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ABSTRACT 

 
 
 Supervising Professor:  Dr. Walter E. Voit 
 
 
 
 
Additive manufacturing, also widely known as 3D printing, has attracted tremendous attention in 

almost every industry, from aerospace and defense, to automotive, electronics, dental and 

medical fields. It holds the promise to revolutionize the manufacturing. To date, however, parts 

printed from existing commercial materials for Fused Filament Fabrication (FFF) 3D printing, 

such as polylactic acid (PLA), acrylonitrile-butadiene-styrene (ABS), and NinjaFlex®, exhibit 

greater than 50% reductions in toughness when deformed perpendicular to the printed layers. 

The high anisotropy presented in the printed parts is the leading factor in the uncertain quality of 

final parts, and has obstructed FFF’s implementation in the additive manufacturing of functional 

engineering parts. In this work, two mechanisms are explored to enhance the interlayer adhesion, 

mitigate the anisotropy in printed parts and boost their reliability. One is the use of ionizing 

radiation to induce crosslinks between the printed layers after the part is printed. The γ ray 

radiation improves the interlayer adhesion by 60% in the case of parts printed from sensitized 

PLA. The other is applying dynamic furan-maleimide Diels-Alder chemistry in 3D printing 

materials, which has been validated as the second mechanism to introduce crosslinks into the 
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printed part for anisotropy reduction. Parts printed from the Diels–Alder Reversible Thermoset 

(DART) polymers not only maintain greater than 95% toughness when deformed perpendicular 

to the printed layers, but exhibit smooth surface finish and reasonable bulk properties as well. 

Both mechanisms have enabled isotropic FFF 3D printing, and expanded the range of polymer 

choices for additive manufacturing applications that have more advanced requirements in 

materials and printed parts.
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

Additive manufacturing (AM) has existed since late 1980s but has not gained a lot attention 

until recently. At first, it was just for prototyping and modeling, offering quick and affordable 

prototypes in the industry; however, in the past decade, AM has evolved rapidly and its 

capabilities have grown tremendously. AM is capable of printing structures with complicated 

internal geometries not achievable by molding, casting or other forms of thermoset or 

thermoplastic processing. With the improved quality of the product, AM holds the promise not 

only to revolutionize manufacturing, but also to disrupt other industries, such as logistics, spare 

parts, aerospace, automotive, electronics, dentistry, fashion, etc. 

The growth of the AM industry has been strong since a decline in 2009. The annual revenue 

growth percentage has been double digits for 20 of its 29 years. The total annual revenue of AM 

in the year of 2016 was 6.1 billion dollars.1 AM has been impacting everyone even though not 

everyone has touched a 3D printer. In manufacturing, AM has been able to offer quick 

turnaround time, which saves time and cost during production, and will continue to be an 

important component in the industrial Internet of Things in this digital era. In the medical field, 

AM has already showed its versatility: surgeons plan their procedures or operations through 

reviewing the 3D printed replicas of where the lesions are located anatomically; customizable 

prosthetics are made more accessible for patients at lower cost; and soon organ and tissue 

regeneration through 3D bio-printing will become available at hospitals so patients do not need 

to wait for donors, and more lives will be saved in an unprecedented way.  
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1.2 3D Printing and Additive Manufacturing 

The definition of 3D printing from ISO/ASTM 52900 standard is “the fabrication of objects 

through the deposition of a material using a print head, nozzle, or other printer technology.”2 

This term used to be the non-technical alternative to Additive Manufacturing (AM), which is 

defined as “process of joining materials to make parts from 3D model data, usually layer upon 

layer, as opposed to subtractive manufacturing methodologies.” Though additive manufacturing 

is the official standard term in the industry, 3D printing has been more popular and become the 

de facto standard term. In this study, these two terms are used interchangeably. 

1.2.1 Additive Manufacturing Processes 

A growing number of processes haven been developed in AM in the past decade. Despite the 

different mechanisms for part fabrication, all AM processes require 3D model data input, and the 

part-building processes are all lay-by-layer. 

There are seven different processes in AM technologies as below: 

Material extrusion: Fused Filament Fabrication (FFF), also known as Fused Deposition 

Modeling (FDM®), is the main technology in this process. A thermoplastic filament is melted 

and forced through a heated nozzle (the print head), then deposited onto a platform in a layer-by-

layer manner (a typical FFF printer is shown in Figure 1.1). This process is not limited to melted 

thermoplastics; with syringe-type print head, the materials can be viscous liquids, paste, and even 

living cells suspended in a solution. 

Vat photopolymerization: This process involves selectively curing liquid photo-reactive resin 

in a vat with UV or visible light. StereoLithography (SL) and Digital Light Processing (DLP) are 
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the two main technologies in this category: the former uses a laser to cure layers while the latter 

uses a projector (a typical DLP printer is shown in Figure 1.2). 

 

 

 

Figure 1.1. A FFF 3D printer: Lulzbot® TAZ6 
(Photo source: www. lulzbot.com) 

 
 

 

Figure 1.2. A DLP 3D printer: Autodesk® Ember 
(Photo source: www. autodesk.com) 
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Powder bed fusion: In this process, the powder material is selectively fused on a bed by 

thermal energy. A laser or an electron beam is used as the energy source for this process. 

Material jetting and binder jetting: Both processes use inkjet print head to dispense 

materials—material jetting dispenses droplets of liquid photo-reactive resin selectively and 

immediately cures the jetted resin with UV (such as PolyJet®), while binder jetting usually 

dispenses liquid bonding agent selectively onto a bed of powder materials (such as Multi Jet 

Fusion). 

Others: Besides above four common AM processes, there are another two—sheet lamination, 

and directed energy deposition. 

1.2.2 Current Issues 

According to Wohler’s Report, in the year of 2016, out of all the applications, 33.8% of AM 

technology was used to produce functional parts.1 It is worth mentioning that this is for the first 

time the functional parts production surpasses the modeling and prototyping, which accounts for 

30.4% of all applications, becoming the most popular application for AM parts. 

Despite the rapid growth, AM has not yet gained a significant share in the global market. AM 

reportedly represented only 0.047% of global market is represented in the year of 2016. This 

indicates that there is still an enormous untapped potential for AM to offer more innovative and 

disruptive solutions into global functional parts production. In the survey findings in the reports 

generated by PwC since 2014, the “uncertain quality of the final product”, the high cost of the 

printers, and the lack of talent and expertise in AM technology, have been reportedly the top 

three barriers keeping companies from adopting 3D printing.3 

There are typically four main factors in current AM technologies and materials that 
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contribute to the uncertain quality in final printed parts: 1) ease of the AM process, 2) surface 

finish of printed parts, 3) isotropy of printed parts and 4) toughness of printed parts. Parts printed 

from the material extrusion process or powder bed fusion usually have poorer surface finish and 

high anisotropy. Vat polymerization usually provides better surface finish in the final parts, but 

the build materials tend to have poorer mechanical properties, leading to low toughness in the 

printed parts. Parts produced from material jetting and binder jetting have fairly good quality and 

details, but the printers are usually very expensive due to their complicated technologies, and the 

materials that can be processed with these two technologies are limited. 

