensing[21], and energy storage [2]. There has also been interest in using 

additives in the 2PP resin to develop composite polymer/metal matrices [22]. 

1.2 Photopolymers 

 A photopolymer is a radiation curable resin which reacts to radiation typically 

in the UV band of the electromagnetic spectrum. Photopolymers were first developed 

for commercial applications in the coating and printing industry in the late 1960s [23]. 

When photopolymers react to incident radiation the resin undergoes 

photopolymerization. 

 SLA photopolymers are usually made up of one of two polymeric systems: 

acrylates and epoxides. Both resins have their advantages and disadvantages. Acrylate 

resins are highly reactive however polymerization results in a large amount of 

shrinkage [23]. Polymerization of acrylate resins is also inhibited by atmospheric 

oxygen, resulting in the polymerization process not happening on the surface of the 

resin[24]. This can be remedied by printing in an inert environment, however choosing 

an efficient photoinitiator is typically sufficient in stopping oxygen inhibition.[25]  

 Epoxy-based resins show much less shrinkage than acrylate resins and 

polymerization of them is not inhibited by atmospheric oxygen. However, the reactivity 

of epoxy resins is much slower [26]. Because of the speed of processing, acrylate resins 

are typically used in photopolymerization 3D printing, where the uncured acrylate resin 

is polymerized through free-radical polymerization. 
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1.2.1 Free-Radical Polymerization 

Free-radical polymerization is the main polymerization technique used in SLA 

and 2PP printing processes due to reactivity and speed of processing[27]. As with other 

polymerization reactions, free-radical polymerization happens through initiation, 

propagation, and termination [28]. The process begins when an initiator breaks down 

and attacks the pi-bond of a monomer or oligomer. This starts a chain reaction where 

the radical containing monomers and oligomers combine forming polymer chains. This 

continues until free radical bonds terminate on each other or by the transference of ɓ-

hydrogen between two radicals where a saturated and unsaturated product is produced. 

A brief process flow of how free-radical polymerization follows. 

 

(i) Radical Formation:             )     
 
ựựựựựự      ς) Ɇ 

(ii) Initiation:          )Ɇ  # #     
 
ựựựựựự      )# #Ɇ 

(iii) Propagation:   ) # #Ɇ  # #     
 
ựựựựựự      )# # # #Ɇ 

(iv) Termination:  ) # #Ɇ  Ɇ# # Ὅ    
 
ựựựựựự      )# # # # ) 

 

In SLA, 2PP, and other 3D printing processes that use free-radical polymerization the 

initiators are typically photoinitiators, which break down to free radicals in response to 

specific wavelengths of light. A graphical representation of photopolymerization can 

be seen in Figure 1-7. 
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Figure 1-7: Graphical representation of photopolymerization. Reprinted with 

permission from [29]. Copyright 2021, Elsevier. 

 

 The rate at which polymerization happens (Rp) is determined by: the light 

intensity (I0); how quickly monomers add themselves onto the chains (kp); the rate at 

which free radicals are consumed (kt); the amount of monomer (M); the amount of 

photoinitiator (I); the efficiency factor of the initiator; and the absorptivity of the 

initiator (e). 

Ὑ Ὧ
  

ὓ Ὅ   (2) [16] 

This equation shows that the polymerization speed increases with added monomers, 

more photoinitator, more light, and good matching of light source with the absorptivity 

profile of the initiator. 

 An example of a commonly used free-radical photoinitiator is Diphenyl (2,4,6-

trimethylbenzoyl)- phosphine oxide also known as TPO. Another commonly used 

photoinitator is Phenylbis (2, 4, 6-trimethylbenzoyl) phosphine oxide (BAPO). The 

chemical structure of TPO and BAPO are seen in Figure 1-8.  
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Figure 1-8: Chemical graphs for TPO and BAPO. The dashed lines represent where 

radical formation happens under exposure to light. Reprinted with permission from 

[30]. Copyright 2019, John Wiley and Sons. 

 

Both these photoinitators have been used in the polymerization of acrylate resins and 

are commonly used in photoinitiation used for 3D printing due their narrow wavelength 

absorption ranges allowing for precise photoinitiation.[31], [32] 

1.2.2 Degree of Cure 

 During 3D printing of a photopolymer the material polymerizes and crosslinks 

to a degree, and results in a solid polymer 3D printed part, however, exposure during 

3D printing does not necessarily result in full conversion of the liquid photopolymer to 

a hardened plastic material [33]. Because of this there can be unpolymerized monomer 

or oligomer within the final 3D printed part [33]. Typically, after 3D printing of a 

photopolymer a post processing light exposure and heating is performed to polymerize 

unreacted photopolymer trapped within the structure as well as further crosslink the 3D 

printed polymer structure in what is known as curing[34]. This post process cure 

typically results in the increase of mechanical properties for the polymer due to the 

increased crosslinking within the material [35].  

 For 3D printed photopolymer materials, curing can be performed by heating 

and/or exposing samples to a high intensity light source which is known to polymerize 

the photopolymer. In order to determine how much unreacted photopolymer is still 
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within a 3D printed photopolymer a degree of cure measurement can be performed. 

There are a few analytical means by which to determine the degree of cure for 

photopolymers either through examining the infrared [36] or Raman [37] spectra of the 

cured photopolymer and comparing those spectra to the base liquid unpolymerized 

photopolymer. A degree of cure of 100% would be desirable for maximum hardness 

however, these may not be physically possible due to the makeup of the included 

monomers and oligomers and the manner by which cross-linking occurs[38]. 

1.3 3D printing of Carbon 

Carbon has received deserved attention as a material to compete with silicon 

devices in integrated circuits and microelectromechanical systems (MEMS). The 

diverse amount of carbon allotropes, such as diamond, graphite, graphene, and glassy 

carbon, allow a wide range of physical, chemical, thermal, and electrical 

characteristics. Carbon materials have been shown to be easily added into 3D printing 

techniques by incorporating a variety of carbon allotropes into printable filaments and 

inks. Here I will discuss the current state of 3D printing carbon materials. 

1.3.1 FFF 

 In the development of new filaments for FFF additives are mixed into the 

thermoplastic polymer matrix to allow the extrusion of the composite material. Adding 

carbon materials to thermoplastic is a well-established approach for creating 

conductive filaments within FFF[39].  High aspect ratio 1D/2D carbon fillers such as 

carbon nanotubes and graphene have been demonstrated to have both higher 

conductivity and larger surface areas due to a low percolation threshold [40]. Typically 

the carbon material is first composited with a 3D printable thermoplastic such as PLA 
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to form a filament, this filament is then extruded through a heated extrusion nozzle to 

form a conductive part [8].  

1.3.2 DIW  

The process by which DIW is performed makes it an ideal 3D printing 

technique for experimenting with an ever-expanding landscape of inks. Carbon 

composite inks for DIW have been investigated for electrical materials due to their high 

electrical conductivity. Graphene oxide (GO) and reduced GO (rGO) based inks have 

come to the forefront of carbon 3D printing with DIW due to their printability and 

unique viscoelastic properties which allow high concentrations of GO to be 

incorporated in the ink [41]. During printing, GO flakes tend to align along the direction 

of extrusion due to the shear stress brought on by the nozzle further enhancing the 

electrical properties of the printed inks.  This alignment assists in improving properties 

like conductivity, making GO based inks a promising material candidate for DIW 

printed electrodes. 3D printable multiwall carbon nanotube materials have also been 

demonstrated for high resolution complex highly conductive materials using a DIW 

method [42]. 

1.3.3 SLA 

Carbon-based materials can be used as additives in thermoset 3D printable 

resins to enhance the as-printed materials properties. However, the reduction in 

printability caused by reduced transparency to UV light and the decreased ductility 

caused by the addition of carbon materials such as graphene has limited use of carbon 

nanomaterials as an additive in the SLA process. Carbon additives can block UV light, 

and therefore limit photopolymerization during the 3D printing process, and as a result 

only small quantities of carbon additive are usually incorporated into SLA resins. 
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Graphene as an additive has been studied, but it has been reported that in order to 

maintain the appearance and the mechanical strength of the parts, the concentration in 

the  SLA polymer must be less than 5 wt% [43]. This result limits the ability to take 

full advantage of the properties that make graphene desirable. More often, GO fillers 

are used in SLA composite printing due to the strong interfacial bonds generated 

between GO fillers and polymer matrices allowing for more reliable prints than pure 

graphene additive. Many of the current studies on GO reinforced photopolymers focus 

on the enhancement of mechanical and thermal properties [44], [45]. There has been  

continued interest of GO as a material candidate for battery  and energy storage  

applications due to the unique surface properties, large surface area, and layered 

structure [46] and there is likely to be related investigation  of GO/resin composites for 

battery electrode manufacturing. 

1.3.4 2PP 

There are limited examples of using carbon additives in a 2PP system in the 

development of 3D printed carbon materials on the micro scale[47], [48] mostly due to 

the low loading percentage used to allow the resin be printable. As a result, one of the 

most common means in which to manufacture carbon devices using 2PP is instead 

through pyrolysis of the as-printed polymer. Multiple reports on the pyrolysis of 2PP 

photoresists such as the Nanoscribe IP resist series have shown shape retention in lattice 

structures upon pyrolysis as well as increased resolution [49]. These studies focus on 

the ability to create some of the strongest known devices, approaching a theoretical 

strength limit [50]. There have also been developments in the creation of carbon 

MEMS devices out of the 2PP photoresist pyrolyzed carbon material [51], [52], taking 

advantage of the electrical conductivity of glassy carbon. 
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1.4 Pyrolysis 

Pyrolysis is the thermal decomposition of a liquid or solid in an inert 

environment. Many polymers, when heated in an inert environment lose much of their 

non-carbon content as gases, and the material becomes a form of carbon. The initial 

heating stages of pyrolysis are where the excess monomer or solvent are removed from 

the polymer. This is followed by carbonization of the material as volatiles evolve out 

of the material leaving behind a majority carbon material. This all happens typically 

below 500 oC. At this stage the composition of the pyrolyzed polymer has a high 

fraction of dangling bonds leading to a non-interconnected polymer matrix. Further 

heating above 500 oC sees the formation of C-C bond formation, resulting in short range 

ordering and an increase in the electrical conductivity. With further heating the 

dehydrogenation of the material resulting in the densification of the carbon material. 

The process by which polymers decompose during pyrolysis have been widely studied 

and a resource for better understanding the chemical process can be found in the 

textbook Polymeric Carbons: Carbon Fibre, Glass and Char by G.M. Jenkins and K. 

Kawamura[53].  

Pyrolysis is widely used for the decomposition of biomasses for fuel 

development and recycling purposes[54]. However, there has also been interest in the 

conversion of lithographically patterned polymers into glassy carbons using pyrolysis. 

Glassy carbon is defined by an amorphous structure of interconnected sp2 and sp3 

carbon regions[53], [55]. Glassy carbon has been investigated for its wide 

electrochemical stability window, low-background currents, and low cost[56], [57]. 

This makes pyrolyzed glassy carbon a good candidate for the manufacturing of MEMS 
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[58], electrodes, and sensors[57]. Biological engineering has shown interest in glassy 

carbon for electrically interfacing with tissue due to the materialôs biocompatibility and 

chemical inertness.[59] Table 1-1 shows a snapshot of glassy carbon devices 

manufactured through pyrolysis of lithographically patterned polymers. 
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Table 1-1: Reported Manufactured Pyrolyzed Glassy Carbon Devices 

 

 1.5 Pyrolysis for 3D Printed Applications 

  The obvious limitation of using traditional lithography is the confinement of 

device design to that of 2D and 2.5D. The ability to 3D print carbon devices opens up 

innovation in the fields which have shown interest in developing glassy carbon devices 

via photolithography. Acrylate resins such as those found in 2PP, and SLA processes 

Fabrication 

Technique 

Precursor 

Polymer 

Device/Use Ref. 

Photolithography SU-8 Microelectrode for Neural 

Manipulation 

[60]ï[62] 

Photolithography SU-8 Microelectrode for DNA 

Immobilization 

[63] 

Photolithography SU-8 Supercapacitor [64] 

Photolithography 

and 

Electrospining 

SU-8 Gas Sensor Electrode [65] 

Photolithography SU-8 Microneedles for drug 

delivery 

[66] 

Chemical 

Synthesis 

Chitosan, 

Agarose, 

Gelatin 

Scaffolds for culturing Neural 

Stem Cells 

[67] 

SLA FormLabs 

High 

Temperature 

Resin 

Carbon Electrodes [68], [69] 

DLP Commercial 

Acrylate 

Photoresin 

(PR-48) 

Electrodes for energy storage [70] 

2PP IP-Dip Custom AFM Tips [51] 

2PP IP-Dip Mechanical Characterization 

Lattices 

[50], [71]ï[73] 

2PP IP-Dip Electrodes for Neural Sensing [52] 

2PP IP-S Microneedles [74] 
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have shown to do carbonize and shrink when pyrolyzed. In this section I will discuss 

the current state of pyrolysis of 2PP and SLA printed materials. 

1.5.2 Pyrolysis of 2PP 

Pyrolysis of 2PP photoresists such as the Nanoscribe IP-resist series have 

shown shape retention in lattice structures upon pyrolysis as well as increased 

resolution[49]. These studies focus on the ability to create some of the strongest known 

devices, approaching a theoretical strength limit[50], [71], [72]. There have also been 

demonstrations of the creation of custom carbon AFM tips out of the 2PP photoresist 

pyrolyzed carbon material taking advantage of the electrical conductivity of glassy 

carbon[51]. As discussed above the biocompatibility of pyrolyzed carbon makes it a 

suitable material for developing biological sensors and devices. The pyrolyzed IP-Dip 

material has been used to develop carbon neural probes[52] as well as 

microneedles[74]. 

The inclusion of additives into 2PP resins have been used in order to 

manufacture composites to incorporate materials into the complex 3D patterning 

allowed by 2PP. The pyrolysis of these composites has allowed the fabrication of metal 

and ceramic materials on the microscale. Through development of hybrid organic-

inorganic Ni containing photoresists, Ni polymer structures were able to be printed and 

pyrolyzed to leave behind a Ni rich microstructure[22]. In a similar manner a ceramic 

composite device made from pyrolyzed polymer derived titania was used to develop a 

water purification system[75]. However, in both these cases the pyrolysis step left the 

samples with poor surface finish. 
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1.5.3 Pyrolysis of SLA 

There are limited reports in the literature on the pyrolysis of non-composite 

SLA polymers. However, a recent study by Rezai et. al. 2020 showed the 

demonstration of pyrolysis of a 3D printed thermoset printed using a commercially 

available inexpensive SLA printer (a FormLabs Form 2)[68]. Their follow-up study 

further expanded on the pyrolysis of the same FormLabs High Temperature resin[69].  

Much of the reports on pyrolysis of SLA printed polymers has revolved around 

the development of SLA resins with synthesized pre-ceramic polymers. These SLA 

composite resins are then printed and pyrolyzed to develop a carbon-composite 

material. A large amount of development in the printing and pyrolyzing of SLA ceramic 

composites has been dedicated to the printing of high strength materials such SiOC[76] 

and SiC[77]. However, both these processes require significant synthesis undertakings 

for the development of the preceramic photopolymer. 

1.6 Electroplating 

The conductivity of pyrolyzed carbon material derived from 3D printed resins 

has shown a dependence on the pyrolysis temperature, with measured values close to 

graphite[78]. However, the conductivities of the 2PP amorphous carbons as well as the 

SLA pyrolyzed carbon are still 2 orders of magnitude away from that of metals. Further 

problems arise with the integration of these materials as it is difficult to connect 

amorphous carbon devices into electronics due to the hydrophobicity of carbon 

materials[79], [80].  
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1.6.1 Electroplating Chemistry 

Electroplating is a process that has been used for decades to deposit metals onto 

a surface to take advantage of the deposited metalsô properties. The process uses 

controlled electrolysis to transfer metal from an anode to the cathode, creating a 

metallic coating of the anode material on the cathode.[81] The anode and cathode are 

placed in an electrolyte chemical bath containing a metal salt and a current is applied. 

The metal salt contains positively charged metal ions which reduce on the surface of 

the cathode.[82] The positive metal ions in the electrolyte are replenished due to the 

oxidation happening on the anode. 

The electrochemical reaction between the metal M and its ions in the electrolyte 

can be represented with the simple chemical formula: 

- ÁÑ ᾀÅ ᴼ-Ó 

-Óᴼ- ÁÑ ᾀÅ 

Each half reaction represents the oxidation or the reduction happening at the anode and 

cathode respectively. -  is the metal ion and z is the number of electrons involved in 

the reaction. The amount of metal deposited in the reaction is dependent on applied 

current.[81] Factors that need to be considered in the optimization of the plating process 

are current density, temperature, and electroplating time.[81] 

1.6.2 Electroplating of 3D Printed Parts 

 Deposition of metals onto 3D printed polymers has shown to improve the 

mechanical[83] and electrical[84] properties of the material. Electroplating is a low-

cost metallization technique that has proven to be affective in integrating metals onto 

3D printed conductive materials,[84] significantly lowering the cost in developing 

metal 3D printed parts compared with traditional metals 3D printing. As electroplating 
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requires a conductive cathode material, electrodeposition of 3D printed parts has been 

limited to processes that can manufacture electrically conductive parts, such as 

FFF[85], and SLS[86] or through preprocessing of non-conductive samples by adding 

conductive coatings[87], [88] or through electroless plating[89]ï[91]. However, 

electroless plating of non-conductive parts requires roughening and surface activation 

with expensive metal catalysts. Thus, it seems reasonable to imagine that direct 

electroplating of the conductive pyrolyzed 3D printed polymers used in SLA and 2PP 

would be beneficial for developing 3D printed metalized devices cheaply and rapidly. 

A list of literature in which electroplating of 3D printed parts is performed can be found 

in Table 1-2.  

Table 1-2: Examples in literature of electroplated 3D printed conductive samples. 

Fabrication 

Techniques 

Base Material Ref. 

FFF and 

Electroplating 

Conductive Carbon Filament (Proto-pasta CDP11705) [92] 

FFF and 

Electroplating 

PLA ï Cu Filament 

(Electrifi) 

[93], 

[94] 

FFF and 

Electroplating 

Carbon Filaments + Cu Filament 

(Electrifi, Proto-Pasta, Black Magic) 

[85] 

Aerosol Jet 

and 

Electroplating 

Silver Inks [95] 

1.7 Hexagonal Boron Nitride 

Boron Nitride (BN) is a III-V nitride that is a wide band gap semiconductor that 

is isoelectronic to carbon, meaning BN can be synthesized into allotropes with the same 

crystal structure of carbon allotropes such as hexagonal BN (hBN). hBN consists of 

layers of covalently bonded boron and nitrogen atoms in a similar configuration to how 

carbons are aligned in graphene but with alternating boron and nitrogen (Figure 1-

9).[96] The layers of hBN are held together by van der Waals forces and hBN is stacked 
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in an AAô configuration in which the boron atom sits above the nitrogen atom of the 

adjacent layer. The distance between the neighboring hBN layers is 0.333nm and is 

determined by the van der Waals forces. Similarly, to graphene hBN can have different 

edge geometries, edge and armchair. 

 

Figure 1-9: Structure of hBN. Reprinted with persion from [97]. Copyright The 

Authors, some rights reserved; exclusive licensee MDPI. Distributed under a creative 

Commons Attribution License 4.0 (CC BY). 

 

hBN shows very high thermal conductivity, high thermal resistance, and is 

chemically resistant.[98] Unlike graphite hBN is a good electrical insulator [99] and is 

widely considered to be the most promising gate insulator material in 2D material-

based transistors.[100] BN has also demonstrated to be an effective additive in blocking 

neutron radiation, due to the high neutron capture cross section of boron[101], [102] 

 Typical means of manufacturing hBN is through metallurgical-type pyrolysis 

reactions, however these processes have limitations in the complexity of the shapes and 

morphologies.[103], [104] Efforts have been made to develop high purity hBN parts 

through synthesis of BN polymer-derived ceramics[105]ï[107]. However, the 

volatility of the preceramic polymers makes handling and manufacturing difficult.   
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BN as an additive filler material in polymer composites has been shown to 

increase the thermal and mechanical properties of the base polymer[108]. BN sheets 

dispersed in an epoxy resin showed increases in the thermal conductivity three times 

that of the base epoxy[109]. Polymer composites containing BN flakes have also shown 

an increase in the elastic modulus, glass transition temperature, and yield strength 

[108], [110].  

1.7.1 3D Printing of hBN Polymer Composites 

3D printing of hBN composites has been studied in order to manufacture 

complex 3D BN structures. These studies report the ability to mix hBN powders and 

BN preceramic polymers into suspensions and 3D print the composites. BN composites 

have been printed using extrusion methods[111]ï[114]. FFF methods to print hBN 

have employed distributing hBN into a thermoplastic polymer matrix (PLA of ABS) to 

manufacture an hBN polymer composite filament. Printing of these filaments has 

shown a means in which to 3D print radiation shielding [111] and bone scaffolding for 

regrowth [114]. DIW has also been used to prink hBN containing inks for developing 

thermally insulating textiles [115] and parts[112]. Inkjet printing has also been shown 

to print BN inks for the development of a 3D printed field effect transistor[27].  

3D printing of hBN using SLA processes has also been reported.[116]ï[120] 

BN composites using thermosets, such as those used in SLA, make pyrolysis of the 

green part simple. Li et. al. 2018 were able to develop a process in which to 3D print a 

SiBCN structure via digital light processing of a BN preceramic polymer mixed with a 

photosensitive resin followed by pyrolysis.[118] However these preceramic polymers 

are very volatile and require extreme control when manufacturing. Bustillos et. al. 2017 

was one of the first to report on the dispersion of BN in a commercial resin 
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(FLGPCL02, FormLabs Inc.) for SLA printing. They used BN nano sheets (BNNS) as 

an additive for reinforcement in their resin and found that by mixing 1 wt% BNNS into 

the photocurable composite they could increase the loss tangent by 2X over the polymer 

without BNNS.[116] Bauman 2018 developed a method in which to mix 4 wt% hBN 

powder into FormLabs resins and successfully print parts for mechanical testing[117]. 

A similar procedure was reported in which an SLA printing process for an hBN 

photopolymer composite was developed by manufacturing a custom SLA resin through 

mixing hBN with Poly(ethylene glycol) diacrylate (PEGDA)[121].  Table 1-3 shows a 

literature search of 3D printing of BN polymer composites. 

Table 1-3: Examples in literature of 3D printed BN polymer composites. 

Fabrication 

Technique 

Composite Material Device/Use Ref. 

FFF ABS and hBN Neutron Radiation 

Shielding 

[111] 

DIW Poly(lactic-co-glycolic 

acid) PLGA and hBN 

Thermal Management 

Applications 

[112] 

DIW Poly(vinyl alcohol) 

(PVA) and hBN 

Textiles for thermal 

cooling 

[115] 

FFF ABS and hBN Thermal and Mechnical 

Characterization 

[113] 

FFF PLA and hBN Biocompatibility for bone 

scaffolding 

[114] 

DLP Acrylate with 

Polyborosilazane 

Process development [118] 

DLP Acrylate with hBN and 

ceramics 

Process Development for 

dialectric material 

[119], 

[120] 
Ink Jet Salt-based ink and hBN  Dialectric material for a 

field effect herteojunction 

[27] 

SLA FormLabs Resin and 

BNNS 

Mechanical 

Characterization 

[116] 

SLA FormLabs Resin and 

hBN 

Process Development [117] 

SLA Poly(ethylene glycol) 

diacrylate (PEGDA) 

and hBN 

Process Development and 

thermal applications 

[121] 
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1.8 Conclusions 

 This report aims to develop a further understanding of increasing the material 

properties of pyrolyzed 3D printed 2PP and SLA polymers. First, I will examine how 

varying the pyrolysis temperatures affects the electrical and microstructural properties 

of the pyrolyzed materials. I will follow that up with a study on how the integration of 

metals onto the pyrolyzed material via electroplating affects the electrical and 

mechanical properties. Finally, I will look at how the addition of hBN filler into the 

SLA and 2PP polymers affects the material properties of the pyrolyzed products. 
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Chapter 2: Key Contributions 

3D printing via photopolymerization processes like SLA and 2PP have shown 

resolution down to the microscale. Though being able to print with such high resolution 

the manufactured devices have limited applications outside microfluidics and templates 

for material deposition, due to the poor electrical and mechanical properties of the as-

printed materials. Through heat treating the printed photopolymers in an inert 

environment it has been shown that it is possible to convert the photopolymers into a 

mostly carbon material, which has been used to develop electrically conductive 

devices. This material is the basis for my research and further characterizing pyrolyzed 

photopolymers and developing processing techniques for the material is what I aim to 

do. 

 In this dissertation I have shown the ability to tune the electrical conductivity 

and microstructure of pyrolyzed 3D printed photopolymers through pyrolysis 

temperature showing an increase in conductivity of up to 500X resulting from an 

increase in sp2 fraction in the carbon and an increase in crystallinity. The conductivities 

of the pyrolyzed photopolymer showed values an order of magnitude higher than 

previously reported work; however, the values were 3 orders of magnitude less than bulk 

metals. Electroplating of the pyrolyzed 3D printed photopolymers shows a novel 

approach to metallize the material and increase the electrical conductivity and ultimate 

strength of pyrolyzed photopolymers. Electrodeposition showed to drastically increase 

the conductivity of pyrolyzed SLA 3D printed carbon parts by up to 168X and increase the 

effective Youngôs modulus by 2X. Whereas, a greater than 50X increase in the electrical 
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conductivity is observed in metalized pyrolyzed 2PP photopolymer as well as a 4X increase 

in the maximum compressive load for devices.  

After showing that electrical and mechanical properties of pyrolyzed photopolymers 

can be controlled and improved via increased pyrolysis temperatures and metallization via 

electroplating I sought to examine how the addition of filler additive into the precursor 

photopolymer, in the form of hBN, effects the mechanical properties of the pyrolyzed 

hBN/photopolymer composite. The pyrolyzed composite hBN/SLA material has a ~2.5X 

increase in the stiffness from the pyrolyzed base photopolymer, while the 2PP pyrolyzed 

composite hBN material has only a slight increase of 2.78% in the stiffness from the 

pyrolyzed base resin. 

Major Accomplishments 

 
1. Development of the first general study of the relationship between electrical 

performance and pyrolization temperature in pyrolyzed 2PP photopolymer. 

2. Demonstration of a novel process to electrodeposit conformal metal coatings onto  

pyrolyzed SLA 3D printed carbons increasing the electrical and mechanical 

properties of the material. 

3. The first example of electrodeposition of metal onto microscale pyrolyzed 3D 

printed carbons demonstrating a new technique in which to manufacture microscale 

3D metal devices. 

4. Demonstration of a novel process for 3D printing and pyrolysis of particle loaded 

hBN-photoresin composites used in SLA and 2PP printing, for increased 

mechanical stiffness.  
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Chapter 3: Materials and Methods 

3.1 Materials 

3.1.1 2PP Photopolymer 

 Devices were fabricated using the negative tone photopolymer resin IP-Dip 

(Nanoscribe GmbH), which contains 60 ï 80% pentaerythritol triacrylate. A list of 

physical properties of IP-Dip is presented in Table 3-1.  

 

Table 3-1: Physical Properties of IP-Dip. Values reported are directly from Nanoscribe 

GmbH unless otherwise stated. 

Refractive Index 

n780 nm 

Youngôs Modulus 

(GPa)  

Viscosity @ 20 °C 

(mPa s) 

Density 

(g cm-3) 

1.5390 [122] ~0.75 ï 3.6 [123] 2420 1.17 

 

3.1.2 SLA Photopolymer 

 FormLabs High Temperature V2 (FLHT) resin was used for the manufacturing 

of all SLA printed parts. FLHT was chosen as the SLA printable resin as it has 

previously shown to maintain the as-printed shape during the extreme heat treatment 

during pyrolysis The composition of the FLHT resin is proprietary, however it is 

reported that it is composed of methacrylated oligomers, acrylated monomers, and 

photoinitiators. A list of some physical properties of FLHT reported by the 

manufacturer are listed in Table 3-2. 

Table 3-2: Physical Properties of FLHT. Values reported are directly from FormLabs 

unless otherwise stated. 
Viscosity @ 25 oC 

(mPa s) 

Specific Gravity 

(g/cm3) 

Boiling 

Point 

(oC) 

Ultimate Tensile Strength 

(post-cured resin) 

(MPa) 

Tensile Modulus  

(post-cured resin) 

(GPa) 

~2550 1.09 ï 1.12 >100 58 2.8 
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3.1.3 Non-Proprietary Resists 

 Understandably, when using proprietary materials, the issue of expanding the 

results of experimentation to systems where the proprietary resist is not used arises. 

Because of this, non-proprietary photopolymers were examined to see if similar 

processing could be performed on them. Premixed resins were obtained from John 

Fourkasô group at the University of Maryland. The resin photopolymers consisted of 

the Sartomer SR monomers SR 399 and SR 499 in varying concentrations with 0.5 wt. 

% of BaPO as the photoinitiator. 

3.1.4 hBN Composite Photopolymers 

3.1.4.1 Mixing of hBN/SLA Composite 

 

 hBN containing composite photoresin was manufactured through mixing of 

hBN powder (MicrolubralTM hBN Ultra Fine Grade Powder 0.5µm) with the FLHT 

resin using a high shear mixer. Mixing was performed at a mixing speed of 6000 RPM 

in one-minute intervals to limit heating of the resin. A homogenous composite resin 

was achieved after 3 minutes of mixing. 

2.1.4.2 Mixing of hBN/2PP Composite 

 

 Manufacturing of a hBN/IP-Dip photoresist was performed through mixing and 

sonication of hBN powder and IP-Dip. Due to the small amount of 2PP resist needed 

for experimentation shear mixing was not viable due to the requirement to submerge 

the mixing head into the resist. To mix the hBN composite resin for 2PP a combination 

of vortex mixing, and sonication was used. Vortex mixing was done for 2 minutes 

followed by two minutes of sonication at room temperature, this was repeated until a 

homogenous mixture was achieved (12 minutes total). 
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3.2 Printing  

 Most 3D printing techniques require the importing of 3D CAD models into print 

preparation softwareôs. These softwareôs help convert .stl files into printer specific files 

for printing. In this work CAD files were generated using Autodesk Inventor 

Professional and converted into .stl files. The files were then imported to either 

Describe or Preform, specific print job development softwareôs for the Nanoscribe 

Photonic Professional GT and the FormLabs Form 3 respectively.  

3.2.1 2PP 

 All 2PP 3D printing was performed using the Nanoscribe Photonic Professional 

GT. The laser source is an ultrafast erbium doped fiber laser system from Toptica 

Photonics AG, with central wavelength (ɚ) at 780 nm, pulse width 100 fs, repetition 

rate 80 MHz, maximum output power 140 mW and peak power 25 kW. 

 

Figure 3-1: Image of the Nanoscribe Photonic Professional GT used for 2PP 3D 

printing. Reproduced from [124]. Copyright 2015, Nanoscribe GmbH. 
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3.2.1.1 Preparing Print Files 

 

 Describe allows for the ability to alter specific aspects of the print such as 

orientation, slicing, layer thickness, laser power, and scan speed as well as allowing for 

programming to automate the printing process for large amounts of prints. The use of 

these tunable parameters helps in optimizing printing. The laser power and scan speed 

are the most influential parameters in getting a successful print. Optimized parameters 

are discussed in further detail in the following studies. Figure 3-2 shows a graphical 

schematic of the Nanoscribe printing process. 

 

Figure 3-2: Graphical schematic of interfacing with the Nanoscribe. Reproduced from 

[124]. Copyright 2015, Nanoscribe GmbH. 

 

3.2.1.2 Sample Preparation 

 

 Depending on the specific resolution required for prints on the Nanoscribe, 

different objectives and photopolymers are available. In this work all prints were 

performed using the 63X objective which is used for the highest resolution printing on 

the system. The 63X objective is compatible with the proprietary photopolymer IP-Dip 

and can be used in two different printing methods Dip-in Laser Lithography (DiLL) or 
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oil immersion. Before printing in either of the methods sample slides, fused silica for 

DiLL and borosilicate glass for oil immersion, are cleaned with acetone and IPA before 

being mounted into a sample holder. Print specifics are discussed in each of the studies 

as optimization of the printing process is different for IP-Dip and the hBN composite 

material. 

3.2.1.3 DiLL 

 

 In the DiLL configuration of printing, the objective is directly in contact with 

the photopolymer, because of this, spherical aberrations are minimized and constant 

for the full build volume. It is recommended to only use the proprietary IP-series of 

resists from Nanoscribe as they are index matched with the lens for optimal printing.  

When using the Nanoscribe to print in the DiLL configuration photopolymer is 

drop-cast on top of the slide and then inverted and mounted in the Nanoscribe such that 

the resin is facing the objective. The control software Nanowrite is then used to 

interface with the tool and the objective is raised directly into the resin. The printing 

platform is the side of the slide which is in direct contact to the photopolymer and 

printing commences from the bottom of the slide down as the objective lowers itself 

layer-by-layer. 

3.2.1.4 Oil-Immersion 

 

 In the oil-immersion configuration the laser beam is focused through the 

substrate into the photoresist. An immersion oil is used to match the index of refraction 

between the objective lens and the substrate to get an ideal focus at the substrate-

photopolymer interface. However, the further the laser is focused into the resist the 

worse the focus quality gets due to spherical aberrations. This limits the maximum 
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build height. In the case of using a photopolymer which may contaminate the objective 

with added filler the oil immersion method is recommended. This method is used for 

the printing of the hBN/IP-Dip composite manufactured in this work and further 

discussion of the use of this method can be found in Chapter 8.3.1. 

3.2.1.5 Post Processing 

 

 Following printing, samples are developed in subsequent IPA and PGMEA 

baths for 5 minutes each.  

3.2.1.5 Degree of Cure of As-Printed IP-Dip 

No post processing cure is performed on the as-printed and developed devices. 

The degree of cure for as-printed IP-Dip with no post processing cure is ~25%[38]. 

3.2.2 SLA 

 SLA 3D printing was performed using the FomLabs Form 3 when printing just 

FLHT and with the FormLabs Form 2 when printing the composite hBN/FLHT resin. 

The laser source for both printers is a 405 nm violet laser with a power output of 250 

mW. 
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Figure 3-3: Images of the FormLabs Form 2 (left) and the Form 3 (right). Reproduced 

from [125]. Copyright 2023, FormLabs. 

3.2.2.1 Preparing Print Files 

 

 As previously discussed, Preform is the print job development software 

provided by FormLabs for ease of interfacing with their Form 3D printers. Once a .stl 

file is imported into he software, build orientation can be altered and supports can be 

added. Print specifics, such as laser power and scan speed, are unable to be altered and 

a specific recipe for the resin being used must be selected from the presets. And printing 

can be performed by following the well documented manuals for the specific Form 

printers.  

3.2.2.2 Printing of FLHT 

 

 3D printing was carried out using the FormLabs Form 3 SLA 3D printer at a 

resolution of 50 µm. Unless otherwise stated, the thickest section of any part was 

designed to be less than 0.40 mm, which was previously found to be an appropriate 

thickness for pyrolization. 
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3.2.2.3 Printing of Composite Material 

 

  The FormLabs Form 2 allows for the use of an Open Mode, which enables the 

user to attempt prints on non-proprietary photoresins. In order to print in open mode, 

the resin tank must be manually filled with the resin. Further discussion in Chapter 

8.2.4 goes over specifics for printing of the hBN/FLHT composite in open mode. 

3.2.2.4 Post Processing 

 

 In the case where supports are printed with the sample supports were removed 

with a snipping tool. Following this all parts are washed and developed in IPA for 10 

minutes then placed in a tank of clean IPA for 10 minutes to further develop. Samples 

were then dried with N2 gas and placed in the FormLabs Cure system. Discussion on 

cure length is addressed in Chapter 5.2.1. 

3.2.2.5 Degree of Cure of As-Printed FLHT 

 FLHT resin has a reported degree of cure of ~ 47% when it is post cured using 

the manufactures recommended process of 60 °C for 60 minutes inside a UV chamber 

with a 405nm LED bulb[36]. As the post cure used for as-printed FLHT in this study 

was longer (90 minutes) the degree of cure may be increased for my study. 

3.3 Pyrolysis 

 For both 2PP and SLA printed samples pyrolysis was performed using a Mark 

III 3000 High Temperature Induction Furnace (IVI Corp.) under vacuum (10-4 atm.) 

with an argon flow. 

3.3.1 2PP 

 A similar pyrolysis scheme as denoted in Bauer et. al. 2016[50]  was used for 

all pyrolyzed 2PP patterned IP-Dip samples: a ramp rate of 3 °C min-1 between 
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carbonization soaks at 250 °C for 45 minutes and 350 °C for 45 minutes before taking 

the sample to the final pyrolysis temperature at the same ramp rate. 

3.3.2 SLA 

 The steps for pyrolysis of FLHT and the hBN/FLHT composite follow closely 

to the Rezai et. al.[68] recipe however with an updated profile for the updated resin 

(Discussion in Section 5.1): 10°C min-1 ramp to 325 °C followed by an isostatic hold 

for 3 hours, then a ramp of 1 °C min-1 to 425 °C with a 30-minute isostatic hold, 

finishing with a 10 °C min-1 ramp to 900 °C and held for 1 hour. 

3.4 Electroplating 

 After pyrolysis, electrodeposition was performed with a two-electrode system 

consisting of the pyrolyzed printed object as the working electrode and 0.10 mm thick 

metal shim (copper or nickel) as the counter electrode. Since the pyrolyzed carbon parts 

are brittle, a special holder was designed in which to hold the parts securely to the metal 

working electrode (Figure 3-4). Electrodeposition was carried out by applying a 

constant current with a DC power supply (Dynatronix Microstar DuPR 50-1-2). The 

aqueous electrolyte for copper electrodeposition was composed of 400 mL H2O, 37.5 

g CuSu, and 100 mL H2SO4. The electrolyte used for nickel plating is Techni Nickel 

S, a commercially available pre-mixed nickel sulfamate solution made by Technic. All 

samples were plated with an applied current of 0.02 A until plating was observed on all 

conductive surfaces. 
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Figure 3-4: Rendering of the electroplating holder used for electroplating pyrolyzed 

carbon samples. 

 

To connect the pyrolyzed 2PP devices to the power supply, conductive epoxy 

was used to adhere a sacrificial wire to the carbon part. Electrodeposition was carried 

out using the same power supply and same electrolyte solutions. All samples were 

plated with an applied current of 0.001 A. 

3.4.1 Plating Thickness 

 To determine plated film thickness, six plated samples from each plated 

thickness were mounted in epoxy (Loctite EA M-31CL) and cross-sectioned. After 

cross-sectioning, the epoxy-embedded parts were polished, and a characteristic plating 

region was optically imaged. ImageJ imaging analysis software was used to analyze 

the average thickness over the imaged region. 

3.5 Characterizations 

3.5.1 Scanning Electron Microscopy (SEM) 

 Scanning electron microscopy is used to image samples on the micron and 

submicron scale. Electrons can be used to image samples at a much higher resolution 
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than standard optical microscopy due to the shorter wavelengths of electrons (~0.004 

nm) compared the that of photons (>300 nm). SEM uses a focused beam of electrons 

on the sample to image the surface. The electron beam is focused using a condenser 

lens and the beam is rastered across the sample line by line to produce an image. When 

the electron beam interacts with the surface of the sample there are three signals 

produced: secondary electrons; backscattered electrons; and characteristic X-rays. 

These signals are picked up by their respective detectors and transmitted to the 

computer as an image. Backscattered electrons are the result of elastic scattering of 

electrons off the sample while secondary electrons come from inelastic scattering. Both 

contain different types of information of the material. Backscattered electrons come 

from further within the samples and display sensitivity to differences in atomic 

numbers, while secondary electrons come from surficial interactions which contains 

more detail about the surface of the material.  

X-rays are also formed during SEM when the electron beam interacts with inner 

shell electrons of the atoms in the material ejecting them and leaving behind a hole 

which a higher orbital electron can fill. The energy released from the relaxation is 

unique to each element, thus measuring the energy of created X-rays during SEM can 

be used to determine composition and is the fundamentals behind Energy-dispersive 

X-ray spectroscopy. 
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Figure 3-5: Schematic showing the setup of an SEM microscope. Reproduced from 

[126]. Copyright 2020, Technology Networks. 

 

 The SEM microscope that was used in all studies was a Zeiss Auriga 60 imaging 

was performed with a voltage ranging between 3 and 5 keV and a working distance of 

5 mm. 

3.5.2 Energy-dispersive X-Ray Spectroscopy (EDS) 

 EDS is a powerful tool in determining the composition of materials. 

Characteristic x-ray spectra of materials are obtained by collecting produced x-rays 

during SEM, typically with an x-ray detector within the SEM tool. The produced 

spectra show signal peaks at characteristic energies related to the elements making up 

the material. EDS was used in my studies to help determine composition of examined 

materials using an EDAX Energy Dispersive System which is housed inside the Zeiss 

Auriga 60 SEM. 
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3.5.3 Raman Spectroscopy 

 Raman spectroscopy is a powerful tool in understanding the microstructure of 

materials which can provide information on the chemical structure, crystallinity, and 

molecular interactions in materials. To obtain a spectra monochromatic light in the 

form of a laser is used to interact with the sample to measure vibrational energy states. 

Most of the photons from the laser experience elastic Rayleigh scattering. However, 

depending on the atom or molecule, inelastic energy loss or gain may occur, labelled 

as Stokes or anti-Stokes scattering respectively [127]. These inelastic interactions result 

in a change in wavelength of the incident laser, also known as the Raman effect. A 

diochric filter is commonly used to reflect the laser light into the sample and to transmit 

the Raman scattered light through to the spectrometer. The obtained Raman spectrum 

shows characteristic signals or ñbandsò for the material. 