1.3 Ionizing Radiation Effects on Polymers 

Ever since the introduction of the high-energy ionizing irradiation technology near seventy 

years ago, such as electron beam, gamma, or X-ray radiation, it has been an important and 

convenient tool to alter the thermal and mechanical properties of certain polymers by inducing 

grafting and crosslinking in polymers. There are two competing processes during the irradiation: 

1) chain-scissioning—the radiation generates radicals on the main chain, and 2) crosslinking—

the radicals generated are on the side chains. Whether the chain-scissioning or the crosslinking is 

dominant during the irradiation process determines the degree of crosslinking, and in turn 

determines whether the properties of polymeric materials are enhanced or compromised by the 

irradiation. 

There are several ways to control the degree of crosslinking in the irradiated polymers. One 

of the common ways is to vary the radiation doses. Depending on different types of materials, 

higher dosages of irradiation may result in higher or lower crosslinking densities.4 In addition, 

since both the crosslinking and chain-scissioning are temperature-dependent processes—polymer 
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segment or chain mobility is dramatically increased when the temperature exceeds Tg or the 

polymer crystallite melting point (Tm)—changing the temperature during the radiation process 

can also affect the net results of the radiation exposure.4-13 

1.4 Diels–Alder Chemistry 

The Diels-Alder reaction is a [4+2] cycloaddition between a dienophile and a diene. It is 

thermally reversible through the retro-Diels–Alder (rDA) reaction which happens at higher 

temperatures (shown in Error! Reference source not found.). Diels–Alder chemistry, 

especially furan-maleimide Diels–Alder chemistry (fmDA), has been applied to many types of 

smart materials, such as self-healing materials, thermally removable encapsulants, recyclable 

thermosets and others. Chen et al. reported the first highly crosslinked re-mendable material 

produced from multifunctional monomers bearing furans and maleimides. They demonstrated 

about 57% recovery of the original fracture load after the crack interface in the sample was heat-

mended.14 In their further studies, they extended exploration in the monomers for polymer 

preparation and improved the recovery to about 80%.15 

 

Figure 1.3 Diels–Alder and retro-Diels–Alder between a dienophile and a diene 
 

However, the Diels–Alder crosslinks within the network are not completely reversible. Even 

though the equilibrium is increasingly driven towards the reactants from the Diels–Alder adducts 

at higher temperature, there are only 20–30% of Diels–Alder linkages decoupling.14, 16  
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Increasing the temperature could increase the conversion, but could also lead to side reactions, 

such as aromatization of the Diels–Alder adducts,17-18 ring-opening of furfuryl rings18-19 and 

homopolymerization of maleimides,20-21 causing the loss of reversibility of crosslinks, as well as 

the polymer degradation. 

1.5 Objectives 

In this research, the principal aim is to improve the quality of FFF printed parts. FFF is the 

most straightforward material extrusion process among the AM technologies. FFF printers have 

been the most popular in the market due to their low cost, simple set-up, high printing speed, and 

their ability to print a wide range of polymers. These would be perfect features for a prototyping 

tool, but not for a manufacturing tool for functional parts, which usually comes with much higher 

standards for part quality. Parts printed from FFF usually have rough surface finish, which can 

generate pre-existing defects in the parts. Additionally, anisotropy in FFF printed parts tends to 

be very high, which is usually above 50%, further reducing the reliability of the parts. 

Specifically, this work is focused on two aims: 

1) Develop a post-printing process to introduce crosslinks between printed layers 

2) Develop reversibly-crosslinked polymers which can be melt-processed and crosslink 

through layers 

Chapter 3 describes the first attempt to tackle anisotropy—a post-processing procedure 

compatible with current FFF printing process, ionizing radiation, is investigated to increase the 

interlayer adhesion after parts are printed on FFF printers. Chapter 4–5 look into a more 

fundamental way to renovate the FFF process: a new series of polymers, named Diels–Alder 

Reversible Thermoset (DART) materials, have been developed to enable tough and isotropic 
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FFF printed parts. DART polymers are designed to enable covalent crosslinks between printed 

layers by incorporating Diel–Alder chemistry into the networks. In Chapter 4, synthetic work on 

the first generation of DART polymers with Tg higher than room temperature are reported. While 

Diels–Alder chemistry works in these DART polymers at elevated temperatures in solution, the 

reversibility of Diels–Alder linkages is not 100% but rather low in a solvent-free environment, 

causing processibility problems for applications in FFF 3D printing. In Chapter 5, another series 

of DART polymers with different monomer archetectures are developed, aiming to improve the 

DART polymers’ processibility and thermomechanical properties. This series of DART 

polymers are elastomer-like, with glass transition temperatures near or below room temperature. 

The printed parts have less than 5% anisotropy, compared to at least 50% in those printed from 

commercial FFF engineering polymers. This chapter also covers the modification on an FFF 3D 

printer to adapt to the aforementioned polymers. Chapter 6 discusses the design of the third 

generation of DART polymers, the preliminary results on the thermomechanical properties of the 

polymers, as well as the future work to further push the boundaries of what the FFF printing 

technology can accomplish. 

  



 

9 

CHAPTER 2 

MATERIALS AND METHODS 

2.1 Materials 

Sensitization of poly(lactic acid) for FFF 3D printing: Poly(lactic acid) was purchased from 

BFB. Dichloromethane (DCM) was purchased from Fisher Scientific. Triallyisocyanurate 

(TAIC) was purchased from Sigma Aldrich. 

PLA was dissolved in DCM and mixed with varied amount of TAIC. After solvent removal, 

the thermoplastic was extruded in a capillary rheometer into filaments (3 mm in diameter). 

Synthesis of multi-furan monomers: Trimethylolpropane triacrylate (TMPTA) and tris[2-

(acryloyloxy)ethyl] isocyanurate (TAEICN) were purchased from Sigma Aldrich. Pentaerythritol 

tetraacrylate (PETTA) was purchased from Santa Cruz Biotechnology. Dichloromethane (DCM) 

and triethylamine (TEA) were purchased from Fisher. Furfuryl mercaptan (FM) was purchased 

from TCI America. 

Three different multi-furan monomers, ICN3F, 4F and 3F, were synthesized for this study 

(chemical structures are shown in Figure 2.1). The synthesis of multi-furan monomers was 

adapted from the previous report with a few details modified.22 ICN3F synthesis is discussed 

below. The other two monomers were synthesized in a similar procedure. 

TAEICN (3 g, 7.09 mmol) was dissolved in DCM (5.4 mL) in the presence of TEA (0.5 mL) 

in a 100 mL round bottom flask. FM (2.55 g, 22.33 mmol) was added to the solution and the 

mixture was stirred in an ice bath for 1h. The stirring was continued for 14 h at 40 °C, followed 

by the removal of the solvent in vacuo. The excess FM was removed under high vacuum to 

produce a pale yellow viscous liquid. 
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Synthesis of Diels-Alder Reversible Thermoset (DART): BMI-1700 (2M) and BMI-689 (689) 

purchased from Designer Molecules. Stoichiometric ratio of multi-furan monomers (ICN3F, 4F, 

or 3F) and bismaleimides (2M, or 689) were mixed at 120 °C under constant stirring for 30 

minutes before pouring into a mold. The resulting polymers were later cooled down to room 

temperature slowly in the mold. 