 All Raman measurements were gathered using a Witec Raman spectrometer 

under a 60x objective with a 532 nm laser calibrated at 500 µW at the sample prior to 

measurements.  

3.5.4 Transmission Electron Microscopy (TEM) and Electron Energy Loss 

Spectroscopy (EELS)  

 Transmission electron microscopy (TEM) is an imaging technique which is 

employed to image samples on the atomic scale. It is widely used in structural and 

interfacial analysis of samples. TEMs use a high voltage electron beam to emit 

electrons that travel through the microscopes vacuum chamber and are transmitted 

through the sample, where they either scatter off the sample or collected on a 

fluorescent screen. The projected image on the fluorescent screen can be moderated by 
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the magnetics lenses and apertures for a desired convergence angle and magnification. 

A schematic of a TEM can be found in Figure 3-6. 

 

Figure 3-6: Schematic showing the setup of an SEM microscope. Reproduced from 

[126]. Copyright 2020, Technology Networks.  

 

 During imaging of samples, some of the electrons undergo inelastic scattering. 

This energy loss can be measured using an electron spectrometer and a characteristic 

energy loss spectrum can be obtained. This is the basis for electron energy loss 

spectroscopy (EELS). The inelastic electron interactions can be caused by phonon 

excitations, inter- and intra-band transitions, plasmon excitations, inner shell 

ionizations, as well as other phenomena. For this work analysis of the EELS spectra is 

employed to better understand the types of carbon-carbon bonding forming in the 

pyrolyzed material. 
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 TEM images and electron energy-loss spectroscopy (EELS) were taken with a 

JEOL Ltd., JEM-ARM200F atomic resolution analytical microscope equipped with a 

Gatan Enfinium spectrometer. All images were taken at an accelerating voltage of 80 

keV to avoid destruction of the samples. 

3.5.4.1 TEM Sample Preparation 

 

 Molybdenum PELCO® 200 Mesh TEM grids (1GM200 (Ted Pella, Inc.) grids 

were adhered to a fused silica slide by drop casting AZ 5214 resist on the fused silica 

slide. The resist was then spun at 2000 RPM for 45 seconds. The TEM grid was then 

placed on the uncured resist and the slide was post baked at 110 °C for better adherence 

of the TEM grid to the slide. IP-Dip was then drop-cast onto the slide, covering the 

TEM grid, and structures were printed directly onto the TEM grid. A CAD rendering 

of the process is shown in Figure 3-7. Following printing, the slide and TEM grid were 

developed as previously noted. The developing also helped in loosening the of the grid 

to the fused silica slide. TEM grids were then pyrolyzed with the printed structures on 

them. This nondestructive technique is easily reproducible and could help better 

imaging techniques for Nanoscribe and micro printed parts. 
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Figure 3-7: (a-c) CAD rendering of novel TEM sample preparation with (c) inlaid low-

resolution TEM of pyrolyzed structure. Reprinted with permission from [128]. 

Copyright 2020, John Wiley and Sons. 
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3.5.5 Thermogravimetric Analysis (TGA) 

 TGA is a standard characterization technique for polymers. The weight change 

of the sample is monitored over a set temperature and atmosphere profile. TGA can be 

used to determine thermal stability of materials and assess the thermal degradation of 

materials. Weight loss during TGA can be attributed o decomposition, breaking of 

chemical bonds, or the evaporation of volatiles. TGA is typically performed inside an 

inert environment to avoid oxidation of the material.  

 TGA was used to determine the decomposition profile of samples to understand 

needed heating profile for pyrolysis. TGA was performed using TA Instruments 

TGA5500 by heating the material with a ramp of 5 °C min-1 up to a temperature of 900 

°C. 

3.5.6 X-Ray Diffraction (XRD)  

 XRD is a tool by which crystallinity and structure of materials can be obtained. 

This is performed by sending a beam of X-rays at a sample and measuring the intensity 

of the signal of scattered X-rays at different values of 2ɗ. The X-ray diffraction 

phenomenon results from the elastic scattering of the X-rays off of electrons of the 

atoms within the material. As X-rays have wavelengths comparable to atomic spacing, 

the incident X-rays diffract in a predictable manner following Braggôs law. The 

resulting diffraction pattern is unique identifier of materials which provides 

identification and structure of the material. 

X-ray diffraction patterns were obtained samples to verify presence and phase 

of the materials and was performed using a Panalytical XŹPERT3. 
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3.5.7 Electrical Testing 

 Electrical conductivity of samples was measured via resistance probing using a 

Keithley 2401 sourcemeter. Four probes were used to measure the resistivity of a 

material. This is done by passing a current (I) through two of the probes while 

measuring the voltage drop (V) between the two other probes. Using Ohms law, it is 

then easy to calculate the resistance (R) of the material and then subsequently the 

resistivity (ɟ), knowing the material length (l) and the cross-sectional area (A), and the 

conductivity (ů).  

ὠ ὍὙ (3) 

” Ὑ  (4) 

„  ”  (5) 

This method has a significant advantage over two probe measurements as contact and 

probe resistances are removed since there is no potential drop across the voltage 

measuring leads. Figure 4-2 shows a graphical rendition of the setup.  

3.5.8 Mechanical Testing 

3.5.8.1 Tensile Testing 

  

Samples were tested in tension using an ADMET MTest Quattro strain analyzer 

fitted with a 25 lb. load cell. As pyrolyzed samples were too brittle to directly clamp to 

them, all tested samples were adhered to wooden holders using Loctite EA M-31CL. 

This allows for accurate tensile measurements of the samples as the wood and epoxy 

are significantly stronger than the testing material. Sample dimensions and design are 

discussed in the chapters where they are measured. 
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   (6) 



47 

 

ὓέὨόὰόί έὪ ὉὰὥίὸὭὧὭὸώ Ὁ   (7) 

3.5.8.2 Nanoindentation 

 

 Mechanical hardness testing was performed with a Hysitron TriboIndenter 

nanomechanical testing system equipped with a Berkovich diamond tip. Pyrolyzed test 

samples were adhered to magnetic AFM/STM metal specimen discs using glue. The 

pyrolyzed hBN composite resins were compared to their pyrolyzed pure resin 

components. 
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Chapter 4: Understanding the Electrical and Microstructural 

Evolution of Pyrolyzed 2PP Printed Carbons* 

Pyrolysis of 2PP printed polymers and their possible applications (Section 

1.5.2) are discussed above. There are many possible electrical applications for using 

pyrolyzed 2PP derived carbons that were also discussed, however characterization of 

the pyrolyzed 2PP carbon material had only been performed on parts processed to 

temperatures of 900 °C and 1000 °C[50]ï[52], a more complete understanding of the 

evolution of the material properties of 2PP pyrolyzed photopolymer with varied 

pyrolysis temperatures is needed in order to understand how to manufacture devices 

with predictable properties. 

In this chapter I present the first general study of the relationship between 

electrical performance and pyrolization temperature in 2PP printed glassy carbon 

structures. I demonstrated the ability to tune the electrical and microstructural 

properties of the pyrolyzed 2PP derived carbon material through varying the final 

temperature of pyrolization. The electrical conductivity ranges from ~1×102 S m-1 at 

700 °C to maximum conductivity of ~2×104 S m-1 at 1400°C. In addition, I provide a 

detailed characterization of the microstructure of the material under varying 

pyrolization temperatures, and how this connects with electrical conductivity. The 

microstructural characterization was done with Raman spectroscopy, TEM, and EELS 

which confirm that the increase in conductivity comes from the increased sp2 bonding 

percentage in the carbon and the increased crystallinity. I obtained the first accurate 

 
* Portions of this chapter are reproduced from Ref. [150] 
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imaging of the microstructure of the as-pyrolyzed 2PP polymer-derived carbon by 

developing a non-destructive method in which to directly print 2PP structures onto 

TEM imaging substrates, along with simplifying sample preparation for future TEM 

imaging of 2PP materials. Well controlled glassy carbon resistive traces resistors are 

also demonstrated that are within 10% of theoretical values under varying pyrolysis 

temperatures, showing that this technique is useful for precise control of microdevice 

electrical performance. 

4.1 Observational Results of Pyrolysis and Analysis of Electrical 

Properties 

2PP printed IP-Dip devices are pyrolyzed at differing final pyrolysis 

temperatures in order to determine how the electrical and microstructural properties of 

the material changes with different pyrolysis temperatures. The as printed devices are 

made up of a hard photopolymerized polymer that has a degree of cure of ~ 25% [38]. 

No post printing cure is performed on the printed devices however it has been reported 

that an increase of degree of cure of up to 40 ï 60 % is possible with a UV flood 

exposure[38]. This low amount of crosslinking within the material may result in the 

large volumetric shrinking seen during the pyrolysis of IP-Dip. 

 

4.1.1 Device Shrinkage 

The shrinkage during pyrolization is a roughly 5X volumetric reduction from 

the original printed part, in accordance with other findings.[49]ï[51] This size 

reduction is taken into account in the design for the final processed device. Pyrolysis 

was done on individual samples at differing temperatures, as well as using a single 
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device and stopping the pyrolysis process at a series of lower temperatures for 

characterization, before then continuing the pyrolysis and re-characterizing. This found 

that the final material microstructural properties determined via Raman spectroscopy 

were similar in both cases allowing me to judge that the influence of the pyrolysis 

process on the material is dominated by the last pyrolysis temperature, and that using a 

single sample and measuring all the temperatures for that single sample is sufficiently 

accurate. This also allows for quick and efficient testing of the material. A heating ramp 

rate of 3 °C min-1 was used, which has been shown to be successful in pyrolysis of 2PP 

structures.[50] Figure 4-1 shows a step-by-step process for device fabrication. 

 

Figure 4-1: Process flow of pyrolyzed 2PP device fabrication (a) 2PP process 

performed using the Nanoscribe Professional GT 2; and (b) fully developed as printed 

polymer structure followed by (c) pyrolysis of the 2PP part at or above 700 °C. These 

pyrolysis temperatures produce electrically conductive parts which have 

microstructures similar to amorphous carbon. (d)  Increasing the temperature of 

pyrolysis increases the conductivity of the material and at 1400 °C the microstructure 

begins to show crystalline regions of graphitic carbon. Reprinted with permission from 

[128]. Copyright 2020, John Wiley and Sons. 
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4.1.2 Device Design and Outcome 

Figure 4-2 shows a CAD rendering of a typical conductivity test device. The 

design allows for ease of 4-point measurements with a standard probe station and a DC 

multimeter. Devices were designed to have a final pyrolyzed trace height of 1 mm; from 

previous studies a 5X reduction in height during pyrolysis is assumed, thus the designed 

height for printing is 5 mm.[49]ï[51] The device cross-section was determined by laser 

profilometry. Higher pyrolysis temperatures showed further device shrinkage, so 

profilometry was used after every subsequent pyrolysis to allow accurate measurement 

of conductivity. Table 4-1 shows average device thickness at each pyrolysis 

temperature. A slightly higher than 5X reduction in device height is observed, this is 

most likely due to thinning at the sides of the device, leading to a trapezoidal trace 

geometry. By fabricating devices with varying trace length, I can map the linear trend 

of increased resistance to trace length also resulting in larger sample size. Device trace 

lengths range from 100 mm to 1000 mm. 

 

Figure 4-2: CAD rendering of a post pyrolysis four-point probe test device. Reprinted 

with permission from [128]. Copyright 2020, John Wiley and Sons.  
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Table 4 -1: Average shrinkage for samples, showing increased thinning of devices at 

increased temperatures. 

Temperature 

 

As-Printed 700 °C 1100 °C 1400 °C 

Average Device 

Height 

 

4.623 ± 0.060 

mm 

0.677 ± 0.086 

mm 

0.605 ± 0.049 

mm 

0.546 ± 0.091 

mm 

Shrinkage 0 X ~ 6.83 X ~ 7.64 X ~ 8.47 X 

 

4.1.3 Electrical Characterization 

 

Figure 4-3 shows the measured conductivity of the devices for a given 

pyrolysis temperature. There is a steep increase in conductivity between 700 °C and 

900 °C with a more gradual increase in conductivity above 900 °C. The average 

conductivity measured between 1200 °C ï 1400 °C is ~2×104 S m-1. In comparison, the 

conductivity of graphite is reported as 3.3×102 S m-1 perpendicular to the basal plane 

and 2×105 S m-1 parallel to the basal plane[78] and amorphous carbon has a 

conductivity of 2.00×103 S m-1.[129] I believe that this increase in conductivity could 

be due to the expulsion of non-carbon residuals left over from the original polymer as 

well as the increased formation of sp2 hybridized carbons in the material. The creation 

of higher concentration of sp2 hybridized bonding within the material should result in 

an increase in conductivity. To determine the carbon bonding taking place in the 

material Raman spectroscopy is performed. 
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Figure 4-3: Measured conductivity of carbon material at varying temperatures. 

Reprinted with permission from [128]. Copyright 2020, John Wiley and Sons.  

 

4.2 Microstructural Characterization  

4.2.1 Analysis of Raman Spectra of 2PP Pyrolyzed Carbon 

 

Analysis of the materials microstructure was done using Raman spectra in order 

to map the evolution of the carbon bonding within the material through differing 

pyrolysis temperatures. Raman spectra of the polymer-derived carbon material is 

shown in Figure 4-4. The first-order carbon D (disordered) and G (graphitic) peaks are 

very apparent in all samples, characteristic of glassy carbon.[130], [131] The largest 

intensities of the D and G peaks occur at 1320 cm-1 and 1555 cm-1 respectively, with 

little to no variation from sample to sample. From Figure 4-4a, with increased 

pyrolization temperatures the material begins to show a more prominent D peak as well 

as narrowing of both the D and G peaks. The narrowing of the peaks is an indicator of 

higher ordering within the microstructure.[132]  

The second-order Raman shift for the samples (Figure 4-4b) is related to the 
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crystallinity of carbon materials.[133] Broad peaks in this regime, such as seen in the 

700 °C and 900 °C samples, are indicative of low crystallinity in the material. The 

increased resolution of the 2D and the D+G peaks, seen in the 1400 °C sample, is an 

indicator that the crystallinity of the material has significantly increased.[133] This 

increase in crystallinity and increase in conductivity at 1400 °C shows that the material 

has transitioned to a more sp2-rich regime. The presence of higher concentration of sp2 

carbon likely causes the increase in conductivity at elevated pyrolysis temperatures. 
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Figure 4-4: (a) The first-order Raman spectra at multiple pyrolysis temperatures; and 

(b) second-order Raman spectra of the same samples. Reprinted with permission from 

[128]. Copyright 2020, John Wiley and Sons. 

 

 

 

ŀ 
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The comparison of intensity of the D peak (I(D)) to the G peak (I(G)) shows a 

correlation to the sp3 hybridized bonding fraction present in carbon materials.[134] 

Figure 4-5a shows the change of D and G peak intensity with pyrolysis temperature. 

This peak comparison follows a similar trend to the conductivity with an increase of 

I(D) / I(G) values with increased temperature. Applying an exponential fitting line to 

the data obtained in Ferrari et. al. 2004 gives a relationship between I(D) / I(G) values 

for Raman spectra of amorphous carbons with the sp3 fraction. Their exhaustive 

analysis of the Raman spectra of amorphous carbons directly measured the sp3 fraction 

of samples using both EELS and nuclear magnetic resonance (NMR) to validify their 

trend. By applying the I(D) / I(G) values of my data to this trend line, I am able to 

obtain the relative sp3 fraction of the 2PP carbon materials (Figure 4-5b). This shows 

a decrease in sp3 fraction with increased pyrolysis temperature, and thus an increase in 

sp2 hybridized bonds. The conversion of sp3 bonds to sp2 bonds within carbon during 

elevated pyrolysis temperatures is well documented[53], [73], [135]; however reported 

values here may be skewed by the amount of initial sp2 hybridized carbons in the 

printed part caused by uncontrolled disproportionation during 

photopolymerization[136]. Though the sp2 fraction of carbons in the initial 3D printed 

sample may vary slightly from part to part due to differing amounts of 

disproportionation during printing, the general behavior of the sp2 fraction during 

increasing pyrolysis temperature can be gathered from this study, as samples used for 

Raman spectroscopy were all from one initial 3D printed sample. This constrains the 
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variations in the amount of sp2 hybridized carbons caused by differing amounts of 

disproportionation between different 3D printed samples. 

 From Figure 4-5b I can see how the decrease in sp3 hybridized carbon bonds 

in the material results directly to the increased conductivity of the material. With a 

much larger percentage of sp2 carbon bonds in the material heated to 1400 °C I would 

expect the material to be significantly more conductive, however it is within the same 

levels of the 1200 °C and 1300 °C samples. This could be explained by short-ranged 

ordering in the material, creating unconnected regions of crystalline sp2 carbon 

bounded by sp3 hybridized carbon. Without fully hybridizing the material there will be 

losses in the conductivity due to the presence of less conductive sp3 bonds. 
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Figure 4-5: (a) D and G peak intensity comparison vs. temperature; and (b) plotting 

data from (a) onto Ferrari et. al. 2004 trendline showing the evolution of the sp3 carbon 

percentage in the pyrolyzed carbon material. Reprinted with permission from [128]. 

Copyright 2020, John Wiley and Sons.  
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4.2.2 Microstructure Analysis using TEM  

 

Previous attempts to image pyrolyzed 2PP polymer parts implement traditional 

focused ion beam (FIB) preparation techniques.[51] They note that the influence of the 

FIB on the material may be altering the microstructure, resulting in the crystalline 

structure observed in their samples. To avoid this possibility and more accurately 

characterize the microstructure, I developed a preparation technique that does not 

require any destructive preparation. By directly printing onto a TEM sample grid 

followed by pyrolysis, I am able to remove any influence onto the microstructure due 

to sample preparation. It can be seen from the brightfield TEM images in Figure 4-6a-

c that the microstructure of the lower temperature pyrolyzed material (Figure 4-6a, b) 

is largely amorphous. The microstructure resembles that of other bulk glassy 

carbons.[53], [137] Figure 4-6b shows very short-range ordering in the 900 °C 

specimen, however, it does not show the amount of crystallinity as reported in 

Zakhurdaeva et. al. 2017. In their reporting they note that the thermal stresses from 

fabricating TEM samples via FIB milling may cause the crystallinity that they report. 

With the direct printing technique described above, I fabricated pyrolyzed TEM 

samples without any additional thermal stresses. This is the imaging of the 

microstructure of the as-pyrolyzed 2PP polymer-derived carbon conducted with non-

destructive preparation techniques which may influence microstructure.  
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Figure 4-6: (a-c) TEM images of carbon microstructure at 700°C, 900 °C, and 1400 

°C respectively. Reprinted with permission from [128]. Copyright 2020, John Wiley 

and Sons. 

 

Figure 4-6c shows flakes of crystalline structure in the 1400 °C pyrolyzed 

microstructure of the carbon material that resemble nanocrystalline graphene.[138] The 

inlayed selected area electron diffraction pattern also shows that these flakes are largely 

crystalline. Because these nano-crystallites are randomly oriented the diffraction 

pattern shows a uniform ring of diffracted intensity rather than discrete spots. These 

partially ordered nano-crystallites with random orientation relative to one another with 
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no clear grain boundaries indicate that there are partially/fully amorphous regions 

between the more ordered crystallites. This result confirms the analysis of the Raman 

spectra evolution and is consistent with the large increase in sp2 fraction without 

associated increase in conductivity of the material discussed previously.  The formation 

of nano-crystalline graphite with precise microscale geometries using 2PP has large 

implications for carbon device manufacturing, as this material has shown the ability to 

have tunable properties[138] and is used in biomedical research for cellular imaging 

and drug delivery.[139] 

4.2.3 Using EELS to Understand Microstructural Evolution  

 

Figure 4-7 shows the EELS spectra of the IP-Dip derived polymeric carbon 

material at different pyrolization temperatures. The EELS spectrum of diamond[140] 

has a prominent broad first K-shell ionization loss peak at about 294 eV where both 

amorphous carbon and graphite have their second peak. This first peak for diamond, 

and second peak for amorphous carbon and graphite, is thus related to the sp3 

hybridized bonding of carbon and comes from the transitions to the molecular orbitals 

of s*. Both amorphous carbon and graphite EELS spectra have first loss edges at 

around 286 eV with a difference in the spectral peak coming from the broadness of the 

peak and thus the relative deepness of the ñtroughò between the first and second loss 

peaks. Graphite has a sharp narrow first loss peak and defined deep ñtroughò, while 

amorphous carbon shows a broad peak with a less defined region between the two 

peaks. This first peak is due to the presence of sp2 bonding and thus transitions to the 

p* orbitals.[141] 
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Figure 4-7: EELS spectra of pyrolyzed 2PP material at differing temperature. 

Reprinted with permission from [128]. Copyright 2020, John Wiley and Sons.  