Synthesis of furfuryl methacrylate copolymers: Furfuryl methacrylate (FMA), ethyl 

methacrylate (EMA), furfuryl mercaptan (FM), 2,2’-azobis(2-methylpropionitrile) (AIBN) were 

purchased from MilliporeSigma. Toluene, dioxane, and dimethylformamide (DMF) were 

purchased from Fisher Scientific. All chemicals were used as received. 

FMA (0.1393 g, 0.84 mmol), EMA (0.8607 g, 7.5 mmol) and AIBN (0.6wt%) were dissolved 

in DMF (3.4 mL) in a round bottom flask. The reaction was kept at 70 °C for 8 hours under 

nitrogen before the polymer was precipitated out of solution by pouring the solution into cold 

 

Figure 2.1. Chemical structures of 2M, ICN3F, 4F, and 3F 
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methanol. The polymer was obtained from vacuum filtration, washed with methanol and hexane, 

and then dried at 70 °C under vacuum for 24 hours. 

Synthesis of glassy DART polymers: 1,1’-(methylenedi-4,1-phenylene)bismaleimide 

(MPBMI) were purchased from MilliporeSigma. BMI-689 and BMI-1500 were supplied from 

Designer Molecules. 

FMA copolymers (2 g) and bismaleimide (0.5248 g for MPBMI, 1.01 g for BMI-689, or 

2.199 g for BMI-1500) were dissolved in 20 mL of dioxane at 85 °C for 30 minutes before 

pouring into a mold. The solution was kept in an oven at 85 °C for 24 hours and the solvent was 

removed in a vacuum oven at 120 °C. 

2.2 Characterizations 

2.2.1 Chemical characterizations 

Nuclear Magnetic Resonance Spectroscopy: Nuclear Magnetic Resonance Spectroscopy 

(NMR) plays an essential role in determining organic compounds structures. In this dissertation, 

proton and 13C NMR were employed. For proton NMR, sample concentration was limited 

between 10 to 50 mg in 0.5 mL of a proper deuterated solvent. For 13C NMR, higher 

concentration was used for better signal to noise ratio. 

Gel Permeation Chromatography: Gel permeation chromatography (GPC), also known as 

Size Exclusion Chromatography (SEC), is a tool to determine the molecular weights of the 

polymers. Samples were dissolved in dimethylformamide (DMF) or chloroform at 40 °C at 

1 mL min-1 flow rate on Shimadzu HPLC instrument equipped with an Agilent polystyrene 
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columns and Shimadzu refractive index detector (RID). A polystyrene standard was used for 

GPC calibration. 

2.2.2 Thermomechanical characterizations 

Thermalgravimetric Analysis: Thermalgravimetric Analysis (TGA) measures the samples’ 

weight loss as a function of either temperature or time. It provides information about materials’ 

thermal stability. TGA was carried out on a Mettler Toledo TGA/DSC-1. Sample size was 

limited to between 5 and 10 mg. The measurements were conducted under nitrogen flow at 

200 mL min-1 with temperature ramping from 25 to 700 °C at a heating rate of 20 °C min-1. 

Differential Scanning Calorimetry: Differential scanning calorimetry (DSC) can measure the 

enthalpy changes in samples due to their physical and chemical properties changes as a function 

of temperature or time. DSC was performed on a Mettler Toledo DSC-1. Sample size was 

limited between 8 and 10 mg. Samples were tested under nitrogen at 50 mL min–1 and at a 

heating rate of 10 °C min–1 unless otherwise stated. 

Dynamic mechanical analysis: In dynamic mechanical analysis (DMA), mechanical and 

viscoelastic properties of materials that can be measured include glass transition temperature 

(Tg), melting/crystallization temperature, material modulus, viscoelastic behavior, and even 

compositions of blends or composites. DMA was performed on a Mettler Toledo DMA 

861e/SDTA. Two sinusoidal modes of deformation for the DMA were employed: in shear and in 

tension. In shear mode, samples were synthesized in a manner which ensured the sample have 

two parallel and smooth surfaces. Samples were cut into cylinders approximately 1.2 mm thick 

and ~3 mm in diameter. The strain was limited to a maximum of 0.3% to keep the samples in the 

linear elastic regime. The frequency of deformation shown is the 1 Hz response, although 
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samples were run in a simultaneous multi-frequency mode of superimposed 1, 2, 5 and 10 Hz 

waves. DMA on explanted samples was performed by immediately removing the sample and 

testing in shear parallel-plate configuration. Tg by DMA is denoted as the peak of tan δ. The 

shear modulus (G) is related to the Young’s modulus (E) through Poisson’s ratio (ν) as given by 

Equation 2.1. 

𝐺𝐺 = 𝐸𝐸
2(1+ν)

      Equation 2.1 

Poisson’s ratio was not explicitly measured for these polymer systems; however ν can be 

generally taken as 0.35 for glassy polymers and near 0.5 for polymers above the glass transition. 

In tension mode, samples were cut into rectangular prisms approximately 25 mm long, 3 mm 

wide and 1 mm thick. The frequency was 1 Hz, the force amplitude was 5 N, and the 

displacement amplitude was 21 µm. All samples were tested in air at a heating rate of 2 °C min-1. 

At least three samples were tested for each composition. 

Tensile Testing: Materials’ mechanical properties, such as Young’s modulus, ultimate tensile 

strength, strain at yield, and toughness, can be obtained from tensile testing. Dogbone samples 

were punched out of sample sheets with an ASTM D638 Type V dogbone die. At least 10 

specimens were prepared and tested for each sample. The tensile testing was conducted to 

failure, performed on a Lloyd LR5KPlus Universal Materials Testing Machine with a 100 N load 

cell. Dogbones were held between Lloyd TG22 self-tightening roller grips within a Eurotherm 

Thermal Chamber. The strain was measured by a Lloyd Laserscan 200 non-contacting laser 

extensometer. Each test was conducted at room temperature (24 °C) at 50 mm min-1, with a 

preload of 0.2 N. The toughness was determined as the integration of the area under the stress–

strain curve. 
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2.2.3 Surface characterizations 

Surface profilometry: Veeco Dektak 8 Profilometer was used to characterize the samples’ 

surface, with a scanning rate of 2000 µm in 70 seconds in the chosen directions. The results were 

recorded as the surface height in the function of stylus scanning distance. 

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy: Fourier Transform 

Infrared Spectroscopy (FTIR) can be used to identify the chemical structures and functional 

groups of the sample. Specifically, Attenuated Total Reflectance FTIR (ATR-FTIR) is used to 

study the functional groups on the surface of polymer surface as well as to monitor the chemical 

reaction in solution in this dissertation. Typically, the infrared light penetration depth into the 

sample is between 0.5 and 2 µm. ATR-FTIR was performed on a Shimadzu IRAffinity-1 Fourier 

Transform Infrared Spectrophotometer.  