 

The EELS data agrees with what is seen in the Raman and TEM imaging. The 

lower temperature pyrolyzed material is largely amorphous, showing a broad first K-

shell ionization peak at around 286 eV as well as an almost indistinct second K-shell 

ionization loss peak. The EELS spectra of the 900 °C pyrolyzed sample shows similar 

amorphous features as the lower temperature sample with a semblance of a more 

ordered microstructure. The first K-shell ionization loss peak has a similar broad profile 

as the 700 °C samples, however, the trough between the first and second loss peaks is 

more well-defined. The second loss peak is beginning to show the second K-peak. This 

confirms the Raman analysis that the material pyrolyzed at 900 °C is mostly amorphous 

carbon with some short-ranged ordered sp2 graphitic crystallinity. The high temperature 

pyrolyzed sample has easily discernable first and second K-shell ionization loss peaks. 

The first peak has obviously narrowed, accompanied with a deepening of the trough 

between the first and second peaks. The spectrum from the sample has the same narrow 
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first loss peak and prominent second loss peak, which is present in the spectra of pure 

graphite. However, beyond the first peak a similar spectral profile to that of amorphous 

carbon is seen.[141] This indicates that the material has more graphitic ordering than 

from the samples pyrolyzed at lower temperatures, but sp3 hybridized carbons are still 

present in the material. Due to the elevated pyrolysis temperature the material has made 

a transition to become more sp2-rich carbon.  

Previous studies of the EELS spectra of carbons have shown a direct correlation 

between spectral intensities and sp2/sp3 ratios in the material.[142] By applying 

unconstrained Gaussian fits of the K-edge spectra to regions associated with transitions 

to the p* orbitals (C=C p* at ca. 285 eV) and transitions to the molecular orbitals of s* 

single bonds (C-C s* at ca. 292 eV), I can take the ratio of the intensities from the fitted 

peaks to determine the sp2/sp3 ratio to confirm the Raman analysis. The C=C p* and 

C-C s* intensity ratio from 700 °C, 900 °C, and 1400 °C are 0.788, 1.19, and 1.18, 

respectively. These values are consistent with what is obtained from the I(D) / I(G) 

ratio from the Raman analysis of the 700 °C and 900 °C treated material (0.847 and 

1.00, respectively). The previous analysis shows that the material transitions from 

being composed largely of sp3 hybridized carbon at lower temperatures, to a 

composition that is more sp2 rich is confirmed. However, the value obtained from the 

EELS intensity ratio for the 1400 °C treated sample is less than that from the Raman 

analysis (2.10). The discrepancies from EELS analysis to Raman analysis looks to be 

a result of the overlap between the deconvolved Gaussian peak representative of the 

molecular orbitals of s* double bonds (C=C s* at ca. 300 eV) and the C=C p * peak 

resulting in the decrease in intensity of the later fit. This is contrary to the observation 
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of the narrowing of the first loss peak as well as the deepening of the trough between 

the first and second loss peak, as this would indicate there is a reduction in the 

contribution to the spectral profile at the first loss peak by the signal from C=C s*. The 

observed discrepancies from Raman peak analysis to EELS peak analysis may also be 

due to differing amounts of initial sp2 hybridized carbons due to disproportionation.  

EELS peak ratio analysis may be well adapted for determining carbon bonding ratios 

in more amorphous carbons; however, more graphitized carbon materials may require 

different analysis. 

Pyrolysis of IP-Dip shows the ability to tailor desired electrical and 

microstructural properties of the final carbon material by varying the pyrolysis 

temperatures. At low temperature pyrolysis you can obtain a very resistive, amorphous 

carbon microstructure with a varied mix of sp2 and sp3 hybridized carbons. By 

increasing this temperature, I have shown that the material becomes more dominated 

by sp2 carbon bonding and subsequently becomes significantly more conductive. The 

pyrolysis temperature can therefore be used to control the behavior of resulting 

electrical devices.  

When using a proprietary photopolymer, such as IP-Dip, the issue of using these 

results to make generalizations can be an issue. To show the pyrolysis and processing 

can be expanded to non-proprietary photopolymers a brief study was performed and is 

discussed in Appendix 1. 

4.3 Manufacturing of Predictable Electrical Passives 

With the understanding of the relationship of the conductivity and 

microstructure of the 2PP derived carbon materials at different final pyrolysis 
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temperatures predictable and repeatable carbon micro-electrical devices can be 

manufactured. Figure 4-8 shows glassy carbon electrical resistors derived from the 

pyrolyzed 2PP patterned polymer. Resistors were designed with a target resistance of 

10 kW (Figure 4-8a), 100 kW (Figure 4-8b), and 1 MW (Figure 4-8c) when the devices 

are pyrolyzed at 900 °C. The conductivity data in Figure 4-3 shows the average 

resistivity of the material at 900 °C is 1.01 × 10-4 W m. By designing a cross-section of 

1 mm × 1 mm for the resistors I can determine the needed length of the devices to get 

the desired resistance. The designed resistor lengths are 100 mm, 1000 mm, and 10,000 

mm for the 10 kW, 100 kW, and 1 MW, respectively. To minimize contact resistance 

during probing, gold was evaporated onto the electrodes of the resistors. This was done 

by printing shadow masks over the devices with the electrodes exposed, followed by 

gold evaporation. The 10,000 mm resistors pyrolyzed at 1100 °C were unable to be 

measured due to alignment issues when printing the 2PP shadow-masks over the 

devices, thus leading to devices being unevenly coated in gold during evaporation with 

a majority being shorted, and these devices are therefore not reported. 

To get an accurate representation of the consistency of these devices, 20 

resistors of each length are manufactured to be tested. Figure 4-8d shows the resistance 

of each resistor at 700 °C, 900 °C, and 1100 °C plotted with the respective calculated 

resistance from the data obtained in Figure 4-3. The data from the samples pyrolyzed 

at 700 °C show a large spread in each population of resistors. However, the nearest 

neighbor resistors show less variation, leading me to believe this inconsistency arises 

from uneven heating during pyrolysis. This uneven heating issue will be much less 

apparent at higher temperatures due to less variability in conductivity at temperatures 
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above 700 °C, however there is such a large dependence on heat stability at these lower 

temperatures, any small variation can cause significant differences in the values. The 

averages of device resistances at 700 °C are within ~ 20% of the calculated values, 

except for the 1000 mm devices which has a larger deviation of ~80% of the calculated 

value. As the resistances from these devices show less variability from the other two 

device lengths, this can be attributed to uneven heating across the slide during 

pyrolysis.  

 

 

Figure 4-8: SEM micrographs of glassy carbon resistors. (a) 100 mm; (b) 1000 mm; (c) 

10000 mm resistors; and (d) values of each resistor at 700 °C, 900 °C and 1100 °C 

plotted with the respective calculated resistance. Reprinted with permission from [128]. 

Copyright 2020, John Wiley and Sons. 
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The devices pyrolyzed at 900 °C and 1100 °C show little variability with 

standard deviations between device populations being below 10% except in the 10000 

mm devices. The variations in the 10000 mm devices are most likely from the print 

variability and the differing stresses in the devices after pyrolysis, as these devices are 

significantly larger than the other two. The deviation of the device averages compared 

to the calculated devices is mostly due to the reduction of path length of the resistors 

during pyrolysis, which can be seen in the bowing of the resistive traces in Figure 4-

8a-c. Further design optimization should result in increased device accuracy.  

Conclusions  

I performed the first general study of the relationship between electrical 

performance and pyrolization temperature in 2PP printed glassy carbon structures. I 

have shown the ability to tune the electrical and microstructural properties of the 

pyrolyzed 2PP patterned glassy carbon material through varied heating temperatures. 

Using Raman spectroscopy, TEM, and EELS analysis I report that the increased 

electrical conductivity is a direct result from the sp2 carbon fraction in the material.  I 

have demonstrated a sample preparation technique that will easily translate to other 

2PP materials to assist in non-destructive imaging. To show the potential for using 2PP 

processed glassy carbon in electrical device fabrication well controlled glassy carbon 

resistive traces are manufactured. These devices showed low variability at higher 

temperatures and show performance close to expected values. With further design 

optimization, these devices will perform more accurately to the expected value.  

The demonstrated ability to tune the electrical properties of 2PP printed 

pyrolyzed polymer devices is a step forward in the capabilities of 3D printed electrical 
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devices. This ability could allow for the realization of 3D printed arbitrary carbon 

MEMS/NEMS devices that were previously thought to be inaccessible. The 

understanding of the conductivity and the microstructure of the material will be 

beneficial for the manufacturing of such devices. Using 2PP to manufacture complex 

3D glassy carbon electronic materials on the micron scale has large implications in 

many fields from bio-electrical electrodes to energy harvesting and storage. 
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Chapter 5: Pyrolysis of SLA Printed Photopolymer* 

Until Rezaei et al. reported on the manufacturing of carbon electrodes via pyrolysis 

of FormLabs photopolymer, pyrolysis processing of SLA printed parts was limited to 

that of preceramic polymers to develop SLA printed ceramic devices (Chapter 1.5.3). 

With their introduction of manufacturing carbon electrodes using similar processing 

that has been seen in pyrolysis of 2PP photopolymers it is now feasible to manufacture 

electrically conductive carbon parts through pyrolysis of SLA photopolymers. As SLA 

is typically significantly less expensive than 2PP printing, this allows for the 

development of inexpensive carbon electrodes and electrical devices. Though these 

devices may be meso/macroscale this creates an avenue in which to cheaply prototype 

carbon devices that can be then extended to the microscale. In this chapter I will 

examine the pyrolization process for the FLHT resin and examine the design and 

processing parameters used in manufacturing the 3D pyrolyzed carbon material. 

5.1 Development of Pyrolysis Profile 

During pyrolysis precursor materials undergo drastic shrinkage due to mass loss 

corresponding to polymer degradation and volatilization of gaseous products. Using 

TGA I can observe the decomposition of the photopolymer to inform a pyrolysis profile 

for the material. Figure 5-1a shows a dynamic TGA thermograph of the FLHT resin. 

The onset temperature of decomposition (Tonset) is roughly ~280 oC which is 38 oC 

lower than is reported by Rezaei[68]. The likely reason for the observed discrepancy is 

 
* Portions of this chapter are reproduced from the submitted article ñElectrodeposition of Pyrolyzed 

Structured Carbon for 3D Printed Electronics.ò 
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the update of FLHT resin from V1 to V2. The MSDS of FLHT V1 lists the heat 

deflection temperature as 289 °C @ 0.45 MPa. The updated resin from FormLabs we 

performed experimentation on (FLHT V2) has a listed heat deflection temperature of 

238 °C @ 0.45 MPa.  As the heat deflection temperature of the V1 resin is 50 °C higher 

than our V2 resin the observed lower Tonset from the TGA thermograph is reasonable. 

Using the devised pyrolysis scheme from Rezaei et al., but altering the steps to 

accommodate the reduced Tonset in FLHT V2 allows for the pyrolization of FLHT V2 

printed devices which showed good shape retention during pyrolysis. The updated 

pyrolysis profile is 10°C min-1 ramp to 325 °C followed by an isostatic hold for 3 hours, 

then a ramp of 1 °C min-1 to 425 °C with a 30-minute isostatic hold, finishing with a 

10 °C min-1 ramp to 900 °C and held for 1 hour (Figure 5-1b).   
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Figure 5-1: (a) Thermogravimetric analysis (TGA) curve showing percentage mass 

loss as temperature increases. Onset temperature of decomposition happens roughly 

at 325 °C (b) Pyrolization profile for the FLHT resin determined from TGA and Rezaei 

et al. 

 

5.2 Deformation During Pyrolysis 

Shape retention during pyrolysis is crucial for designing and manufacturing 

desired carbon 3D printed devices. Intrinsic stress caused by shrinkage of large parts 

during pyrolysis can lead to deformation and fracture. This may be due to a large 

percentage of polymerized material not being crosslinked. Reported degree of cure of 
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FLHT is ~47%[36] meaning more than half of the polymer structure is not crosslinked. 

To help with shape retention of large parts it is possible to lattice the desired device 

reducing the volume of material and shortening the length scale that outgassing has to 

occur[68]. Initial tests to pyrolyze the latticed material resulted in large bubbles or 

defects on the parts (Figure 5-2b). To better understand the parameters at which it is 

needed to design, and process printed samples for optimal shape retention during 

pyrolysis, I looked at the effect cure time after printing and the effect of the as-printed 

thickness. 

5.2.1 Effect of Cure 

For SLA printed parts it is common to UV cure parts after printing to make sure 

there is minimal polymerized resin in the part which can cause defects[35]. During 

pyrolysis uncured resin could cause large deformations as the uncured material has 

different material properties than the polymerized part, resulting in differences in 

decomposition. Pyrolysis was done on samples with differing cure time lengths. By 

increasing the curing time for the parts better shape retention after pyrolysis is achieved. 

Figure 5-2(b-d) shows the effect of lengthening cure time on the pyrolyzed parts. Parts 

that were not cured showed significant deformation throughout the sample, with large 

regions being covered in bubbles. It is believed these bubbles form from the rapid 

outgassing of unpolymerized resin during pyrolysis. This explains why longer curing 

durations lead to enhanced shape retention after pyrolysis. Shape retention for 90 Min 

cured parts (Figure 5-2d) was very good, but imperfect curing can result in less-than-

ideal shape retention due to bubbling (Figure 5-2b). 
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Figure 5-2: (a) As-printed and (b-d) pyrolyzed SLA parts with varying UV curing 

times. 

 

5.2.2 Deformation Analysis 

By pyrolyzing lattices with different as-printed lattice thicknesses it was found 

that a critical dimension of 0.2 mm for optimal shape retention of latticed parts during 

pyrolysis. This was done by taking as-printed linear lattices as seen in Figure 5-3a of 

differing thickness, pyrolyzing them (Figure 5-3b) and analyzing the deformation of 

the vertex positions. A 5 X 5 grid of vertices in the center of the lattice was chosen 

from the as-printed part to compare to the same vertex position on the part after 

pyrolysis. As the material undergoes shrinkage during pyrolysis a shrinkage multiplier 

has to be applied to the pyrolyzed vertices positions to perform this comparison.  A 

shrinking of the pyrolyzed parts of roughly 3X from as-printed parts is observed. A 

similar shrinkage is seen in the only other paper on pyrolysis of this material[68], and 

in studies of similar pyrolyzed polymers[49], [50], [72]. By applying a 3X multiplier 

to the vertex positions on the pyrolyzed lattice I am then able to determine the 

displacement of each vertex on the 5 X 5 grid during pyrolysis compared to the ideal 

model (as-printed). Figure 5-3c shows the average vertex displacement, and thus the 
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deformation of the lattice grid, for samples of thicknesses of 0.2 mm, 0.3 mm, 0.4 mm, 

0.5 mm, and 0.6 mm. By printing parts with a designed thickness of 0.2 mm and 0.3 

mm a pyrolyzed sample is achieved that has mostly retained the original designed 

geometry with deviations from the ideal shrinkage being 0.0296 mm2 and 0.0353 mm2 

respectively. Increasing the lattice thickness to 0.4 mm more than quadruples the 

average vertex displacement during pyrolysis when compared to 0.2- and 0.3-mm 

thickness parts to 0.161 mm2. The average displacement of each vertex from the ideal 

after pyrolysis shows a linear trend up to 0.6 mm which has large average deviations 

for each vertex of 0.626 mm2. Accompanied with these larger deviations I also observe 

larger amounts of defects in the form of bubbling in the thicker samples. With this 

understanding of the design space that needs to be used for this pyrolyzed material it 

was determined that further SLA printing in this experimentation will be performed 

using an as-printed designed thickness of 0.2 mm to minimize any deformation caused 

during shrinking during pyrolysis. 
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Figure 5-3: (a) As-printed lattice grid with a designed thickness of 0.3 mm and lattice 

gap spacing of 0.8 mm. (b) The same lattice grid part after pyrolysis at 900 °C showing 

some deformation from the shrinking during pyrolysis. (scale bars 1000 ɛm) (c) Graph 

showing the average displacement for vertices of the pyrolyzed parts when compared 

to the ideal model position. 

 

5.3 Characterization 

5.3.1 Electrical Conductivity  

Four-point probing resistance measurements yielded a conductivity of the 

pyrolyzed carbon part of 9.26×104 S m-1
 which is ~80% higher than is reported on 

pyrolyzed nano-architected 2PP carbon parts[128]. This increase in conductivity can 

be due to differences in chemical composition of the polymer precursors before 

pyrolysis as well as different processing parameters used in the pyrolysis of the as-

printed materials. 
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5.3.2 Raman Spectroscopy 

Figure 5-4 shows the first order Raman spectra of the 3D printed pyrolyzed 

carbon material. Raman scattering provides information about the microstructure of the 

material, such as the crystallinity and ordering of the types of carbon within the 

material. In the analysis of Raman spectroscopy of pyrolyzed carbon materials focus is 

typically placed on the D and G peak, as these represent the crystalline graphite (G 

peak) and the disordered or amorphous carbons (D peak). The Raman spectra shows 

equally prominent carbon D and G peaks which are characteristic of amorphous 

carbon[130], [131] confirming the part has been converted into a polymeric carbon 

structure. The obtained spectra similarly resembles the spectra of other reported 

pyrolyzed 3D printed carbon structures[68], [128], which explains the electrical 

conductivity observed. Prominent D and G carbon peaks are representative of the 

material being composed of an amorphous carbon structure containing sp2 and sp3 

hybridized carbons[131], [132]. 

 

Figure 5-4: First order Raman peaks of FLHT pyrolyzed at 900 °C. 
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5.3.3 XRD 

 The Raman spectra shows that the pyrolyzed carbon material is mostly 

amorphous containing sp2 and sp3 hybridized carbons. Performing XRD on the material 

will allow for further characterization of the amorphous structure of the carbon. Figure 

5-5 shows the XRD 2-theat scan of the 900 oC pyrolyzed FLHT material as well as a 

baseline scan of the silicon holding wafer. As expected, the pattern has no sharp 

discernable peaks, representative of crystallinity, and shows the material is largely 

amorphous. At 2ɗ = ~23Á and ~44Á slight broad peaks can be observed within the 

spectra representative of the (002) and (100) faces of graphite. This lends to the 

conclusion that the material is made up of an amorphous carbon matrix consisting of 

sp2 and sp3 carbons similar to what is seen in the pyrolysis of IP-Dip. The 2-theta scan 

is dominated by the amorphous structure of the material and the observed C(002) and 

C(100) peaks are both very broad and weak. This shows there is low crystallinity in the 

sp2 fraction of carbons in the pyrolyzed FLHT material. Due to this it is believed that 

the microstructure of the pyrolyzed FLHT carbon is composed of small amounts of 

randomly oriented crystalline sp2 hybridized carbons interconnected with other less 

conductive bonds. This explains the amorphous nature of the material and shows the 

similarities between the pyrolyzed FLHT material and the pyrolyzed IP-Dip material. 
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Figure 5-5: XRD of pyrolyzed FLHT photopolymer pyrolyzed at 900 °C (blue) and a 

baseline scan of the Si handle wafer. 

 

Characterization of the pyrolyzed FLHT material shows a good step forward in 

understanding how to work with the material for manufacturing of devices. I showed a 

process in which to understand the deformation of FLHT samples during pyrolysis, 

putting specific design constraints for manufacturing pyrolyzed FLHT parts. Proper 

curing of the pre pyrolyzed material was shown to drastically decrease the amount of 

defects during pyrolysis. Electrical conductivity of the material pyrolyzed at 900 °C 

was found to be 9.26×104 S m-1 and analysis using Raman spectroscopy and XRD 

showed the material is composed of an amorphous carbon structure containing sp2 and 

sp3 hybridized carbons, similar to pyrolyzed IP-Dip. Though the pyrolyzed FLHT 

carbon material is conductive and shows signs of graphitization, the conductivities and 

observed microstructure of the material inform that extensive processing will need to 

be performed in order to get the bare material on the same usability with electronics as 

metals. 
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Chapter 6: Electrodeposition of Pyrolyzed SLA Printed 

Carbon for 3D Printed Electronics* 

The conductivities of the 2PP amorphous carbons as well as the SLA pyrolyzed 

carbon are close to that of graphite when pyrolyzed to elevated temperatures however 

the conductivities are still 2 orders of magnitude away from that of metals. Further 

problems arise with the integration of these materials as it is difficult to connect 

amorphous carbon devices into electronics due to the hydrophobicity of carbon 

materials[79], [80]. As is described above (Chapter 1.6.2), electrodeposition of 

conductive 3D printed parts has shown the ability to increase the electrical properties 

of the printed materials and has allowed for ease of integration with electrical systems. 

In an effort to increase the electrical and mechanical properties of the pyrolyzed SLA 

and 2PP printed photopolymers I investigated how electrodeposition of copper and 

nickel fil ms affected the material properties of pyrolyzed carbon materials.  