2.2.4 Gel Fraction tests 

General gel fraction tests are carried out as below until otherwise stated. The gel fraction test 

samples were taken in vials with sample size between 100 and 300 mg. A chosen solvent was 

added to the vials. Samples were soaked in the solvent at a chosen temperature for a certain 

amount of time before the liquid was drained and swelled samples were dried under vacuum at 

an elevated temperature. The initial and the dry masses were recorded and the gel fraction was 

calculated using Equation 2.2. 

𝐺𝐺𝐺𝐺𝐺𝐺 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (%) = 𝑚𝑚𝑑𝑑
𝑚𝑚𝑖𝑖

× 100%   Equation 2.2 

where 𝑚𝑚𝑑𝑑is the dry mass after samples swelled in chloroform and dried under vacuum, and 𝑚𝑚𝑖𝑖 is 

the initial mass before the gel fraction test. At least three samples per composition were tested. 
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2.2.5 Viscometry 

Viscosity results were obtained from a TA Instrument DHR H3 Rheometer with cone-plate 

geometry (truncation gap 59 µm, diameter of 40 mm, 2.029°). Samples were cut into discs with 

approximately 0.6 gram of sample size, and loaded at elevated temperatures. The measurement 

was performed at a constant shear rate with temperature. Each composition was tested at least 

three times.  

2.3 Polymer processing 

2.3.1 Polymer Filament Extrusion 

FMA copolymer filaments were extruded from a Malvern Rosand RH7 capillary rheometer. 

The barrel was heated at 180 °C before extruding the polymer through a die with a dimension of 

3 mm in diameter and 24 mm in length by lowering the piston at a constant rate of 5 mm s-1. 

2.3.2 3D Printing 

PLA filaments were printed from a BFB 3000 3D printer at a temperature of 190 °C with the 

platform at room temperature.  

Ninjaflex®, Semiflex™, Cheetah™, and T-lyne were printed on a Lulzbot TAZ 6 3D printer 

with printing parameters according to their suppliers’ printing guidelines and a layer height of 

0.4 mm (Detailed printing parameters are shown in Appendix A). 

DART1, 2, and 3 were printed on a modified 3Drag printer purchased from Futura Group. 

The print head was transformed into a syringe type print head with heating capability (shown in 

Figure 2.2). An extra cooling system was installed for proper cooling during the printing. The 
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printing temperatures were 130 °C for DART1, 138 °C for DART2, and 134 °C for DART3, 

each with a layer height of 0.5 mm. DART parts were under constant cool air (9–12 °C) during 

the printing. Once the printing was done, parts were moved to an environment at 6–8 °C for 8–12 

hours and at 25 °C for another 72–96 hours before testing. A gel fraction test (included in 

Appendix A) was carried out on three DART polymers to decide their rate of crosslinking. 

 

  

 

Figure 2.2. DART printer head 
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3.1 Introduction 

The ability to rapidly manufacture materials into complex shapes presents compelling 

opportunities in a variety of areas: medical and dental instruments,23 medical and dental 

implants,24-30 consumer products,31-32 food,33-34 electronics,35-37 industrial machines,38-39 

aerospace applications,40-41 motor vehicles,42 architectural,43 consumer hobbyist arenas44 and 

shaping national policy.45 The materials that can be formed into these complex shapes range 

from metals to ceramics to polymers to natural materials to living cells and tissues. Within the 

field of additive manufacturing for polymers, several types of systems enable printing of 

different materials by different processes46-50 such as variations on fused filament fabrication 

(FFF)/fused deposition modeling, stereolithography (SLA),51-52 and selective laser sintering 

(SLS).53-54 

FFF 3D printing is increasingly becoming a vital tool in many industries for its ability to 

produce a wide range of physical parts quickly, but the quality of the printed parts are lacking the 

strength, toughness and reliability of parts manufactured through injection molding or milling.53-

57 Many of the challenges with 3D printed polymers are due to anisotropy caused by the method 

in which FFF printers lay down the material. In FFF, the polymer is typically melted or melt-

extruded through the print head and deposited onto a growing substrate layer by layer. 3D 
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printed polymers by FFF are not as reliable as traditional manufactured parts because poor 

interlayer adhesion limits toughness and robustness, especially perpendicular to printed layers. 

Since materials are typically melt processed during FFF, crosslinked polymers systems are 

traditionally not viable. Unlike FFF, SLA does not require melt processing but liquid photo-

reactive polymers which can be cured by ultraviolet laser or other source. SLS is a technology 

with very similar setup to SLA except that it uses laser with higher energy than UV and prints 

from powder materials instead of liquid photopolymers. Neither SLA nor SLS has the degree of 

anisotropy challenges as FFF does since the liquid photo-reactive polymers used in SLA are 

crosslinked during printing and SLS creates a more homogenous melt at the surface. 

The layer-by-layer process of the aforementioned 3D printing technologies allows 

thermoplastics to be printed in various orientations relative to the print direction.  While this can 

allow for great freedom in part design and stacking within a print space, this comes at a cost. 

Previous works have shown the significant effect of print orientation on the mechanical 

properties of the 3D printed parts. 55-56, 58-63 While orthogonal directions are commonly tested,40, 

55, 59, 63 some work has investigated the intermediate orientations as well as the effect of the 

pathing of the printing.55-56, 58 These efforts have focused on differing polymers printed via 

different printers and printing technologies, indicating the issue of anisotropy is a broad concern 

for 3D printed polymer components. The effect of anisotropy, the percent difference in property 

due to print orientation, on tensile properties has been as much as 85%,55 compression as much 

as 20%,55 and impact strength as much as 90%.58 Not every polymer and printer will exhibit 

anisotropy behavior to this extent, but it is a stark indicator of the challenges that anisotropy can 

present in 3D printed polymer components. While anisotropy is a leading challenge with additive 
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manufacturing, other challenges include residual stress and dimensional errors.61-62 Residual 

stress can lead to warping and delamination of printed components if appropriate post processing 

steps are not taken while dimensional printing errors lead to part that no longer meet the 

dimensional specifications. These challenges inhibit the use of this technology to make complex 

polymer parts that can withstand multi-axial mechanical loads. 

To mitigate the layer-to-layer adhesion challenge, crosslinks can be created among layers. 

Crosslinks in polymers are traditionally formed by chemical reactions during the initial cure of 

the material or by the addition of a chemical crosslinking agent, approaches that are impractical 

for this application. Alternatively, high-energy ionizing irradiation, such as electron beam, 

gamma, or X-ray radiation, may be used to induce crosslinking in certain polymers. Irradiation 

generates radicals on the main chain (scission) or on side chains (crosslinking). The radicals 

recombine or trigger further reactions potentially improving the adhesion between layers and 

enhancing thermomechanical properties. However, scission reduces polymer molecular weight 

and leads to poor properties and should be avoided in this paradigm. Whether the chain scission 

or the crosslinking is dominant during the irradiation process determines the degree of 

crosslinking and thermoset behavior. This in turn, determines whether the properties of 

polymeric materials are enhanced or lowered by the irradiation. 