6.1 Electrodeposition Progression 

Electroplating was performed on SLA 3D printed FLHT that was then 

pyrolyzed at 900 oC. This was done to demonstrate the ability to integrate metals onto 

these highly structured conductive devices. I electroplated both copper and nickel onto 

pyrolyzed FLHT latticed traces by connecting one end of the trace to a power supply 

and submerging in the respective electrolyte. After pyrolysis the lattices have a surface 

area of roughly 58 mm2, coinciding with a 3X volumetric shrinkage. By using a plating 

 
* Portions of this chapter are reproduced from the submitted article ñElectrodeposition of Pyrolyzed 

Structured Carbon for 3D Printed Electronics.ò 
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current of 0.02 A and thus a current density of 0.00034 A mm-2, it was found that 

conformal, well adhered films of copper and nickel were able to be deposited on the 

carbon samples. Increasing the plating current density was investigated, however it was 

found that films deposited with higher currents had poor adhesion to the carbon parts. 

All further investigations in this paper were performed with a plating current of 0.02 

A. As all mechanical and electrical test structures are designed and processed to be the 

same geometry, differences in the plating rate due to differing plating current density 

is limited. The results of electrodeposition of copper and nickel are shown in Figures 

6-1 and 6-2. Plating times ranged from 30-120 minutes for the copper and 7.5-30 

minutes for the nickel. 

The copper deposition progression shows large grains being deposited onto the 

part with further deposition happening on these grains until a conformal film coats the 

whole part. A conformal coating was consistently achieved with 2 hours of plating for 

parts at our size scale. The images in Figure 6-1 show grain sizes of tens of microns at 

all plating times. As our macroscale parts are well above the grain size of the deposited 

copper no issues arise from the deposited topography. However, deposition onto 

microscale devices may hinder resolution of finer surface features. Total nickel 

deposition happens almost immediately followed by continued thickening of the film, 

with growth perpetuating off  the already deposited grains of the deposited film. After 

80 seconds of plating a mirror finish onto the printed carbon parts was achieved. As the 

nickel was conformally coated so rapidly and the plated nickel delaminated for the 

longer times needed for copper deposition, it was decided to not plate the parts at the 

same time scale as copper. Thicker nickel films have shown to delaminate due to  stress 



81 

 

build-up in the film[81]. Further examination of the films with SEM shows the grain 

size of the deposited films are on the nanometer scale. Nickel is known to deposit as 

nano grains[143]. The additional deposition shows growth of the previously deposited 

grains and leaves the part with a matte coating of nickel. Determining a plating rate for 

both copper and nickel allows for a better understand how the electrodeposition 

progresses on the parts. 

 
Figure 6-1: Progression of Cu electrodeposition onto SLA pyrolyzed material. 
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Figure 6-2: Progression of Ni electrodeposition onto SLA pyrolyzed material. 

 

Figure 6-3: Plating rate for copper and nickel onto the 3D pyrolyzed carbon. 

 

 By mounting and cross-sectioning flat continuous 3D printed pyrolyzed 

samples that had been electroplated, the plating rate of the films onto the carbon 
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material was measured. Six samples were measured for each data point to get the 

standard deviation of these values which is reported as the error bars in Figure 6-3. 

Copper plating rate is determined to be 0.25 µm min-1 and a nickel-plating rate is 0.335 

µm min-1. These rates show a similar trend to the behavior previously seen for 

electroplating onto carbon textiles[144], with nickel plating  slightly faster than copper. 

6.2 Electrical Conductivity  

 An obvious advantage of metallization of the pyrolyzed SLA part is the increase 

in electrical conductivity of the metallized material. As found in the study on pyrolysis 

of FLHT above (Chapter 5), the conductivity of the pyrolyzed carbon part is 9.26×104 

S m-1. After electrodeposition of copper, the average effective electrical conductivity 

of the sample increased to 1.55×107 S m-1 or a 168X increase in conductivity. 

Comparing this to industry standard copper values, the electroplated sample is 26% of 

the International Annealed Copper Standard (IACS) for conductivity. The large 

variance in conductivity from IACS is possibly due to the large surface roughness seen 

in our deposited films. It has been shown that the use of organic additives in the plating 

solution for copper electroplating onto 3D printed parts lowers the surface roughness 

and of the deposited films and increases the conductivity by 1.5X[85]. In future work 

the addition of additives to increase conductivity could be beneficial in getting higher 

quality higher conductivity copper films. 

Electrodeposited nickel on the carbon samples increased the effective electrical 

conductivity of the pure carbon part by 104X to 9.61×106 S m-1. The electrical effective 

conductivity of the electrodeposited nickel film on the carbon part is within 91% of 

commercially pure Ni 200, which has a reported conductivity of 1.05×107 S m-1. The 
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smaller grain size at which nickel deposits is most likely the factor which causes the 

nickel film to be so much closer to bulk industry standard than the copper film. 

6.3 Soldering to Electroplated Samples 

Integration of a lightweight 3D printed carbon part to electrical systems is 

limited by the ability to make electrical contact to the part. The most common method 

in which electrical contact is made between parts is soldering due to the low electrical 

resistance and high mechanical strength of solder and the solder joint. Unfortunately, 

soldering directly to carbon devices is known to be difficult due to the poor wetting of 

the solder onto carbon[79], [80]. By depositing a more solderable material onto a 

carbon device, system integration becomes significantly easier. The traces electroplated 

with copper and nickel were easily solderable whereas all attempts to solder to the bare 

carbon traces were unsuccessful. 

To test the strength of the solder joint between the wires and the plated part, 

electrical wire was soldered onto both ends of a fully plated latticed trace (Figure 6-4) 

and a tensile force was applied. The copper and nickel-plated traces fractured before 

the solder joint or delamination of the film. This result demonstrates the strength of the 

solder joint is greater than that of the trace itself, and also shows the film adhesion to 

the trace can withstand forces high enough to fracture the material The ability to 

directly solder to 3D printed electrical components greatly enables integration of these 

parts into electrical systems.  
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Figure 6-4: Soldering of Cu and Ni plated parts before and after mechanical tensile 

testing, showing the part fractures before the solder joint. 

 

6.4 Mechanical Testing of Samples 

Testing the fidelity of the solder joint and wire showed only that the solder joint 

was able to withstand forces that would break a device made of the electroplated 

material. To get an estimate of the mechanical properties of the pyrolyzed carbon 

material and the nickel plate material, analysis of tensile testing of a latticed pattern 

was done instead of normal solid dog bone structures due to difficulties in shape 

retention for large solid parts[68]. The linear lattice devices were adhered to wood 

blocks with epoxy (Loctite EA M-31CL). The wood-epoxy joint is more mechanically 
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robust than the wire-solder joint, and this setup removes any influence the plastic wire 

sleeve may have on the tensile profile.  

Figure 6-5a shows the load-displacement data of the pyrolyzed FLHT carbon 

material and the same material electroplated with 10 µm of nickel. The maximum force 

required to fracture the nickel-plated sample (6.067 N) is about 3X that of the force 

required to fracture the unplated carbon sample (1.867 N). Failure of the samples was 

observed at roughly the same displacement, lending me to believe that the failure of the 

samples comes from the fracturing of the carbon. 

Figure 6-5b shows a rendition of one unit of the linear lattice device. Due to 

the nature of the design, stress is likely to concentrate at the corners of the junctions 

between the lateral and longitudinal sections of the device. Because of this, during 

tensile testing it was expected that the devices were to fracture around these junctions. 

Figure 6-5c shows the typical fracture region obtained when tensile testing the 

pyrolyzed device. Observation shows that the device does initially fracture at one of 

these junctions and this initial fracture propagates across the lateral bar of the lattice. 

The nickel-plated samples show to break laterally along the pillar sections (Figure 6-

5d). It is believed that the nickel-plated samples are breaking at these mid pillar regions 

due to the strengthening of the junctions allowing for elongation to concentrate at the 

area with the smallest cross-section, the pillars. The overall increased strength in the 

material is most likely due to the nickel film distributing the stresses over a larger area 

and as elongation increases the pinching of the pillars causes a lateral fracture to occur.  
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Figure 6-5: (a) Stress-strain curve for unplated and Ni plated 3D printed pyrolyzed 

carbon material (b) Illustration showing naming convention for regions on the linear 

lattice. (c) Image showing propagation of fracture along the unplated sample and (d) 

propagation of fracture along the Ni plated sample. (Scale bars 100 ɛm). 

 

6.5 Modeling of Plated and Unplated Lattices* 

Finite Element Analysis (FEA) was used to model the high stress locations on 

the samples using Ansys Engineering Simulation Software (Ansys, Inc.). Figure 6-6 

highlights the relative stress distribution through the structure and supports the test data 

that the nickel coating increases the effective yields stress by distributing the stress 

from the carbon to the nickel material. In these simulations one end of the lattice is 

 
* FEA was performed by Gabriel smith of the DEVCOM Army Research Laboratory. 
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fixed while applying a tensile force of 1 N to the other end. The simulations show that 

the stresses are concentrated on the lattice trusses that are parallel to the force direction 

(pillars), while the central regions of the perpendicular trusses are the lowest stress 

regions. Very high stress regions are also observed in the corners of the junctions, 

which supports the observation that fractures happen in these regions. Figure 6-6b 

shows a cutaway section of the simulation for the nickel-plated sample which shows 

that under tensile load the stresses are distributed mainly across the nickel film further 

confirming the observational analysis. As nickel has a Youngôs modulus ~10X that of 

amorphous carbon[145], [146] the same strain in the nickel coated carbon simulation 

results in a much higher relative stress in the nickel film which is observed in Figure 

6-6b.  Moreover, the numerical simulation calculated a 3x increase in the effective 

spring constant (k) of the nickel-plated composite, which confirms the observed 3X 

increase in tensile force to cause fracture from the unplated to the nickel-plated carbon 

sample (Figure 6-5a). For the same applied force, the spring constant was 6.2e-8 N m-

1 for the carbon only and 2.1e-8 N m-1 for the nickel-plated sample. 
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Figure 6-6: Numerical analysis of von-Mises Equivalent stresses when 1N is applied 

to (a) carbon only lattice and (b) the same carbon lattice with a 10 ɛm nickel film 

showing a cross-section in an ANSYS linear simulation. Scales in Pa. 

 

 

To obtain an effective stress and the strain of the materials certain assumptions 

had to be made due to the uniqueness of the tensile sample. As observed above and 

confirmed with our model, the device initially fractures at one of the junctions causing 

the failure to propagate across the lateral bar of the lattice. Using this I can make a 

conservative estimate of the cross section of the material experiencing the applied 

tensile load, which is defined as 6 times the cross section of one of the longitudinal 
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pillars near the junction point.  Table 6-1 shows the average effective maximum tensile 

stress and modulus for two unplated and nickel-plated samples. As is expected the 

plated sample has a larger fracture stress with an increase of ~10 MPa from the pure 

pyrolyzed FLHT carbon part. The effective Youngôs modulus drastically increases 

when the sample is plated to more than 2X that of the unplated sample. This is to be 

expected as electroplated nickel films have a modulus between 100 ï 200 GPa 

depending on the processing parameters[147] and bulk glassy carbon has a modulus of 

about 30 GPa[53]. By depositing only a 10 µm thick film of electrodeposited nickel I 

have been able to significantly enhance the mechanical properties of the pyrolyzed 3D 

printed part.  

Table 6-1: Effective Mechanical Properties of Carbon Traces Before and After 

Plating with Ni. 

 
Average Effective 

Fracture Stress (MPa) 

Average Effective 

Modulus 

(MPa) 

Unplated 

Ni Plated 

25.4 ± 5.5 

33.6 ± 5.2 

872 ± 85 

2540 ± 380 
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6.6 XRD of Deposited Films. 

 To understand the crystallinity of the electroplated metals XRD analysis was 

performed. 2-theta scans were performed on the Cu and Ni electroplated pyrolyzed 

FLHT material. The Copper-plated sample measured was from electroplating for 120 

minutes, as discussed above this provides a conformal coating over the entire sample. 

Figure 6-7 shows the scan with a base scan of the mounting Si wafer. The diffraction 

peaks of the Cu film (2ɗ = 43.6Á and 50.8°) correspond to the (111) and the (200) crystal 

faces of Cu. This represents polycrystallinity in the Cu film, which comes from the 

randomly oriented grains seen during film deposition. High intensity peaks for face 

centered cubic (FCC) materials is typically the (111) reflection[148], which is observed 

here confirming the crystallinity of the electrodeposited Cu. This XRD study indicates 

that the resultant electroplated Cu film is polycrystalline FCC. 

 

Figure 6-7: XRD analysis of Cu electroplated pyrolyzed FLHT (blue) with a baseline 

scan of the Si holding wafer (red). 
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Figure 6-8 shows the 2-theta scan of a Ni plated pyrolyzed FLHT sample that 

was electroplated for 30 minutes along with a baseline scan of the Si handle wafer. 

Diffraction peaks of the Ni film are observed at 2ɗ = 44.5Á, 51.8Á, 76.4Á which 

correspond to the (111), (200), and (220) crystal faces of Ni, showing the deposited 

film is FCC. A broad peak representative of the amorphous carbon pyrolyzed FLHT 

material is observed at ~2ɗ = 20Á as well and a sharper peak at ~2ɗ = 35Á which may 

be caused by impurities in the film. From this XRD study of the Ni electroplated film 

I can be certain that the resultant Ni film is polycrystalline FCC. 

 

Figure 6-8: XRD analysis of Ni electroplated pyrolyzed FLHT (blue) with a baseline 

scan of the Si holding wafer (red). 
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6.7 Electrical Demonstrator (LED) 

Hybrid electroplated 3D printing has shown successful in the fabrication of 

electrical components such as inductors[92], capacitors, and high pass filters[39]. 

Figure 9b shows a simple embedded light emitting diode (LED) circuit fabricated from 

electroplated pyrolyzed carbon traces. I designed a device that has electrical pads 

connected by a latticed trace, with the traces connected in the middle for ease of 

handling and detaching. After pyrolysis and electrodeposition, it is then possible to 

laser-cut the middle trace to electrically isolate the circuit to prevent shorting of the 

device. Figure 9a shows a graphical rendition of the process. This simple demonstrator 

piece can be expanded to include a network of pads that can then be subsequently 

isolated for more complex structures. 

 To further demonstrate the effectiveness of the process of electroplating metals 

onto pyrolyzed SLA parts copper and nickel was plated onto fully 3D complex lattices 

(Figure 9c-e). The 3D lattice was attached to the power supply by threading a small 

gauge wire between the gaps and used as the cathode in the same plating solutions used 

above. Figure 9d shows a uniform film of copper around the perimeter of the lattice 

with the interior of the 3D lattice being largely unplated. This has a potential for future 

designs in selective electroplating of pyrolyzed SLA 3D parts. This interior shielding 

is not present in the Ni plated 3D lattice (Figure 9e) and a uniform film is observed 

over the entire lattice. These phenomena need further investigation to understand why 

the copper plating process results in an unplated section and the nickel electroplating 

process shows full infiltration of a deposited film. A possible cause for this is additives 
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in the commercial nickel plating solution making for a more finely tuned plating than 

the simple copper solution.  

 These demonstrations of metallizing full 3D complex structures and the ability 

to embed electrical components onto the electroplated pyrolyzed SLA material show a 

direction forward in the development of low-cost fully 3D printed electronics. 
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Figure 6-9: (a) Schematic of the workflow to create an electroplated pyrolyzed SLA 

LED circuit and (b) a photograph of the working LED circuit. (c) Pyrolyzed carbon 3D 

printed 3D lattice. The same lattice electroplated with (d) Cu and (e) Ni. 
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Conclusions 

Here I reported on a new technique for metalizing pyrolyzed carbon SLA 

printed parts via electroplating to create lower resistance higher strength metal-carbon 

devices. This process is developed on a commercially available inexpensive SLA 

printer and electroplating setup, allowing for a low-cost method in which to print and 

manufacture metalized devices, while using the design freedom SLA affords. I 

demonstrated that through electroplating of the SLA pyrolyzed carbon material with 

either copper or nickel increased the effective conductivity of the parts by 168X and 

104X respectively. An increase of mechanical properties of the electroplated material 

was also shown with and increase of fracture stress of ~32% and a more than 2X 

increase in the effective Youngôs modulus when comparing the pure carbon material 

to the same part electroplated with 10 µm of nickel. Development of complex 3D 

metalized devices by this method has the potential to advance how we manufacture 

inexpensive light-weight electrical components. 
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Chapter 7:  Electroplating Pyrolyzed 2PP Printed Carbon* 

Metallization of 2PP printed microdevices devices has been done using the 

typical microdevice metallization processes sputtering and evaporating [149].  With the 

incredible resolution afforded by 2PP it was found that electrically isolated devices can 

be manufactured depending on the design gaps in the device. This finding by 

Bergbreiter et al. is very interesting for developing complex 3D micro-electrical 

systems via design, printing, and metallization as the isolation of devices helps limit 

shorting within the circuit when sputtering or evaporation is performed. However, their 

finding also helps shed light on how gaps in 2PP printing limit the conformal coating 

during metallization. As proven with electrodeposition of pyrolyzed SLA 3D printed 

parts above (Chapter 6), conformal coatings of metals can be achieved by using the 

conductive pyrolyzed carbon material as the cathode in a simple 2 electrode 

electrodeposition process. Metallization of the pyrolyzed 2PP carbon material should 

also show an increase in the electrical and mechanical properties of the material. 

 In this chapter I demonstrate the first electrodeposition of metals onto pyrolyzed 

2PP photopolymer. I will discuss the novel process by which electrodeposition was 

achieved on the 2PP carbon material. After metallization I investigate the electrical and 

mechanical properties of the plated material compared to the bare carbon material.  

 

 
* Portions of this chapter are reproduced from Ref. [150]. 
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Figure 7-1: Pyrolization and electroplating schematic. (a) Two-photon polymerization 

of a photocurable resin results in the manufacturing of (b) complex 3D printed polymer 

microdevices. (c) By heating these polymer devices in an inert atmosphere, the polymer 

devices thermally decompose into amorphous carbon microdevices. The carbon 

devices show increased electrical conductivity with increased temperature but are 

more brittle than the as printed parts. (d) Through electroplating, the pyrolyzed carbon 

2PP parts become (e) metal coated, increasing the conductivity further as well as the 

maximum load force for the device. Reprinted with permission from [150]. Copyright 

2022, IEEE. 

 

7.1 Electrodeposition of 2PP Pyrolyzed Photopolymer 

We electroplated 3D printed pyrolyzed carbon samples to demonstrate the 

ability to integrate metals onto these highly structured conductive devices. We 

electroplated both copper and nickel onto distinct pyrolyzed 2PP devices. By using a 

plating current of 0.001 A for each metal, we found that conformal, well adhered films 

of copper and nickel were each deposited on the 2PP carbon samples. Plating dosages 

were determined by applying a current for 1 minute at a time until the surface of the 

part was completely coated with a layer of metal. We found that at a plating current of 

0.001 A a plating dosage of 0.012 A m was sufficient to fully plate all our samples in 

both Ni and Cu. Cu nucleates onto the surface in granules with a size regime of tens of 

microns (Figure 7-2a). As the feature sizes of our 3D pyrolyzed carbon devices are on 

ŀ ō Ŏ Ř Ŝ 



99 

 

the single micron scale, the deposition onto these microscale devices may hinder 

resolution of finer surface features. To take advantage of our electrodeposition process 

for Cu onto 2PP pyrolyzed carbon devices, the scale of the devices for Cu deposition 

needs to be increased so the minimum resolution is at least that of the Cu grains. 

Another possibility is in adjusting the electroplating process to minimize deposited 

grain size. This has been widely studied and by adjusting our plating temperature or 

through pulse plating should result in smaller electrodeposited grains of Cu[151]. 

 

Figure 7-2: SEM micrographs of a pyrolyzed 3D printed carbon University of 

Maryland Testudo, electroplated with (a) Cu and (b) Ni. Reprinted with permission 

from [150]. Copyright 2022, IEEE.  

 

While our electroplating process shows Cu deposits down to large 10 µm 

grains, Ni deposition using a Ni sulfamate plating solution shows deposition of Ni on 

the nanoscale (Figure 7-2). This allows us to take full advantage of the size scale at 

which we can 3D print carbon MEMS devices. Through Ni plating of pyrolyzed 2PP 

printed 3D devices we are able to develop and manufacture complex 3D printed metal 
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MEMS devices at the size scale normally afforded on to 2-2.5 D traditional MEMS 

processing techniques. 

7.2 Electrical Measurements 

One of the main advantages of being able to metallize a material is the reduction 

in electrical conductivity. Metallization through electroplating has been used 

extensively to increase the electrical properties of materials and has been successfully 

used in decreasing the resistance found in hybrid metal-polymer filaments for 3D 

printing[85], [152].  

Figure 3 shows 2PP pyrolyzed traces of differing length as-pyrolyzed (Figure 

7-3a) and after electroplating with Ni (Figure 7-3b). The traces were designed so that 

after pyrolysis the cross section of each trace would be 1µm×1µm.  
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Figure 7-3: Digital images of resistive traces of (a) pyrolyzed 2PP carbon and (b) Ni 

plated pyrolyzed 2PP carbon, for four-point probing resistance measurements. The 

trace design is such that after pyrolysis of the device the cross section is 1µm×1µm 

along the trace. (scale bars: 200 µm) Reprinted with permission from [150]. Copyright 

2022, IEEE.  

 

Four-point probe resistance measurements were performed on the 2PP 

pyrolyzed carbon traces before and after electroplating with Ni.  Table 7-1 shows the 

change in resistance along traces before and after electroplating with Ni. The 

predictable decrease in resistance across the devices is seen in all except in the 1000 

µm sample where the resistance is less than the 800 µm. This is most likely caused by 

inconsistencies in placement of the probes on the samples.  However, the resistivity 

improvement from the unplated trace to the Ni plated trace remains up to a 200 to 1 

aspect ratio before starting to fall off due to the high resistivity of the carbon seed. This 
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behavior can be attributed to the added resistance of the material as the trace length 

increases. The higher resistance leads to an uneven plating distribution across the 

device, as more plating is seen closer to the contacts in overplated samples. 

Table 7-1: Measured Resistance of Carbon Traces Before and After Plating with Ni. 

Trace Length 

(µm) 

Unplated Resistance 

(Ý) 

Plated Resistance 

(Ý) 

╡╤▪▬■╪◄▄▀
╡╟■╪◄▄▀

 

100 

200 

600 

800 

1000 

4.2 

6.2 

14 

18 

17 

0.081 

0.013 

0.45 

0.69 

1.1 

51 

45 

31 

25 

16.0 

 

7.3 Mechanical Measurements 

Incorporating a mechanically robust metal, such as Ni, to a brittle material, such 

as the 2PP pyrolyzed carbon, should prove to increase the mechanical strength of the 

hybrid system. To test the increased mechanical properties of electroplating Ni onto 

2PP pyrolyzed materials, we metallized 2PP pyrolyzed lattices and provided a 

compressive load to the top of both an unplated and a Ni plated lattice. Lattices have 

been widely used to test the mechanical properties of 2PP carbonized geometries [50].  

Figure 7-4 shows lattice structures before and after plating. A fully pyrolyzed 

carbon lattice with excellent shape retention is observed in Figure 7-4a. At the base of 

the lattice the effects of shrinkage are observable, the lattice cells attached to the base 

are stretched as the structure shrinks and the base stays adhered to the substrate during 

pyrolysis. This is a well-studied process caused by mass loss during pyrolysis [50], 

[51], [128]. Following Ni plating with a current of 0.001 A with a plating dosage of 



103 

 

0.012 A m in the same process described above, we observe a conformal Ni coating 

over the entire structure (Figure 7-4b).  

Figure 7-4: Pyrolyzed 3D printed carbon lattices with a truss cross-section of ~0.5 um 

(a) unplated and (b) plated with Ni. Reprinted with permission from [150]. Copyright 

2022, IEEE.  

By applying a compressive load to the lattices, we can observe when the 

structures begin to break under a loaded force. Figure 7-5 shows the results of the 

compression testing on both unplated and Ni plated lattices of the same geometry. The 

unplated lattice begins to show flexing in the structure starting at ~ 1×104 µN with 

initial breaking in the structure happening at ~ 2×104 µN. This is followed by a 
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turbulent area in the force displacement curve which we attribute to further crushing of 

the structure. The Ni plated sample shows an increase in mechanical resilience with a 

4X increase in the maximum compressive load before failure for the plated device. The 

maximum compressive load before failure of the Ni plated lattice is observed at ~8×104 

µN. We also observe the loading displacement at which the devices break increases in 

the Ni plated sample, from 30 µm (unplated) to 40 µm (plated). This means that Ni 

plated devices should be able to handle larger displacements before failure. 

 

Figure 7-5: (Left) Ni electroplated carbon lattice after mechanical testing. (Right) 

Results of micro-compression testing of a lattice unplated and plated with Ni. The Ni 

plated sample shows a 4X increase in the maximum compressive load withstood before 

failure. After the initial break in the unplated sample a turbulent region is observed in 

the compression data, which is attributed to the further crushing of the broken 

geometry. Reprinted with permission from [150]. Copyright 2022, IEEE. 

Conclusions 

In this chapter I demonstrated a process in which to easily metallize 2PP printed 

carbon devices using simple 2-electrode electroplating. In doing so I am able to show 

a greater than 50X decrease in the electrical resistance across resistive traces. I also 

demonstrate a 4X increase in the maximum compressive load for devices compared to 

unplated samples. 
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The fully 3D designs enabled by this work is revolutionary in the development 

of 3D MEMS, with potential applications ranging from thick metal proof masses on 

3D springs for inertial sensors to complex antennas for RF sensing. 
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Chapter 8: 3D Printing of Carbon-hBN Structures 

I have looked at increasing the electrical and microstructural properties of the 

pyrolyzed SLA and 2PP photopolymers via increasing the pyrolysis temperature. I was 

then able to demonstrate electrodeposition of metals onto the pyrolyzed carbon 

materials as a way to increase the electrical and mechanical properties. Now I will 

examine using an additive filler material in the SLA and 2PP photopolymers as a way 

to increase the mechanical properties of the pyrolyzed photopolymer. 

BN additives have been used in the development of increased mechanical 

properties of 3D printed SLA parts[116], [117], [121], [153]. As has been discussed 

above in Chapter 6.4 the mechanical properties of carbon materials derived by 

pyrolysis of SLA resins results in electrically conductive materials that are weak and 

brittle. Through pyrolysis of 3D printed hBN mixed composite resins I expect that the 

pyrolyzed composite material will be more mechanically robust than the pure 

pyrolyzed resin material. 

8.1 Experimental Methods 

8.1.1 Mixing of Photoresins 

8.1.1.1 Resin for SLA Use 

 

 As has been previously discussed FLHT Resin has shown to maintain the 

geometrical shape of 3D printed parts during pyrolysis, while other commercially 

available photoresins have failed such tests[68]. Due to the shape retention capabilities 

and the known processing by which pyrolysis can be performed, FLHT was chosen as 

the base resin for manufacturing an hBN/photoresin composite for SLA. hBN 
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containing composite photoresin was manufactured through mixing of hBN powder 

(MicrolubralTM hBN Ultra Fine Grade Powder 0.5µm) with the FormLabs High 

Temperature Resin V2 using Silverson L5M-A high shear mixer. Mixing was 

performed at a mixing speed of 6000 RPM in one-minute intervals to limit heating of 

the resin. A homogenous composite resin was achieved after 3 minutes of mixing. 

8.1.1.2 Preparation of 2PP hBN containing Photoresist  

 

Pyrolysis of the 2PP photoresist IP-Dip has been widely studied and 

characterized with many examples reported above [50], [51], [128]. Manufacturing of 

a hBN/IP-Dip photoresist was performed through mixing and sonication of hBN 

powder and IP-Dip. Due to the small amount of 2PP resist needed for experimentation 

shear mixing was not viable due to the requirement to submerge the mixing head into 

the resist. To mix the hBN composite resin for 2PP a combination of vortex mixing, 

and sonication was used. Vortex mixing was done for 2 minutes followed by two 

minutes of sonication at room temperature, this was repeated until a homogenous 

mixture was achieved (12 minutes total). 

8.1.2 Depth of Cure 

 To determine the viability of printing the manufactured hBN/photoresist 

composites a depth of cure analysis was performed. As a sizeable amount of resist is 

required in determining the depth of cure, the analysis could only be performed on the 

composite SLA photoresist. Depth of cure was performed by irradiating samples with 

a 405 nm UV laser, the same wavelength used in the Form 2 for photopolymerization. 

The working distance between the laser and the surface of the resin was set to be 40 

mm and the irradiance is 20 mW/cm2. Samples of varying thickness were obtained by 

varying the exposure time. Exposed samples were cleaned with IPA and then measured 
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at the thickest point with calipers to obtain a cure depth for a given exposure time. Full 

depth of cure analysis is detailed in a following section. 

8.1.3 3D Printing the Composite Materials 

8.1.3.1 SLA 

 

 SLA 3D printing was performed using the hBN/FLHT composite on the 

FormLabs Form 2 3D printer. Printing was performed using the open mode on the 

printer, which allows for custom resins to be able to be added to the printer. When the 

open mode of the printer is activated the heating element of the tool turns off. Attempts 

to print with a preheated resin tank full of the composite hBN resin and a room 

temperature tank resulted in no discernable difference in printing.  

 Specific printing parameters, such as laser power and scan speed, are not 

available to users of the Form 2 to alter, requiring the user to choose from a preselected 

printing recipes for the individual commercially available resins. In testing of 

preselected recipes, it was found that by using the FormLabs recipe for printing White 

V4 resin resulted in the most uniform print when compared to design. 

 Printed parts were developed in IPA for 10 minutes rinsed with IPA and 

resubmerged into a new tank of IPA for 10 minutes. Following development, parts were 

cured in a FormLabs Cure System for 90 minutes at 60 oC. 

8.1.3.2 2PP 

 

 The Nanoscribe Photonic GT was used to 3D print hBN/IP-Dip composite 

photoresist. To avoid contaminating the laser optic with hBN particles the composite 

resin had to be performed in the oil immersion method of printing with the tool, which 

is discussed in Chapter 8.3.1.  
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8.1.4 TGA and Pyrolysis 

 Thermogravimetric analysis (TGA) was performed using TA Instruments 

TGA5500 on the V2 resin by heating the material with a ramp of 5 °C min-1 up to a 

temperature of 900 °C. 

 Pyrolysis of all samples was performed using the Mark III 3000 High 

Temperature Induction Furnace (IVI Corp.) under vacuum (10-4 atm.) with an argon 

flow. The pyrolysis schemes for each composite resin is the same for whichever base 

resin was used in manufacturing. 

8.1.5 Microstructural and Mechanical Characterization 

8.1.5.1 Raman Spectroscopy 

 

 From the previous studies, Raman measurements were gathered using a Witec 

Raman spectrometer under a 60x objective with a 532 nm laser calibrated at 500 mW 

at the sample prior to measurements. Spectroscopy was performed on both the 

pyrolyzed SLA and 2PP hBN composite resins. 

8.1.5.2 Tensile Testing 

 

 Mechanical tensile testing of the pyrolyzed composite resins was performed on 

dog-bones modelled after ASTM D638 Type1 using an ADMET MTest Quattro strain 

analyzer. 

8.1.5.3 Hardness Testing 

 

 Mechanical hardness testing was performed with a Hysitron TriboIndenter 

nanomechanical testing system equipped with a Berkovich diamond tip. Pyrolyzed test 

samples were adhered to magnetic AFM/STM metal specimen discs using glue. The 

pyrolyzed hBN composite resins were compared to their pyrolyzed pure resin 

components. 
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8.2 SLA of hBN Composite Resin 

8.2.1 Depth of Cure Analysis 

 Printing parameters of photosensitive resins are very finely tuned to maximize 

the resolution and finish of 3D printed parts. Introducing an additive to a resin changes 

the dispersion and depth of cure of the laser, thus a change in the printing parameters 

is required; however, if too much additive is introduced there is the possibility that 

photolysis can no longer be achieved within the resin. To determine what compositions 

of hBN composite SLA resin would be able to be printed with the FormLabs Form 2 

printer, a depth of cure analysis was performed on hBN/SLA composite resin with 

varying weight percentages of hBN. The weight percentages of hBN in the composite 

resin tested were 1 % wt., 2 % wt., 3 % wt., 4 % wt., and 5 % wt. From the only other 

study performed on hBN/FLHT composite resins[117], higher weight percentages of 

hBN were not examined as these have proven unsuccessful in printing [116], [117]. 

 Depth of cure was performed by exposing manufactured hBN/FLHT composite 

resins of differing wt % hBN to exposure times of 5s, 10s, 15s, 20s, and 25s followed 

by measuring the thickness of each sample. Figure 8-1 shows the results of the depth 

of cure analysis. Exposure of the 1 wt % and 2 wt % resins show little variation in 

thickness, up until ~15s of exposure time. Above this the 1 wt % shows a thickness 

differential of ~ 0.1 mm more than the 2 wt %. This shows the effect of scattering 

caused by the addition of larger concentrations of hBN. There appears to be a trend that 

cure depth quickly decreases from 1 wt % hBN to 3 wt % hBN and then begins to more 

slowly decrease as more concentration of hBN is added to the composite. In order to 
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better understand what wt % of hBN will be printable with the Form 2 printer more 

analysis of the depth of cure of the composites is needed. 

 

Figure 8-1: Cure depth analysis of composite hBN/SLA resin with different weight 

percentage of hBN with differing exposure time. 

 

8.2.3 Working Curve  

To further understand how the scattering of the laser is affected by the addition 

of hBN filler a working curve analysis is performed on the hBN/FLHT composite 

photopolymer with the same differing weight percentages of hBN. The working curve 

equation and analysis is discussed previously in Chapter 1.1.3, but the general idea is 

that through using the working curve equation (Equation 1) it is possible to obtain 

inherent material properties of the photopolymer. These properties are penetration 

depth (Dp) and critical exposure (Ec), which are the distance where the laserôs energy 

attenuates to 1/Ὡ of the surface energy and the minimum amount of energy required to 

begin photoinitiation respectively. The Dp and Ec are typically used to calibrate the 

SLA process for each new formulation of resin. As the working curve analysis uses the 
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same data inputs as the depth of cure analysis, I am able to use the same data obtained 

above.  

 

Figure 8-2: Working curves of (a) 3 wt % hBN composite resin showing Dp and Ec and 

(b) working curves for all formulations of hBN/FLHT composites being tested. 

 

 In this study the working curve analysis is used to understand how the exposure 

time affects the penetration depth, which can improve adhesion in the printing process. 

The working curve is also used to further assess the viability of printing with specific 

amounts of wt % of hBN in the composite. By using the data from the depth of cure 

study, a semi-log plot was produced for each different wt % of hBN composite (Figure 
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8-2). Figure 8-2 shows the obvious, that as exposure energy increases so too does the 

dure depth of each composite. However, as more wt. % of hBN is introduced into the 

composite the slope of the linear fitted of the data begins to decrease. As the slope of 

this curve is the Dp of the composite this makes sense, as there is more filler for light 

to scatter off. The Ec of the composites is determined by the x-intercept of the linear it 

and shows to decrease as more wt % of hBN is added to the composite. This seems 

counterintuitive as the more additive there is, the lower energy required to initiate 

photopolymerization, however, in resins that involve optical scattering, nonlogarithmic 

behaviors have been observed where the reduction in Dp did not follow with an increase 

in Ec [16], [117]. It is a possibility that absorption of light due to scattering within the 

material is causing this however it may also be that the working curve linear fitting is 

more complex for composite materials and needs a more intricate model to extract the 

Ec of composite resins. The values of the Dp and Ec for each composite are tabulated in 

Table 8-1. 

Table 8-1: hBN/FLHT Composite Resin Constants from Working Curve Analysis. 

wt % of hBN in 

Composite 
Dp (mm) Ec (mJ/cm2) 

1 

2 

3 

4 

5 

0.22 

0.16 

0.12 

0.090 

0.085 

42 

30 

31 

22 

25 

 

The reduced penetration depths of the higher wt. % hBN composite are still 

within the printable resolution of the Form 2 printer (25-100 ɛm); however, taking into 

account the cure depth analysis there may be some issues with maintaining successful 
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prints with the 4 and 5 wt % hBN composites. From this it was chosen that large scale 

printing with the hBN/FLHT composite would be done with an hBN wt % composition 

of 3%. 

The large batch of composite resin for 3D printing 223.84g of FLHT resin was 

mixed with 6.13g of hBN using the above procedure. The resulting hBN/FLHT 

composite resin thus contains 2.66 % wt. hBN, this composite was used for all 

experimentation. 

8.2.4 Print  Optimization 

Depth of cure analysis proved that this composite would be printable using a 

FormLabs Form 2 printer, however getting the composite to print required 

optimization. The z-height offset of the printing platform, with respect to the resin tank, 

was adjusted until a well adhered sample was achieved. Initially, with a z-offset of 0.00 

mm it was found that parts were delaminating during the printing process and in some 

instances not adhering at all. Figure 8-3 shows an example of a failed print caused by 

delamination of the part from the build platform during printing. It was found that a z-

height offset of -0.5 mm resulted in the most reliable successful prints. By lowering the 

build plate closer to the resin tank screen, it is possible to promote adhesion of the 

sample to the aluminum build platform. Excessive z-offset (< -0.5 mm) led to adhesion 

of the sample being too great between the resin tank and the build platform and sample 

peeling during printing resulted in tearing of the silicone resin tank. 
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Figure 8-3: Failed print of hBN/FLHT composite resin of a dog bone structure. The 

cause of the print failure is partial delamination of the sample from the build plate 

during the print. 
 

During some prints there would occasionally be failures when printing in the 

center of the build plate. This led to the examination of how the position on the build 

plate affected the print quality. By printing test dog bone structures at varying positions 

on the build plate I found that the optimal printing position tended towards the extreme 

corners of the build plate. It is thought that this is due to the slightly decreased distance 

between the build plate and the resin tank as the silicone screen warps around the edges 

of the build plate. Figure 8-4 shows the regions that were found to be most successful 

in printing. 
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Figure 8-4: Regions of the build plate of the Form 2 which were found to be the most 

successful in printing of the hBN composite resin. 

 

 As the FormLabs Form 2 does not allow full control of laser power and dosage, 

users rely on using a preset printing recipe for each individual resin. These recipes are 

chosen when loading in CAD designs in the Preform compiling software that is used 

to create printable files on the Form printer. As the base resin in the hBN/SLA 

composite resin is FormLabs High Temperature V2, the recipe for that specific resin 

was chosen when initially printing. However, samples printed with this set recipe 

tended to fail during prints, either delaminating or over adhering to the resin tank 

causing tearing of the resin tank. By testing other preset recipes, it was found that using 

the FormLabs White V4 resin recipe produced successful samples more often than the 

FLHT recipe. 

 While running the Form 2 in Open mode, allowing for using custom resins, the 

printer turns off the wiper blade and the heating element. The last parameter I examined 

for optimization of the printing process was how pre-heating the resin tank affected the 

print. From printing unheated and heated samples, it showed there was no discernable 

difference in affecting the success of a print if the resin was heated up or not. 
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Curing of a printed and developed SLA 3D printed sample is very important in 

ensuring the quality of the final printed part. This ensures that any unpolymerized resin 

trapped within the sample is polymerized and will not lead to any defects in the part 

when in use. Following printing all samples were cured using the curing parameters 

discussed in Chapter 5, 90 minutes at 60 oC in the FormLabs Cure system which uses 

a 405 nm LED bulb. These parameters were previously optimized for curing of the 

FLHT material. 

The optimum printing parameters of the composite hBN/FLHT resin were 

found to be: setting the z-height offset of 0.5mm; printing as close to the corners as 

possible; using the White V4 preset recipe when loading a print in with PreForm; with 

the resin at room temperature. With these optimized printing parameters, I was able to 

manufacture complex 3D printed parts composed of the polymerized hBN/FLHT 

material. Figure 8-5 shows a few images of such printed samples.  

 

 

Figure 8-5: Collage of successfully complex 3D printed hBN/FLHT samples. 
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The ability to consistently and reliably 3D print hBN composite resins with 

SLA systems allows for the development of complex 3D architected devices that can 

take advantage of the mechanical and electrical properties of hBN, such as complex 

robust dielectric materials for 3D electronics as well as thermal management 

applications. This ability to 3D print hBN composite SLA resins has also showed 

promise for the increase of mechanical properties of the printed composite material 

when compared to the properties of the precursor[116], [121], [153].  

8.2.5 Part Design  

As described in Chapter 5 shape retention is integral in the development of a 

pyrolysis process, as with poor shape retention parts distort and fracture. As was 

discovered in the above chapter on shape retention of pyrolyzed FLHT a maximum 

feature size of 0.2 mm was found to result in very good shape retention. Because of 

this, initial designs were made with a thickness of 0.2 mm. The printing of parts with 

the designed thickness of 0.2 mm resulted in much thinner parts that tended to curl 

during development and curing. This is most likely due to the increased z-offset in 

which was required to get well adhered parts on the build plate. Thickening of the 

designed parts was required and were designed with a 1 mm thickness. 

Previous studies into the pyrolysis of SLA 3D printed parts note that latticing 

helps with shape retention during pyrolysis and overall strength of the printed part[68]. 

The shape retention during pyrolysis of latticed parts is thought to be due to the shorter 

diffusion path that volatiles must take during the outgassing of the parts, otherwise the 

volatiles will get trapped and cause deformations and voids within the part. Latticing 

was attempted with printed hBN/FLHT composite parts however the space between 

lattice trusses tended to be filled with cured resin. Figure 8-6 shows an example of the 
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cured material between the lattices, which is not designed to be there, compared to the 

Designed part. This curing of material between the designed lattices is thought to be 

caused by the diffusion of the laser in the resin. This is also reinforced by observations 

of cured regions around the edges of printed parts. The diffusion within the resin means 

latticing is not feasible for small dimension gaps without further cutting and processing 

of printed samples. I chose not to lattice parts for experimentation and solid parts were 

used for further experimentation. 