One way to control the degree of crosslinking is to change the irradiation dosages. 

Depending on different types of materials, higher dosages of irradiation may result in higher or 

lower crosslinking densities.4 In addition, the effects of irradiation are temperature-dependent as 

the two competing processes, crosslinking by radical combination and chain scission, are also 

both temperature-sensitive, and polymer segment or chain mobility is increased when the 
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temperature exceeds the glass transition temperature (Tg) of the material, or crystallite melting 

point (Tm) for some polymers.64 Pioneering work in radiation physics and chemistry,65-66 set the 

stage for better control of sol/gel curves relative to dose67 and has allowed thorough recent work 

in elucidating responses of specific polymer systems.9-13 Specifically ionizing radiation has been 

used to crosslink polyacrylates,68-69 polyurethanes,70-71 poly (lactic) acid72-73 and other 

polymers.74-75 PLA has been widely explored as a biological scaffold76 and in a wide variety of 

3D printing applications.77  

The application of 3D printing to biomedical applications enables the rapid prototyping and 

development of complex geometries, necessary for tissue engineering and specialized 

components, not easily accessible by traditional methods. Additionally, 3D printed SMPs can be 

widely used for advanced manufacturing of smart materials. This technology allows for the 3D 

printing of flexible electronics or devices, after which the device can be deformed into a 

secondary shape for efficient packing and shipping, and later undergo shape recovery to return to 

its complex 3D geometry.78 Moreover, 3D printed SMP foams are very promising materials for 

aerospace applications, where the high porosity reduces the density of the polymers as well as 

the cost, and offsets the relatively lower mechanical properties.79 

Complex parts possess features at various depth profiles which make their uniform treatment 

difficult for various radiation sources. Gamma rays, as uncharged high energy rays, are 

attenuated little by the molecular structure of materials as they propagate, leading to a significant 

depth of penetration. As long as the dimensions of the complex parts are within the depth of 

penetration of gamma rays, the consistency of the radiation exposure across the parts will not be 

significantly affected by the geometry of the parts. Therefore, gamma radiation is an excellent 
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technique for curing materials in complex geometries. Additionally because of their excellent 

penetrating ability, gamma rays are a popular method for sterilizing medical devices.80 

Shape memory polymers (SMPs) are so-called “smart” materials with a rapid response of modulus 

to small temperature variations which enable large shape changes and rapid softening or stiffening. 

Shape memory polymers have been proposed for biomedical applications,81-83 for implantable 

bioelectronics,84-85 for control of surface morphology,86 for multiple shape recoveries 87-91 and as 

a two-way effect.92-93 Multi-functional materials have even branded themselves as 4D materials in 

which shape change (time) is another dimension of control for 3D printed parts.94 3D printed shape 

memory polymers such as PLA and polyacrylates or other specialty polymers that are enhanced 

by radiation crosslinking have the potential to play a unique role in emerging applications in oil 

and gas applications, in defense applications, in medical applications95 and as composites.96  

To support the use of 3D printing of medical devices, a working group within the Center for 

Devices and Radiological Health of the US Food and Drug Administration is investigating the 

challenges of using the technology to manufacture medical devices 

[http://www.gpo.gov/fdsys/pkg/FR-2014-05-19/pdf/2014-11513.pdf]. Furthermore, the agency 

has provided an emergency use exemption for a 3D printed bronchial splint,97 and with similar 

emergency uses of additive manufacturing reported in Europe.98-99 A cursory review of the 

publicly available 510(k) Summary Database100-101 showed that the Agency has cleared at least 

13 devices manufactured via 3D printing, which indicates that the FDA’s current pre-market 

notification process, 510(k), can address 3D printed devices similar to device submissions 

manufactured using traditional techniques that would otherwise be eligible for premarket 

notification. These cleared devices have spanned from dental implants, K120792, to patient 

http://www.gpo.gov/fdsys/pkg/FR-2014-05-19/pdf/2014-11513.pdf
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matched cutting guides, K120956, to patient specific knee replacement system, K133560 

revealing the breadth of applications for 3D printed medical devices. 

The distributed manufacturing ability of additive manufacturing allows for local 

manufacturing of components and a potentially simplified supply chain.102 This aspect of the 

technology makes it attractive to the FDA Medical Countermeasure Initiative103-104 as a way to 

ensure a ready supply of medical devices to hospitals in case of a natural disaster or CBRN 

(Chemical, Biological, Radiological, or Nuclear) event. Of specific interest to the program in this 

area is to develop a printable polymer system that is cross linkable post printing and robust 

enough to produce highly complex parts/devices and would ensure an uninterrupted supply of 

items in an emergency, ranging from respirator parts, emergency medical devices, and common 

but vital medical instruments.  

This study identifies a promising direction for the FDA Medical Countermeasure Initiative in 

terms of enhancing the properties of 3D printed parts after thermoplastic processing. In this 

study, resins are described and characterized for FFF systems due to the ability to rapidly print 

thermoplastic resins and induce crosslinking among printed layers after printing using ionizing 

radiation. 3D printed polymers whose mechanical properties were subsequently enhanced via 

ionizing radiation, pave the way for future directed studies in this paradigm.  

3.2 Experimental Methods 

Polymer Synthesis and Blending 

Two well-studied polymer systems were selected based on favorable crosslinking to chain 

scission ratios when exposed to ionizing radiation.  Figure 3.1 is a schematic that describes the 

different thermoplastic resins that are used in this 3D printing and subsequently crosslinking 
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study. Polymer System 1 is composed of acrylate monomers: methyl acrylate (MA) and isobornyl 

acrylate (IBoA). The ratio of these monomers can be tuned to adjust the glass transition 

temperature (Tg). For comparison, poly (methyl acrylate) has a Tg near 22°C69 and poly 

(isobornyl acrylate) has a Tg near 100° C.105-106 Different ratios of these monomers are combined 

with 0.1wt% 2,2-dimethoxy-2-pheynlacetophenone (DMPA) which serves as the photoinitiator. 

This photoinitiator concentration leads to molecular weights of the polyacrylate copolymers near 

500,000 Daltons. The resulting thermoplastics polymers are blended with radiation sensitizer 

trimethylolpropane triacrylate (TMPTA) in acetone. The resulting plasticized polymer blend is 

dried and subsequently molded through techniques such as extrusion, injection molding or 3D 

printing. The polymer system was polymerized in house from monomers (MA and IBoA) 

obtained from Sigma Aldrich and used as is, without purification or filtering.  The resulting 

poly(methyl acrylate-co-isobornyl acrylate)  (MA/IBoA) represents varying ratios of the two 

monomers adjusted to control the Tg. Unless specifically noted, the favored ratio of MA to IBoA 

is 3:1 to position the Tg near to that of the stock PLA. After polymerization of the polyacrylates 

in a 365nm UV translinker chamber (UVP via Cole Parmer) the acrylate copolymers were 

dissolved in acetone and mixed with radiation sensitizer TMPTA. After mixing, the polymers 

were allowed to dry for a week in a vacuum chamber to help remove excess solvent.  