 

Figure 8-6: (a) CAD design for 3D printed part and (b) actual part after printing 

showing over polymerization happening between designed lattices caused by scattering 

of the laser within the composite resin. 

 

8.2.6 Observational Results of Pyrolysis 

 Through pyrolysis of the 3D printed composite hBN/FLHT resin it is possible 

to develop a hybrid hBN/pyrolyzed carbon material that shows increased mechanical 
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properties from the pure pyrolyzed FLHT carbon material. hBN is a known additive 

that has shown the ability to increase the mechanical properties of 3D printed 

materials[116], [153]. By applying a similar pyrolysis scheme outlined in Chapter 5 I 

was able to successfully demonstrate the ability to pyrolyze the composite hBN/FLHT 

resin while retaining the original geometry of the part before pyrolysis. As the precursor 

resin for the composite material has not changed from my previous study it was 

assumed that this scheme should work for the composite printed material. To confirm 

this, TGA was performed on the composite SLA resin. Figure 7-6 shows the pyrolysis 

scheme as well as the TGA graph for the composite material and the TGA curve for 

the FLHT resin. The TGA curves for both the FLHT and hBN/FLHT composite are 

almost identical. They follow almost the exact decomposition profile, but with the hBN 

composite material plateauing at a slightly higher final decomposition temperature. 

This is most likely due to the presence of hBN in the composite that does not 

decompose out of the material during pyrolysis. From this it shows that the pyrolysis 

scheme used to pyrolyze pure FLHT samples should be acceptable in pyrolyzing the 

composite hBN/FLHT resin. 
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Figure 8-7: (a) Pyrolysis Scheme of the hBN/FLHT composite resin and (b) TGA of the 

composite (black) overlayed with the TGA of the FLHT resin (blue). 

 

Figure 8-8 shows a printed composite hBN/FLHT before (a) and after pyrolysis 

(b). The pyrolyzed sample shows drastic deformation caused by stresses in the material 

during pyrolysis resulting in curling. To possibly limit the deformation of samples 

during pyrolysis I examined how the sample performed during pyrolysis while 

weighing the samples down with an alumina crucible. The alumina crucible was chosen 

as it weighed significantly more than the samples and could survive the extreme 

temperatures. Figure 8-8c shows a sample that was weighed down using this method. 
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The sample that was weighed down shows very good shape retention especially as the 

sample was printed at a much thicker dimension of 1 mm than the previously found 

maximum feature size of 0.2mm found for the pure FLHT pyrolyzed material. This 

confinement of the sample allows for the limitation of deformation caused by rapid 

outgassing causing bubbling. Unfortunately, this method only allows for more planar 

structures to be manufactured as the excess weight would cause deformation of higher 

dimension structures during the softening stage of pyrolysis. However, with the ability 

to successfully print and pyrolyze the planar structures manufactured with the precursor 

hBN/FLHT allows for ease of characterization of the material. 

 

 

Figure 8-8: hBN/FLHT SLA printed dog bone (a) before and (b) after pyrolysis. (c) a 

dog bone structure pyrolyzed by weighing down with an alumina crucible. 

 

8.2.7 Characterization 

8.2.7.1 SEM and EDS  

 

 SEM imaging was performed on the pyrolyzed hBN/FLHT material to examine 

the microstructure of the surface of the material. Figure 8-9 shows an SEM micrograph 
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of the 900 oC pyrolyzed composite material. The micrograph shows a very rough 

surface with large flakes of the pyrolyzed material with spherical particles embedded 

in the flakes. These particles are the hBN powder, as they are roughly the same particle 

size of the hBN powder used to manufacture the composite material. It is believed that 

the pyrolyzed composite hBN/FLHT material is composed of pyrolyzed carbon with 

hBN particles embedded in the carbon matrix, due to the pyrolysis of an organic 

material resulting in a pyrolytic carbon material[53]. 

 

Figure 8-9: SEM micrograph of the pyrolyzed hBN/FLHT material. 

To better understand the composition of the pyrolyzed hBN/FLHT SLA printed 

material EDS was performed. As the material undergoes pyrolysis it is expected that 

the overall composition of hBN within the material will increase as the material 

undergoes mass loss. This is confirmed in the EDS spectra. From Figure 8-10 the 

spectra and composition determined from the fit show that there is 19.76 weight 

percentage of boron in the material. The reported weight percentage of boron in the 
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composition represents the weight percentage of hBN in the material. The weight 

percentage of hBN increases from 2.66 wt. % before pyrolysis to 19.76 wt. % after 

pyrolysis at 900 oC or an increase of ~7.5 X. 

 

Figure 8-10: EDS spectra and fit of the pyrolyzed composite hBN/FLHT material 

shown in the SEM micrograph. The composition of the material is derived from the 

spectral fit.  

 

 The drastically larger weight percentage of hBN in the pyrolyzed material from 

the unpyrolyzed composite allows for this material to be useful in devices and fields 

which may require much larger compositions of hBN than the SLA hBN composite 

resin can provide. The increased weight percentage of hBN within the material has 
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applications in development of highly thermally conductive and harsh environment 

devices[111]ï[113], [115]. 

 

8.2.7.2 Raman Spectroscopy 

 

 Spectral analysis of the Raman spectra of pyrolyzed samples has been helpful 

in determining the types of bonding and underlying microstructure found within the 

materials[132], [134]. Figure 8-11 shows the Raman spectra of the hBN/FLHT 

composite resin pyrolyzed at 900 oC. The spectra shows the prominent D and G peaks 

representative of amorphous carbon and resemble the spectra of the pyrolyzed FLHT 

material (Figure 5-4). Analysis of these peaks has been previously reported in the 

above study in Chapter 4.2.1. However, within the D peak of the pyrolyzed 

hBN/FLHT material there is a very sharp E2g peak corresponding to the hBN within 

the material. This spectrum confirms the observation from the SEM micrograph that 

the material is made up of amorphous carbon with hBN suspended within the carbon 

matrix.  
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Figure 8-11: Raman Spectra of the pyrolyzed hBN/FLHT material. 

8.2.7.3 XRD 

 

The Raman spectra shows that the pyrolyzed hBN/FLHT composite material is 

made up of an amorphous carbon containing sp2 and sp3 hybridized carbons with hBN 

in the carbon matrix. Performing XRD on the material will allow for further 

characterization of the amorphous structure of the pyrolyzed composite. Figure 8-12 

shows the XRD 2-theat scan of the 900 oC pyrolyzed hBN/FLHT material as well as a 

baseline scan of the silicon holding wafer. The scan clearly shows all of the 

characteristic hBN peaks [154]. There is also a semblance of wide broad peaks at 2ɗ = 

~23° and ~44° which are most likely from the amorphous carbon matrix of the material 

as these are representative of the (002) and (100) faces of graphite, meaning that the 

carbon matrix contains very low crystallinity however there is some graphitization 

within the material. As the hBN peaks are very narrow and sharp the hBN within the 

material is very crystalline. The XRD analysis of the pyrolyzed hBN/FLHT material 
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helps confirm that the material is composed of an amorphous carbon structure that has 

highly crystalline hBN suspended within the material. 

 

 

Figure 8-12: XRD 2-theta scan of the pyrolyzed hBN/FLHT material (blue) with a 

baseline scan of the mounting wafer (red). 
 

8.2.7.4 Tensile Testing 

 

 Through mixing of BN into an SLA resin it has been shown that the yield 

strength of the SLA printed scaffolds increased by 23.8% with the increase of BN in 

the composite[116]. This leads to the idea that pyrolysis of an hBN/SLA composite 

resin should ultimately result in a more mechanically robust material than the pure 

pyrolyzed SLA resin. Similar to testing the mechanical properties of the pyrolyzed 

FLHT material (Chapter 6.4), tensile testing was performed on the pyrolyzed 

hBN/FLHT composite material. With the ability to retain shape geometry of solid flat 

pieces during pyrolysis through applying a weight during pyrolysis, solid dog bone 

structures modelled after ASTM D638 Type 1 were manufactured and pyrolyzed. The 
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initial designs of the hBN/FLHT composite dog bones follows the exact design laid out 

in the ASTM D638 manual. The printed structures were then developed, cured, and 

pyrolyzed at 900 oC following the same procedures laid out for the hBN/FLHT 

composite resin. However, shrinking during pyrolysis resulted in ASTM D638 dog 

bones of reduced size. Table 8-2 shows the average gauge length, thickness and width 

of the pyrolyzed dog bones. 

Table 8-2: Physical Characteristics of the Pyrolyzed hBN/FLHT Dog Bones. 

Average Gauge Length 

(mm) 

Average Thickness 

(mm) 
Average Width (mm) 

8.9 ± 0.3 0.47 ± 0.03 2.06 ± 0.01 

 

 As the material is still very brittle, mounting of the samples to a more rigid 

material is required in order to be able to clamp to the devices for tensile testing. The 

dog bone structures were mounted to wood blocks using Loctite EA M-31CL. This 

allows for the dog bones to be able to be mounted into a standard tensile tester for 

measurement. Figure 8-13a shows a pyrolyzed dog bone mounted in the tensile tester. 

Figure 8-13b shows a representative force-displacement curve for the hBN/FLHT 

pyrolyzed material. The dog bone fractured at a force of 3.75 N just shy of 0.2 mm of 

displacement. When comparing this to the tensile fracture force required to fracture the 

pyrolyzed FLHT carbon material from Chapter 6.4 the maximum load increased by 

~2X while the displacement decreased by ~10X. Direct comparison of the force-

displacement curves of the pyrolyzed carbon FLHT material (Figure 6-5a) with the 

pyrolyzed hBN/FLHT material does not account for the difference in the geometry of 

the test structures. The pyrolyzed FLHT material was a latticed structure as obtaining 
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flat test samples had proven difficult (Chapter 5.2). By converting the obtained load-

displacement curve of the pyrolyzed hBN/FLHT material to a stress-strain curve I can 

than compare the material performance to the assumed stress-strains of the pyrolyzed 

FLHT material (Chapter 6.5).  

 

Figure 8-13: (a) Pyrolyzed hBN/FLHT dog bone adhered to wooden blocks and 

clamped within a tensile testing device. (b) A characteristic force displacement curve 

for the dog bone tested under tensile forces. 
 

 Using the dog bone dimensions in Table 8-2 I can obtain the fracture stress and 

the modulus of the material and compare it to the effective mechanical properties of 

the pyrolyzed carbon FLHT traces. The ultimate tensile stress and the modulus of the 

hBN/FLHT pyrolyzed material is 4.35 MPa and 2.29 GPa respectively. The above 

reported effective tensile stress and the effective modulus of the pyrolyzed FLHT 

carbon material is 25.44 MPa and 0.87175 GPa. This means that the hBN powder 

additive potentially made the material weaker but significantly stiffer. It is also 

observed that the displacement and stress at fracture for the hBN/FLHT pyrolyzed 

ō

 

ŀ 
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material is 1/10th that of the pyrolyzed carbon FLHT material. Weakening of the 

material may be caused by an increase in the density of defects in the matrix. By 

introducing the powder into the carbon-carbon matrix, sites which contain material not 

properly incorporated into the matrix may increase the likelihood that failure 

propagation occurs. This may result in a lower ultimate tensile stress for the material. 

However, by introducing the hBN into the pyrolyzed carbon material the modulus of 

the material becomes much stiffer, comparable to the stiffness of the Ni electroplated 

pyrolyzed carbon material (2.536 GPa). 

 The nonstandard geometry and assumptions made for the pyrolyzed carbon 

FLHT material may result in the calculations for the ultimate tensile stress of that 

material to be higher than they are. To confirm mechanical properties obtained in 

tensile testing of both materials further mechanical testing was performed.  

8.2.7.5 Hardness Testing 

 

 Hardness measurements were made on the composite material as well as the 

pyrolyzed carbon FLHT material to confirm the mechanical properties obtained in 

tensile testing. Table 8-3 reports the average mechanical properties obtained from 

indentation of the materials averaged over 5 tests. The values confirm what was 

obtained in the tensile testing, that the stiffness of the pyrolyzed FLHT material 

increases through the introduction of hBN, however the strength of the material 

decreases, or in this case hardness. The pyrolyzed hBN/FLHT composite material is 

less resistant to deformation than the pyrolyzed FLHT material, which is expected from 

the above analysis of defect propagation off the hBN within the carbon material. These 

values also help confirm the analysis of the stress-strain calculations above. The values 
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for the modulus are comparable to what was obtained in the tensile testing and the 

factor by which the pyrolyzed materials moduli compared to each other is almost 

identical. As hardness scales with strength, it is expected that if the tensile testing is to 

be believed the hardness of the two materials would have similar differences. The 

strength of the hBN/FLHT pyrolyzed material is about 1/10th that of the pyrolyzed 

material without hBN, which is roughly what is the difference factor of the hardnessôs.  

This suggests the above assumptions and analysis of the tensile testing above were 

correct. 

Table 8-3: Mechanical properties of pyrolyzed SLA material obtained from 

nanoindentation. 

 
Average Hardness 

(GPa) 

Average Modulus 

(GPa) 

FLHT  

hBN/FLHT  

0.733 ± 0.34 

0.0920 ± 0.14 

2.02 ± 1.1 

5.14 ± 3.2 

 

A characteristic indentation load displacement curve for the pyrolyzed 

hBN/FLHT and the FLHT materials can be seen in Figure 8-14. It can be seen that the 

slope of the unloading curve of the pyrolyzed hBN/FLHT material is dramatically 

larger than that of the pyrolyzed FLHT material representative of a stiffer material, 

confirming the analysis. The hBN/FLHT shows a larger hysteresis between the loading 

and unloading curves compared to the pyrolyzed FLHT material. The observed 

hysteresis in the hBN/FLHT material is representative of elasto-plastic behavior, 

showing the material is plastically deformed during the indentation. The load-

displacement curve for the FLHT material has an unloading curve which follows 

closely the loading curve showing minimal energy loss during the indentation. This is 
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representative of a more elastic behavior for the material when compared to the 

hBN/FLHT material. This confirms the analysis that the pyrolyzed FLHT material is 

stronger than the hBN contained material. 

 

Figure 8-14: Load-displacement curves from nanoindentation of the pyrolyzed 

composite hBN/FLHT material and the pyrolyzed FLHT material. 

 

 From the mechanical characterization of the pyrolyzed hBN/FLHT material I 

have been able to show that the addition of hBN into the pyrolyzed carbon matrix of 

the FLHT precursor results in a drastic increase in the stiffness of the pyrolyzed 

composite from the FLHT pyrolyzed carbon material by ~2.5X. Unfortunately, it was 

also found that the material also becomes weaker through the addition of the hBN 

powder. It is believed that the weakening of the material is due to the added sites in 

which defects can propagate from in the ceramic like material. It may be possible to 

develop complex strong geometries, like what has been proven with pyrolyzed 2PP 

structures[50], [72] to help develop devices requiring higher force applications. 
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8.3 2PP of hBN/IP-Dip Composite 

 The ability to incorporate hBN into an SLA system can also be extended to 

demonstrations of other lithography based 3D printing techniques. One such technique 

which allows for the development of hBN composite materials for microscale 

applications is 2PP. As described in Chapter 1.1.4 2PP has been instrumental in 

development of microscale complex 3D devices for electronics, biomedical devices, 

and complex microfluidics. The ability to incorporate hBN into microscale devices has 

implications for dielectric materials for 3D printed microelectronics, microscale 

thermal devices, and has the possibility of increasing mechanical performance of 

printed microdevices. As has been examined in Chapter 7.3 the mechanical properties 

of pyrolyzed 2PP printed polymers have been shown to be brittle and device strength 

is reliant on geometrical advantage. In this chapter I will show the ability to increase 

the mechanical properties of the pyrolyzed 2PP material through incorporating hBN 

into the material. This will be done through development of a printable hBN/2PP resin 

followed by pyrolysis and characterization. 

8.3.1 Printing of Composite Resist 

 Through mixing of hBN powder into Nanoscribe IP-Dip, as described above, I 

was able to obtain an hBN/2PP composite resin with a composition of 2.92 wt % hBN. 

Depth of cure analysis was not available for hBN/2PP photoresists as the amount of 

resist required to perform the analysis is prohibitively expensive. Due to this a 

composition similar to what was found to be printable for SLA printing was chosen of 

~3 wt % hBN. After manufacturing of the composite hBN/IP-Dip photoresin printing 

of the resist had to be shown to be viable. Initial tests of printing the composite resist 
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in the standard DILL orientation for the Nanoscribe proved difficult in achieving 

photopolymerization of the resist. This is most likely due to the scattering of the laser 

within the photopolymer caused by the addition of the hBN powder, not allowing for 

the laser to focus fine enough to achieve 2PP.  

The oil immersion method for printing was then investigated. The oil 

immersion method allows for bottom-up printing by focusing through the slide from 

the opposite side of the resist with the assistance of a fluorescent microscopy oil 

(Immersol) as the medium between the objective and the slide. Figure 8-15 shows a 

schematic of the oil immersion method. The oil immersion method allowed for the 

ability to print structures out of the hBN/IP-Dip composite resin. The only limitation is 

that devices are limited to ~10 ɛm in height and above this height, features did not 

print. This is most likely due to the inability of the laser to focus within the resin.  

  

 

Figure 8-15: Oil immersion method of printing with the Nanoscribe. 

8.3.2 Pyrolysis 

 Pyrolysis of the 2PP photopolymer IP-Dip has been studied previously in 

Chapter 4. Here I discuss the pyrolysis of the composite hBN/IP-Dip. In order to 

determine the ability to use the previous pyrolysis scheme for IP-Dip with the 

composite resin TGA was performed on the polymerized composite. Figure 8-16 
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shows the representative TGA curve for the composite hBN/IP-Dip compared to the 

TGA curve of the pure polymerized IP-Dip. These follow almost identically, with the 

composite resin ending with a slightly larger mass percentage at the end of the mass 

loss, caused by the added hBN. By using the same pyrolysis scheme as outlined in 

Chapter 3.3.1 I am then able to pyrolyze the composite 2PP printed material. Pyrolysis 

was only able to be performed up to 700 oC due to the borosilicate substrate that must 

be used during the oil immersion method of printing. Pyrolysis of the samples above 

700 oC resulted in the destruction of the slides as the borosilicate melted under vacuum. 

Thus, samples were manufactured at a pyrolysis temperature of 700 oC.  
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Figure 8-16: (a) Pyrolysis Scheme and (b) TGA curve of the hBN/IP-Dip composite 

resin.  

 

Figure 8-17 shows the 2PP hBN/IP-Dip composite printed squares, lattices, as 

well as a University of Maryland logo. The as-printed samples show a clearly defined 

polymerized structure with hBN trapped within the polymer. After pyrolysis these 

samples become black with observable flakes within the black. This is believed to be 

the hBN powder within a carbon matrix. Compositional and microstructural analysis is 

performed on the pyrolyzed composite material to better understand how the 

ŀ 

ō 
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introduction of the hBN powder into the IP-Dip material affects to pyrolyzed final 

composite. 
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       As-Printed    Pyrolyzed @ 700 °C 

 

Figure 5-17: 2PP printed composite before and after pyrolysis. (scale bar 100 ɛm) 
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8.3.3 Characterization 

8.3.3.1 SEM and EDS  

 

The SEM images of the pyrolyzed hBN/FLHT material show a similar image 

to what is seen in the pyrolyzed hBN/FLHT material. Figure 8-18 shows a 

representative micrograph of the pyrolyzed 2PP composite material. As can be seen in 

the image there are large aggregates of hBN powder embedded in the pyrolyzed carbon 

material. 

 

Figure 8-18: SEM micrograph of the pyrolyzed hBN/IP-Dip material.  

Compositional study of the material using the EDS spectra shows that the 

pyrolyzed hBN/IP-Dip composite has a composition mostly dominated by carbon and 

nitrogen with a small amount of oxygen as well as some boron. Just as was observed 

with the pyrolyzed hBN/FLHT material the composition of hBN increases during 

pyrolysis, from 2.92 wt. % hBN pre pyrolysis to 11.77 wt. % hBN post pyrolysis at 700 

oC. This increase is not quite the amount seen in the pyrolyzed hBN/FLHT material; 
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however, this can be explained by the lower pyrolysis temperature used on the 2PP 

composite. If pyrolysis was performed to higher temperatures, it would be expected 

that there would be a larger weight percentage of boron present in the material as more 

volatiles outgas. 

 

Figure 8-19: EDS spectra and fit of the pyrolyzed composite hBN/FLHT material 

shown in the SEM micrograph. The composition of the material is derived from the 

spectral fit.  