Polymer System 2 describes a similar method for blending radiation sensitizer triallyisocyanurate 

(TAIC), also known as 1.3.5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione, into thermoplastic 

PLA of varying molecular weights using dichloromethane as an organic solvent. PLA is a 

commonly used material in both 3D printing environments and various biomedical device arenas. 

Thermoplastic PLA however has poor mechanical properties and is not resistant to common 
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solvents. PLA was purchased in spool form from Bits from Bytes and used as purchased for control 

samples. Sensitized PLA was dissolved in dichloromethane and mixed with TAIC (Sigma Aldrich, 

CAS: 1025-15-6). After solvent removal, the thermoplastic was extruded in a capillary rheometer 

into 3 mm thick filaments.  Acrylonitrile butadiene styrene (ABS) was also used as is from Bits 

from Bytes as a control. 

 
Figure 3.1. Schematic of two thermoplastic polymer systems used 

3D printing 

A BFB 3000 3D printer was purchased from Bits from Bytes which has the ability to melt 
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process up to three separate filaments ranging in diameter from 2-3 mm. Experimentation 

demonstrated that the filaments needed to have a glassy modulus of greater than about 10 MPa in 

order to correctly advance through the screw feed mechanism and print parts. ASTM D638 Type 

V dogbone samples were prepared in various print directions using the BFB printer and the PLA 

and acrylate copolymers for head to head comparison of the stress strain responses using a 

universal testing machine. Figure 3.2, part 1 indicates the horizontal, vertical and 45 degree print 

orientations that were compared. The PLA was printed at a temperature of 190 °C while the 

acrylate copolymers were printed at 150 °C, temperatures where the polymer melts had similar 

viscosities. STereoLithography files (STL, a file format for stereolithography CAD softwares) 

were designed in AutoCAD and loaded into the printer. In some cases the acrylate copolymers 

would become too soft near the screw driven extruding head and lead to glitches in the print job. 

However, careful control of the speed and temperature allowed full printing in all orientations.  

Ionizing Radiation 

Each polymer sample was cut into separate pieces to be dosed with gamma radiation.  

Several specimens of each polymer were dosed with 10 kGy and 50 kGy of ionizing radiation at 

varying temperatures during irradiation at Nordion (Canada).  The temperatures used in the 

experiment during dose delivery were 0 ˚C, 20 ˚C, 40 ˚C and 60 ˚C at a dose rate of 10.05 kGy 

per hour. Gel fraction tests, dynamic mechanical analysis (DMA) and differential scanning 

calorimetry (DSC) were used to quantify the effects of the ionizing radiation.  
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Figure 3.2. 3D printing, radiation crosslinking and DMA test processes of dogbones 

 

Gel Fraction Studies 

Three samples of each MA/IBoA and PLA, irradiated at different temperature and dose, were 

massed measuring between 20 and 100mg and place in separate 40mL vials. The vials were then 

filled with a solvent: acetone (MA/IBoA) or dichloromethane (PLA).  The vials were sealed and 

the samples were allowed to soak for one week at room temperature.  After a week the vials were 

opened, the samples were removed, and the samples were placed in a vacuum oven at 125°C and 

0.25 atm for one day to remove excess solvent. Once all the solvent was removed the samples 

were allowed to re-equilibrate to lab conditions to account for ambient humidity and pressure.  

All the samples were then weighed again.  The percent of the material that was crosslinked by 



 

28 

the radiation was calculated by Equation 3.1, 

Gel (%) = mf / mi Equation 3.1 

where mi is the initial mass weighed at the start of the gel test and the mf is the final mass weighed 

after the material was soaked in the solvent, dried and re-equilibrated. 

Dynamic Mechanical Analysis 

 Dynamic mechanical analysis (DMA) shear tests were used to quantify the shear modulus 

and tan delta over a varying temperature range of 25 °C to 200 °C before and after radiation 

crosslinking. The DMA was performed on a Mettler Toledo DMA 861e/SDTA. Samples were 

cut into cylinders approximately 1.2 mm thick and ~3 mm in diameter. The mode of deformation 

was shear, and strain was limited to a maximum of 0.3% to keep the samples in the linear elastic 

regime. Samples were tested at a heating rate of 2 °C/min. The frequency of deformation shown 

is the 1 Hz response, although samples were run in a simultaneous multi-frequency mode of 

superimposed 1, 2, 5 and 10 Hz waves. Tests were conducted in a nitrogen atmosphere. DMA on 

explanted samples was performed by immediately removing the sample and testing in shear 

parallel-plate configuration. Tg by DMA is denoted as the peak of tan δ. All modulus data 

presented here is the shear modulus. The shear modulus (G) is related to the Young’s modulus 

(E) through Poisson’s ratio (ν) as given by G=E⁄(2(1+ ν)). Poisson’s ratio was not explicitly 

measured for these polymer systems; however ν can be generally taken as 0.35 for glassy 

polymers and near 0.5 for polymers above the glass transition.  

Tensile Testing 

Tensile testing was conducted to failure on select samples (n ≥ 5) using a Lloyd-Ametek 

LR5KPlus with a 100 N load cell. The grips used were TG-22 self-tightening roller grips also 
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supplied by Lloyd-Ametek. Tests were conducted at 5 mm/min inside a Eurotherm Thermal 

Chamber at room temperature (~25 °C). Strain was measured using a long-travel laser 

extensometer (Laserscan 200 by Lloyd Instrument). All stresses and strains reported are 

engineering stresses and strains, and toughness was measured as the integrated area under the 

stress-strain curve. Each sample was printed or cut into a standard ASTM D638 Type V dogbone 

shape. Half of the samples were printed with the layers running parallel to the force direction and 

the other half were printed with the layers running orthogonal to the force direction as 

highlighted in Figure 3.2. For some conditions, a third print orientation of 45º to the print 

direction was tested. Each sample was clamped at room temperature in the grip area of the 

dogbone.  All samples were tensioned to eliminate error from the grip slipping or shifting on the 

sample usually corresponding to a preload of approx. 5N. Failure was measured and tabulated 

and, unless specifically noted, pictured results are the median of at least 5 samples and 

corresponding standard deviations. 

Accelerated Aging Tests 

An accelerated aging test was employed to characterize samples’ chemical resistance to 

tetrahydrofuran (THF) and phosphate buffered saline (PBS). Samples were mechanically cut 

from printed dogbones using a heated knife into rectangle sections weighing between 40 and 

140mg. Twelve samples of each irradiated PLA, irradiated at different temperatures, as well as 

the control PLA, were soaped in THF in separate 20mL vials, and another twelve samples of 

each PLA were soaped in PBS in the same setup. This test was carried out at 85 °C, and at this 

temperature, one hour of test represents a day at room temperature. At every time point, 3 

samples of each PLA were taken out of the vials and placed in a vacuum oven at 120 °C and 
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0.25atm for a day to evaporate the solvent. Samples were then taken out of the oven to cool 

down to room temperature and weighed again. To evaluate the resistance to the solvent, the gel 

fraction equation was used here. 

3.3 Results 

The polymer systems described in Figure 3.1 were characterized with gel tests, DMA, DSC, 

tensile tests and in accelerated aging tests. Figure 3.3 describes the gel fraction (from Eq. 1) as a 

function of temperature for the radiation crosslinked polymer samples. The mass indicates the 

material that remains after exposure to aggressive solvents. Non-irradiated samples dissolved 

entirely and showed zero gel formation. These specific samples were not 3D printed, but molded 

into thin films using conventional techniques such as a Carver Press. Each data point in this 

figure represents the average of three independent samples and associated with standard 

deviations. Figure 3.3a describes the gel fraction of materials in Polymer System 1 

(polyacrylates in acetone) as a function of the temperature at which the samples were irradiated 

with the gamma source at 10 kGy. After thermoplastic MA/IBoA was polymerized, varying 

amounts of unreacted TMPTA was blended into the polymer at 2.5wt%, 5.0wt%, 7.5wt%, and 

10.0wt%. Samples of each sensitized polymer blend were irradiated with 10 kGy of gamma 

radiation at 0 ˚C, 20 ˚C, 40 ˚C, and 60 ˚C. The trend indicates a decrease in gel fraction at 

elevated radiation temperatures. Figure 3.b describes the gel fraction of materials in Polymer 

System 2 (PLA in dichloromethane) as a function of the temperature at which the samples were 

irradiated with the gamma source at 10 kGy. Three PLA blends with varying sensitizer 

concentrations were tested.  PLA 0% represents pure PLA (sourced from Bits4Bytes) that was 

used as a control. PLA 3% is PLA blended with 3.0wt% TAIC. PLA 9% is PLA blended with 
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9.0wt% TAIC. The effect of radiation temperature is described at 0 ˚C, 20 ˚C, 40 ˚C, and 60 ˚C. 

The trend indicates an increase in gel fraction at elevated radiation temperatures.  

 

 
Figure 3.3a. Gel fraction test on Polymer System 1 with different TMPTA percentages 

 
Figure 3.3b. Gel fraction test on Polymer System 2 with different TAIC percentages 

 

The thermomechanical properties of the samples characterized by sol-gel analysis in Figure 
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3.3 are described in Figure 3.4. Figure 3.4a shows the modulus in MPa as a function of 

temperature in °C for the samples described in Figure 3.3a as gathered by DMA. The acrylate 

shape memory polymer samples all have a Tg near 35 °C as indicated by the peak of the tangent 

delta showed in Figure 3.4b. Samples that are less crosslinked appear to be less stiff at higher 

temperatures and show variability in the tan delta. Figure 3.4c and d show DMA curves of the 

2.5wt% sensitized polyacrylates at various radiation temperatures.  Both modulus and tan delta 

show little variation as a function of radiation temperature at lower temperatures, whereas 

samples crosslinked at higher temperatures appear to demonstrate increased variability in 

modulus and tan delta.  

 
Figure 3.4a. Modulus–temperature curves gathered by DMA on Polymer System 1 with different 

TMPTA percentages irradiated at 10 kGy at 40 °C 
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Figure 3.4b. Tangent delta–temperature curves gathered by DMA on Polymer System 1 with 

different TMPTA percentages irradiated at 10 kGy at 40 °C 

 
Figure 3.4c. Modulus–temperature curves gathered by DMA on Polymer System 1 blended with 

2.5wt% of TMPTA irradiated at 10 kGy at various temperatures 
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Figure 3.4d. Tangent delta–temperature curves gathered by DMA on Polymer System 1 blended 

with 2.5wt% of TMPTA irradiated at 10 kGy at various temperatures 
 

Figure 3.5a displays the modulus in MPa as a function of temperature in °C for a series of 

PLA samples blended with varying concentrations of TAIC (0%, 3wt%, 5wt%, and 10wt%) 

measured in DMA test. All the samples were irradiated with 50 kGy gamma radiation at 20°C. 

With increasing concentration of TAIC blended in PLA, the samples show drop in high 

temperature modulus associated with the loss of an independent crystal phase. As shown in 

Figure 3.5b, the glass transition temperatures of samples blended with TAIC shift to lower 

temperatures than that of PLA with no TAIC blended. The PLA samples with 0%, 3wt%, 5wt%, 

and 10wt% TAIC have a Tg around 65 °C, 60 °C, 63 °C, and 61 °C, respectively. 5wt% and 

10wt% TAIC were selected instead of 9.0 wt% TAIC from Figure 3.3b so that 

thermomechanical results could be more easily compared to the polyacrylate counterparts in 

Figure 3.4.  
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Figure 3.5a. Modulus–temperature curves gathered by DMA on Polymer System 2 with different 

TAIC percentages irradiated at 50 kGy at 20 °C 

 
Figure 3.5 b. Tangent delta–temperature curves gathered by DMA on Polymer System 2 with 

different TAIC percentages irradiated at 50 kGy at 20 °C 
 

Figure 3.6a shows a series of DSC curves which plot the heat flow as a function of time at 

isothermal 60 °C conditions for 1 hour. Exothermic reactions are upwards. The neat PLA 

experiences a melt after 100 seconds at 60 °C while the crosslinked, sensitized PLA with 10wt% 

TAIC does not show the characteristic melt peak of thermoplastics PLA. Figure 3.6b compares 
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the DMA curves (modulus and tan delta superimposed) for the PLA samples sensitized with 

10wt% TAIC and irradiated at different temperatures.  

 
Figure 3.6a. 1-Hour isothermal DSC tests at 60 °C of neat PLA and PLA blended with 10wt% 

TAIC 

 
Figure 3.6b. DMA curves (modulus and tan delta) of PLA samples sensitized with 10wt% TAIC 

and irradiated at 50 kGy at different temperatures 
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Figure 3.6c. Tensile tests of horizontal dogbones irradiated at 50 kGy at 20 °C, 60 °C and a non-

irradiated control 

 
Figure 3.6d. Accelerated aging tests for the control, 20 °C and 60 °C PLA with 10wt% TAIC 

samples crosslinked at 50 kGy radiation 
 

Many different samples and compositions were tested mechanically, at small sample sizes 

with insignificant results. Due to the large sample size across all printed systems, the 10wt% 

TAIC sensitized PLA was selected for further detailed inquiry. For the tensile tests, 3D printed 
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parts were used in lieu of the identical composition samples prepared by the Carver Press. 

Figure 3.6c shows each test in a series of tensile tests per composition of PLA with 10wt% 

TAIC irradiated at 50 kGy at 20 °C, 60 °C and not irradiated. The samples irradiated at 60 °C 

show a greater than 50% increase in mechanical stress and an increase of about 6% additional 

strain capacity. Figure 3.6d shows the gel fraction as a function of time during accelerated aging 

tests for the control, 20 °C and 60 °C PLA with 10wt% TAIC samples crosslinked at 50 kGy. In 

phosphate buffered saline (PBS) solution, the samples all remain intact in all cases (regardless of 

crosslinking) and begin degrading after about 30 hours which is equivalent to 1 month real time 

under ambient, wet conditions. In THF the control sample which was not crosslinked dissolved 

in less than 1 hour. The crosslinked samples remained intact up to 168 hours of accelerated 

aging, representing nearly 6 months. At this point, the test was stopped. The PLA samples were 

tested against the commonly used 3D printing material, ABS. Figure 3.7a demonstrates the 

stress-strain response of 3D printed ASTM Type IV half scaled dogbone samples made from 

PLA and ABS. The dogbones were printed in various print directions as indicted in Figure 3.2a. 