 

8.3.3.2 Raman Spectroscopy  

 

 The microstructure was examined using Raman spectroscopy. Similar to the 

SLA material. Figure 8-20 shows the Raman spectra of the hBN/IP-Dip composite 

resin pyrolyzed at 700 oC. The spectra show the D and G peaks representative of 

amorphous carbon and resemble the spectra of the pyrolyzed 2PP IP-Dip material from 

Chapter 4.2.1. This spectrum shows much broader D and G peaks from the FLHT 
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material; however, this is explained by the lower pyrolysis temperature used for the 

2PP composite material. Similarly, as with the pyrolyzed hBN/FLHT material there is 

a very sharp hBN E2g peak present in the spectra. From the analysis of the hBN/FLHT 

material it is then understood that this is representative of hBN embedded in a carbon 

matrix. 

 

Figure 8-20: Raman spectra of the hBN/IP-Dip composite photopolymer pyrolyzed at 

700 °C. 
 

8.3.3.3 Nanoindentation 

 

 From the microstructural analysis it would be expected that there is a weakening 

and stiffening of the pyrolyzed 2PP material with the addition of hBN powder. This is 

from the analysis of incorporation of hBN into the SLA resin above. To confirm this 

nanoindentation was performed to characterize the mechanical properties of the 

pyrolyzed hBN/IP-Dip composite as well as the pyrolyzed IP-Dip material. Table 8-3 

shows the mechanical properties of the materials obtained from the nanoindentation. 

Unlike what is observed for the pyrolyzed hBN/FLHT compared to the pyrolyzed 

FLHT precursor, the mechanical properties are much more similar for the 2PP 
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materials. The modulus of the hBN/IP-Dip pyrolyzed material is larger but only 2.78% 

larger than the pyrolyzed IP-Dip which is much less than the 87% change obtained for 

the pyrolyzed FLHT material when adding hBN to the material. The hardness of the 

hBN/IP-Dip composite is also more similar than that of the pyrolyzed precursor 

material compared to the FLHT materials. Hardness vales of the pyrolyzed hBN/IP-

Dip material are only 16.6 % less than the pyrolyzed IP-Dip material and the pyrolyzed 

hBN/FLHT material has a hardness value 155.4 % less than the pyrolyzed FLHT 

material. This large difference in expected mechanical properties for the pyrolyzed 

hBN composite material to the pyrolyzed pure 3D printed photopolymer material is 

likely due to the difference in pyrolysis temperature used to manufacture the samples. 

It has been shown that the pyrolysis temperature of organic materials has a direct 

relation to the mechanical properties, with higher pyrolysis temperatures resulting in 

more elastic, brittle materials with higher hardness values than the same material 

pyrolyzed at lower temperatures[155]. This is most likely what is being observed in the 

discrepancies in expected mechanical properties. If it was possible to process the 

hBN/IP-Dip material at higher pyrolysis temperatures it would be expected that the 2PP 

materials to show comparable differences in mechanical property values to the FLHT 

material set. 
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Table 8-4: Mechanical properties of pyrolyzed 2PP materials obtained from 

nanoindentation. 

 Hardness (GPa) Modulus (GPa) 

IP-Dip 

hBN/IP-Dip 

0.461 ± 0.044 

0.439 ± 0.048 

19.4 ± 2.0 

21.3 ± 4.3 

 

 By analyzing the load-displacement curves for the pyrolyzed hBN/IP-Dip and 

the pyrolyzed IP-Dip it is possible to get more insights on how the introduction of the 

hBN into the pyrolyzed IP-Dip material affects the material properties. Load-

displacement curves for the two materials are reported in Figure 8-21. The loading and 

unloading curves have relatively similar shapes, unlike the FLHT materials. This lends 

to the similarities that are seen in the mechanical properties between the pyrolyzed 

hBN/IP-Dip composite and the pyrolyzed IP-Dip material. The main difference 

between the two curves is the displacement of the hBN composite is much larger than 

that of the pyrolyzed IP-Dip, with similar displacements seen in the FLHT material set. 

From above it is believed that this difference in maximum displacement comes from 

the compaction of the hBN composite material. When comparing the 2PP material set 

curves to the SLA material curves it shows that load-displacement curves for the 

pyrolyzed pure resins (FLHT or IP-Dip) are significantly more different than their 

respective hBN composites. The load displacement curve for the pyrolyzed IP-Dip 

shows more hysteresis than the pyrolyzed FLHT material, representative of elasto-

plastic behavior. This results in the modulus of the pyrolyzed IP-Dip material being 

larger than the pyrolyzed FLHT material but with decreased hardness. The elasto-

plastic behavior of the pyrolyzed IP-Dip when compared to the elastic behavior of the 
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pyrolyzed FLHT material can be explained by the lower pyrolysis temperature required 

for the pyrolysis of the IP-Dip materials than the FLHT materials. An interesting result 

is that the shape of the load-displacement curves for the two hBN composites are very 

similar. If the hBN composites would show similar responses as their pure pyrolyzed 

resin counterparts it would be expected that the lower temperature pyrolyzed hBN/IP-

Dip would show significantly more hysteresis than the higher temperature pyrolyzed 

hBN/FLHT material. However, what is seen is that the load-displacement curves for 

the two hBN composite materials have similar hysteresis and shape, possibly showing 

that the introduction of hBN into the resins makes the material have less of a response 

to the change of mechanical properties at differing pyrolysis temperatures. 

 

Figure 8-21: Load-displacement curves from nanoindentation of the pyrolyzed 

composite hBN/IP-Dip material and the pyrolyzed IP-Dip material. 

 

Mechanical characterization of the pyrolyzed hBN/IP-Dip material shows that 

the addition of hBN into the pyrolyzed carbon matrix of the precursor results in similar 

mechanical properties to that of the pyrolyzed IP-Dip material. The pyrolyzed hBN 

composite is a little stiffer and weaker than the pyrolyzed IP-Dip. The maximum 

displacement of the hBN/IP-Dip composite is much larger than the pyrolyzed IP-Dip 
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material meaning the probe penetrates further into the material under the same load. 

This is explained as increased compression happening within the material caused by 

the introduction of hBN.  

8.4 Conclusions 

 I have shown the ability to introduce hBN powders into an SLA and 2PP 

printable resins, print the composite material and pyrolyze it, developing an 

hBN/pyrolyzed carbon composite material on the meso- and micro-scale. 

Characterization of the materials shows that the pyrolyzed composites have a 

significantly larger weight percentage of hBN than the precursor composite. I was also 

able to determine that the pyrolyzed composite materials are made up of an amorphous 

carbon with hBN within the carbon matrix. Mechanical testing of the pyrolyzed 

hBN/FLHT material shows that the composite has a ~2.5X increase in the stiffness 

from the pyrolyzed FLHT carbon material, while the ultimate tensile stress decreases. 

The mechanical characterization of the pyrolyzed composite hBN/IP-Dip material also 

shows a slight increase of 2.78 % in the stiffness from the pyrolyzed IP-Dip carbon 

material, while the ultimate tensile stress decreases by 16.6 %. 

This process development and characterization will be instrumental in making 

of complex 3D printed hBN macro- and micro-devices for such implementation as 

possible shielding, thermal energy dissipation, or for printing of high-power electronic 

circuits. 
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Chapter 9: Summary and Future Outlook 

9.1 Summary of Research Findings 

9.1.1 Characterization of Pyrolyzed Photopolymers 

The aim of this work was to better understand the electrical and microstructural 

properties of pyrolyzed 3D printed photopolymers. In doing so I performed the first 

electrical and microstructural study on 2PP pyrolyzed photopolymer. It was shown that 

pyrolyzing the patterned photopolymer to continued elevated temperatures resulted in 

the carbon material becoming increasingly conductive.  The ability to control the 

conductivity of the pyrolyzed material is done by varying the pyrolysis temperature, 

with maximum conductivity obtained of roughly 2×104 S m-1. Microstructural 

characterization with Raman spectroscopy and transmission electron microscopy 

(TEM) confirms that the increase in conductivity comes from the increased sp2 bonding 

percentage in the carbon and the increased crystallinity. This allowed for the 

manufacturing of predictable, well controlled glassy carbon resistors that are within 

10% of theoretical values. 

Going from the micro to mesoscale processing of pyrolyzed photopolymers 

allows for rapid prototyping of carbon materials that are significantly less expensive 

than are needed for manufacturing microscale pyrolyzed 2PP printed devices, by using 

commercially available SLA printers and resins. A more quantitative approach to 

understanding the deformation of SLA parts during pyrolysis was developed. This 

allowed for putting specific design constraints for manufactured pyrolyzed FLHT parts, 

the main takeaway being the thinner a part is the less deformation during pyrolysis.  

Proper curing of the pre pyrolyzed material was also shown to drastically decrease the 
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amount of defects during pyrolysis. Measurements of the electrical conductivity of the 

material pyrolyzed at 900 °C was found to be 9.26×104 S m-1 and analysis using Raman 

spectroscopy and XRD showed the material is composed of an amorphous carbon 

structure containing sp2 and sp3 hybridized carbons, similar to pyrolyzed IP-Dip. 

9.1.2 Electroplating of Pyrolyzed Photopolymers 

In this work I demonstrated the ability to metallize pyrolyzed 3D printed carbon 

devices using electrodeposition of bulk metals. Electroplating was demonstrated on 

SLA and 2PP pyrolyzed carbon to metalize the devices with either copper or nickel. 

Metalized pyrolyzed FLHT via electrodeposition, increased the effective conductivity 

of the parts by 168X and 104X, respectively. Soldering to the electrodeposited films 

showed the ease at which this hybrid material can be electrically integrated. Moreover, 

the solder joint was demonstrated to be more mechanically robust than the metallized 

carbon material. Further investigation into the mechanical properties of the pyrolyzed 

FLHT carbon material before and after plating with nickel show that by 

electrodepositing 10 µm of nickel onto the surface of the carbon we achieve an increase 

in fracture stress of ~32% and a more than 2X increase in the effective Youngôs 

modulus. By increasing the conductivity and solderability of pyrolyzed FLHT carbon 

through electroplating I was able to demonstrate component embedding of an LED 

circuit, showing future potential in incorporating the plated material into electrical 

systems. 

A novel process by which to electroplate pyrolyzed 2PP printed devices allowed 

for the conformal metallization of microdevices, introducing metals properties to the 

microscale pyrolyzed 3D printed material. Through metals deposition on pyrolyzed IP-

Dip structures, I showed a greater than 50X decrease in the electrical resistance of 
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printed carbon MEMS as well as a 4X increase in the maximum compressive load for 

devices. 

9.1.3 Incorporating hBN into Pyrolyzed Photopolymer 

This study was performed to show the ability to alter the mechanical properties 

of the pyrolyzed photopolymers through the addition of hBN filler. I showed the ability 

to introduce hBN powders into an SLA and 2PP printable resins, print the composite 

material and pyrolyze it, developing an hBN/pyrolyzed carbon composite material on 

the meso- and micro-scale. Characterization of the materials shows that the pyrolyzed 

composites have a significantly larger weight percentage of hBN than the precursor 

composite. I was also able to determine that the pyrolyzed composite materials are 

made up of amorphous carbon with hBN within the carbon matrix. Mechanical testing 

of the pyrolyzed hBN/FLHT material demonstrates that the composite has a ~2.5X 

increase in the stiffness from the pyrolyzed FLHT carbon material, while the ultimate 

tensile stress decreases. The mechanical characterization of the pyrolyzed composite 

hBN/IP-Dip material also shows a slight increase of 2.78 % in the stiffness from the 

pyrolyzed IP-Dip carbon material, while the ultimate tensile stress decreases by 16.6 

%. 

9.2 Further Experimentations with 2PP Pyrolyzed Carbons 

9.2.1 Energy Storage Devices 

The ability to manufacture 3D printed pyrolyzed carbon microdevices has 

already led to investigations into using the material to make high strength to weight 

ratio devices[50], custom AFM tips[51], and electrodes for biological sensing[52]. 

During my characterization study on the pyrolyzed IP-Dip material it became evident 
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that the ability to create complex high resolution carbon structures has an inherent 

advantage for manufacturing high surface area electrodes.  

Pyrolysis of DLP patterned photopolymers has shown the ability to 

manufacture high surface area carbon electrodes with areal capacities of up to 4 mAh 

cm-2 at 0.38 mA cmī2[70]. These electrodes show sub-millimeter resolution and limited 

complexity, and are an interesting avenue by which to manufacture large scale 

processing for periodic microscale. However, in order to develop higher resolution 

more complex electrodes for energy storage I believe pyrolyzed 2PP patterned 

photopolymers to be the best avenue for this. With 2PP printed carbon electrodes it 

should be possible to perform topological optimization for electrode design for specific 

applications, making unique electrodes for the needs of the device. The ability to 3D 

print and pyrolyze complex carbon electrodes onto devices also shows a means by 

which integrated energy storage devices could be manufactured that can be 

permanently embedded into the structure of the device.  This would provide small-scale 

energy storage with custom dimensions and minimal packaging.  

9.2.2 Electroplating of 2PP Carbons for Battery Development 

 An interesting way in which to make a full battery cell on the microscale would 

be to manufacture two interdigitated carbon electrodes and metalize one of them. Using 

traditional microscale metals deposition, such as sputtering, evaporation, or atomic 

layer deposition, there would not be a way to isolate the two electrodes. By 

electroplating the electrically isolated electrodes it could be possible to manufacture a 

carbon/metal capacitive device that could be used to make a fully 3D printed battery. 

Through design it would be possible to account for the shrinking of the initial device 

and possibly incorporate a well to hold an electrolyte between the electrodes. This 
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would be instrumental in the development of on-chip integrated batteries. I envision 

proof of concept and rapid prototyping of interdigitated designs could be performed 

through mesoscale processing of pyrolyzed SLA photopolymers. 

9.2.3 Thermal study on 2PP Pyrolyzed Photopolymer 

 Graphene is widely touted for its superior thermal conductivity exhibiting a 

thermal conductivity of ~4000 W m-1 K-1[156], whereas the thermal conductivities of 

amorphous carbons are on the order of 1-10 W m-1 K-1[157], [158]. Though amorphous 

carbon has lower thermal conductivity than graphene it is still an interesting material 

for development of thermal management devices. 

I would like to see a thermal property study performed on the pyrolyzed 

photopolymers at varying temperatures. This would be a good compliment to go with 

the understanding of the microstructure and electrical property studies performed in 

this dissertation. With the thermal properties of the pyrolyzed 3D printed 

photopolymers it would be possible to make tailorable thermal devices, such as heat 

sinks and thermal batteries. The ability to manufacture complex microscale 3D carbon 

devices with controllable thermal and electrical properties using pyrolyzed 2PP 

photopolymers would be very useful in the development of printed integrated 

bolometers for IR and other radiation detection sensors. 

9.4 Furth ering the Study on Pyrolyzed hBN/Photopolymer 

Composites 

 Though much effort was put forward to incorporated hBN into a photopolymer 

3D printing system (SLA and 2PP), more experimentation could prove to bolster the 

understanding of the mechanical properties of the pyrolyzed composite materials. A 
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study on the mechanical properties of the pyrolyzed composites at varied temperatures 

would help develop a stronger understanding about how temperature effects the 

composites mechanical properties. This study would also help in explaining the 

variation of mechanical property profiles between the pyrolyzed hBN/FLHT 

composite. In the study reported in this dissertation it was believed that the difference 

in the mechanical properties from the two composites was due to the two processing 

temperatures used to pyrolyze the material. A more complete characterization of the 

pyrolyzed material at different temperatures would help prove or disprove this. 

 As noted above hBN is a widely used material for radiation shielding due to the 

high neutron capture cross section of boron[101], [102]. An interesting study to be 

performed would be on the effects of radiation on the pyrolyzed composite material, 

showing the possible use of these pyrolyzed 3D printed composites as radiation 

resistant paneling or for developing possible devices that can withstand extreme 

environments. 

 A study on the electrical properties of this material would also be beneficial for 

understanding how the incorporation of an electrical insulator (hBN) into the pyrolyzed 

photopolymer material effects the electrical behavior of the material. I have shown that 

through varying pyrolysis temperature it is possible to tune the electrical properties of 

the pyrolyzed photopolymer. It would be interesting to see how the addition of varying 

concentrations of hBN into the composite effects the electrical properties of the 

pyrolyzed material. There is also the possibility in measuring and comparing the 

dielectric constant of the pyrolyzed photopolymer before and after addition of hBN, 

however, it may prove difficult to obtain an accurate value of dielectric constant of the 
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composite due to how weak the material is to the physical needs of clamping the 

material between two capacitive plates for the testing. 
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Appendix 1: 2PP Printing and Pyrolysis of Non-Proprietary 

Photopolymers 

 During the studies performed for this dissertation a concern was brought up 

about the proprietary nature of using the photopolymer IP-Dip for 2PP processing. This 

is a valid concern as processing for one photopolymer which is specifically designed 

for use with a certain tool may not translate to materials that are custom made. To test 

this, non-proprietary 2PP photoresists were procured printed and pyrolyzed to show the 

pyrolysis of 2PP 3d printed photopolymers is not limited to just processing with IP-

Dip. 

 Formulated 2PP photocurable resins were obtained from the John Fourkas 

group at The University of Maryland. These 2PP photopolymers consisted of mixtures 

of Sartomers SR monomers SR 399 and SR 499 in different concentrations, with 0.5 

wt % BaPO as the photo initiator for all formulations. 5 formulations of photopolymer 

were obtained and tested; the concentration of each monomer present in the total 

amount of monomer are presented in Table A-1. 
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Table A1-1: Percentages of each monomer present in each resin formulation in 

relation to total amount of monomer. 

Amount of SR 

499 

Amount of SR 

399 

Best Printing Laser 

Power (mW) 

Best Printing Scan 

Speed (ɛm s-1) 

 

100 % 

75 % 

50 % 

25 % 

0 % 

 

0 % 

25 % 

50 % 

75 % 

100 % 

N/a 

38 

38 

30-34 

38 

N/a 

3000 

3000 

2000-3000 

1000-3000 

 

In order to determine the correct printing parameters for each resin, power 

sweeps of varying laser power and scan speed were needed to be performed to obtain 

the correct dosage for printing. All samples were drop cast onto fused silica slides and 

the Nanoscribe Photonic GT was used for 2PP of the resins with the 63X objective. 

The DiLL configuration for 2PP printing. As the refractive index was not identical to 

that of IP-Dip, finding the surface of the slide for printing was done manually. 

The only resin that was not printable was the formulation that had 100% of SR 

499 as the monomer makeup. This was because the resin evaporated before printing 

could occur. The resins with the higher percentages of SR 399 (100% and 75%) were 

developed similarly to IP-Dip with a 5 minute wash of PGMEA followed by a 5 minute 

wash of IPA. Due to delamination of the printed polymers during development with 

PGMEA the formulation with 50% SR 399 and 25% SR 399 were developed more 

gently in IPA for 10 minutes. 

Figure A1-1 shows the results of all of the power sweeps for each of the resin 

formulations. From the power sweeps it is evident that higher percentages of SR 399 
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present in the resin resulted in more consistent prints. The best performing 

photopolymer was the formulation with 100% SR 399 and 0% SR 499. This 

formulation led to well adhered prints when the laser power was 34 mW or above, 

however the most well-defined print was achieved at laser power 38 mW and a scan 

speed of 1000 ɛm s-1. This shows that for printing with high percentage SR 399  
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Figure A1-1: Power sweeps of each of the formulated non-proprietary photopolymers, 

except the formulation with 100% SR 499 as that resin evaporated before printing 

could occur. 
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monomer photopolymers higher dosages lead to better prints. Though the rest of the 

photopolymers did not show as consistent of printing as did the 100% SR formulations 

each one that did not evaporate before printing did show the ability to be printed. The 

best printing parameters determined from the power sweeps for each photopolymer is 

found in Table A1-1. 

As the photopolymer with the formulation containing 100% SR 399 was found 

to be the most forgiving and printable, further processing was continued with this 

photopolymer. Attempts to 3D print more complex devices with this resin are seen in 

Figure A1-2. Resistive traces as well as squares were printed. From this it was apparent 

that dosages determined during the power sweeps were too high for these larger parts 

as there was some discoloration and overcuring happening during printing, however 

since the parts were still patterned attempts to pyrolyze the structures were still 

attempted. 

 

Figure A1-2: 2PP 3D printed samples with the 100% SR 399 formulated photopolymer. 
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Figure A1-3 shows the resultant parts pyrolyzed using the same pyrolysis 

scheme for IP-Dip up to a final pyrolysis temperature of 900 °C. These samples show 

to carbonize based on the coloring after pyrolysis and behaved very similarly to 

delaminated IP-Dip parts. I also attempted to pyrolyze a sample printed with 50% SR 

399 and that sample mostly vaporized during the pyrolysis. 

 

Figure A1-3: Pyrolyzed 2PP printed 100% SR 399 photopolymer. 

 

Here I showed that the printing and pyrolysis of non-proprietary 2PP 

photopolymers is possible with the setup used for the studies performed in this 

dissertation. More in-depth studies need to be performed to determine full best printing 

parameters for each formulation, however this is outside the scope of this dissertation. 














