ABS failed at much lower stresses and strains than the PLA material did and had no mechanical 

integrity after crosslinking so is not pictured in Figure 3.7b. The PLA dogbones exhibited 

anisotropy such that the vertical print direction had a tensile stress of 55.3 MPa at a failure strain 

of 24.5% while the horizontal print direction exhibited a maximum tensile stress of 29.7 MPa at 

a failure strain of 16%. ABS dogbones exhibited similar anisotropy in the horizontal direction 

although at a lower failure stress and strain. Samples are representative curves (the median) from 

a series of 5 tensile tests per composition per temperature.  
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Figure 3.7a. Tensile tests on 3D printed dogbone samples made from non-irradiated control 

PLA and control ABS 
 

 
Figure 3.7b. Tensile tests on 3D printed dogbone samples made from 10wt% TAIC sensitized 

PLA irradiated at 20 °C and 60 °C 
 

Figure 3.7b shows sensitized PLA that was crosslinked at different radiation temperatures 

(20 °C and 60 °C). Critical to note is the drop in properties at samples irradiated at 20 °C is large 
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compared to the drop in properties at 60 °C. For sensitized PLA samples, the mechanical 

properties of the vertical printed dogbones were almost identical to that of the control vertical 

samples. However, the horizontal samples, in which the tensile force is applied perpendicular to 

print layers, showed an increase in mechanical properties over the control samples. This study 

demonstrates a lessening of anisotropy (an increase in part strength in the horizontal direction) 

due to crosslinking via ionizing radiation. This represents an increase from 29.7 MPa to 

39.9 MPa in stress relative to the horizontal control and an increase in average strain capacity 

from 16.1% to 22.2%. This is equivalent to an average increase in toughness of 1.7× from a 

toughness of 2.05 MJ/m3 for the horizontal PLA control sample to a toughness of 3.42 MJ/m3 for 

the horizontal sensitized, crosslinked PLA + 10wt% TAIC sample. For comparison, the vertical 

crosslinked, sensitized sample has toughness of 6.20 MJ/m3, compared to the vertical PLA 

control sample which has a toughness of 5.94 MJ/m3. Table 3.1 compares stress at 10% strain, 

ultimate stress and failure strain among different samples. The first two samples, ABS control 

and PLA control, were not irradiated, while the last two samples were PLA blended with 10wt% 

of TAIC and irradiated with 50 kGy gamma radiation at 20 °C and 60 °C, respectively. The 

results indicate that the PLA sample irradiated at 60 °C presents the most enhanced interlayer 

adhesion strength as it has the most improved horizontal 10% strain, ultimate stress and failure 

strain. However, the PLA sample irradiated at 20 °C has poorer interlayer adhesion than control 

samples. Table 3.2 lists out the differences in stress at 10% strain, ultimate stress, and failure 

stress between the horizontal and vertical directions, as well as the ultimate stress ratio and the 

failure stress ratio of the two directions. The listed four samples are the same as in Table 3.1. 

Compared to the non-irradiated PLA control sample, the PLA sample irradiated at 20 °C shows 
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no evident difference in ultimate stress but nearly as low as half of the ultimate stress ratio and 

the failure stress ratio; nonetheless, the PLA sample irradiated at 60 °C shows almost as twice in 

both ultimate stress ratio and failure stress ratio as the non-irradiated sample. These outcomes are 

well in line with the results from Figure 3.6a and b. 

Table 3.1 Stress compare at 10% strain, ultimate stress and failure strain among various samples 

Material 
10% Strain Ultimate Failure 

Horizontal Vertical Horizontal Vertical Horizontal Vertical 

ABS Control: Stress (MPa) 

Strain (mm/mm) 

4.20 ± 0.62 

0.1 

5.20 ± 0.62 

0.1 

6.60 ± 1.25 

0.10 ± 0.01 

31.1 ± 1.10 

0.30 ± 0.01 

6.60 ± 1.25 

0.10 ± 0.01 

22.0 ± 3.37 

0.40 ± 0.03 

PLA Control: Stress (MPa) 

Strain (mm/mm) 

6.40 ± 0.67 

0.1 

6.30 ± 0.92 

0.1 

23.5 ± 3.79 

0.20 ± 0.01 

55.8 ± 1.63 

0.30 ± 0.01 

23.5 ± 3.79 

0.20 ± 0.01 

55.8 ± 1.63 

0.30 ± 0.01 

PLA 10% XL, 50kGy, 20°C: Stress (MPa) 

Strain (mm/mm) 

Failed at 

7% strain 

11.0 ± 2.00 

0.1 

7.31 ± 2.13 

0.07 ± 0.02 

38.8 ± 8.21 

0.23 ± 0.02 

6.73 ± 2.44 

0.07 ± 0.02 

29.7 ± 10.8 

0.22 ± 0.02 

PLA 10% XL, 50kGy, 60°C: Stress (MPa) 

Strain (mm/mm) 

10.4 ± 4.71 

0.1 

13.5 ± 0.64 

0.1 

35.9 ± 12.1 

0.23 ± 0.04  

49.9 ± 16.9 

0.24 ± 0.07 

32.9 ± 11.7 

0.22 ± 0.04 

40.1 ± 21.3 

0.24 ± 0.07 

 
Table 3.2 Differences in stress compare between the horizontal and vertical directions among 

various samples 

Material 
Δ Stress @ 

10% Strain 

Δ Stress @ 

Ultimate 

Δ Stress @ 

Failure 

Stress @ 10% Strain 

ratio (Horiz./Vert.) 

Stress @ Ultimate 

ratio (Horiz./Vert.) 

Stress @ Failure 

ratio (Horiz./Vert.) 

ABS Control 1.02 MPa 24.5 MPa 15.4 MPa 81% 21% 30% 

PLA Control 0.10 MPa 32.3 MPa 32.3 MPa 98% 42% 42% 

PLA 10% XL, 50kGy, 20°C N/A 31.5 MPa 23.0 MPa N/A 18% 23% 

PLA 10% XL, 50kGy, 60°C 3.12 MPa 14.0 MPa 7.16 MPa 77% 72% 82% 

 

The ATR-FTIR spectra of TAIC, pure PLA and PLA blended with 10wt% TAIC are shown 

in Figure 3.8a. None of these samples are irradiated. The peaks around λ = 1754 cm-1 and 1183 

cm-1 correspond to the C=O and C-O-C stretching of PLA, respectively. The peak of C=O 

stretching of TAIC appears at about λ = 1695 cm-1 while the peak of C=C stretching of TAIC is 
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at λ = 1653 cm-1. Figure 3.8b presents the ATR-FTIR spectra for samples of PLA blended with 

10wt% TAIC with irradiation of 50 kGy at 20 °C, 60 °C and a non-irradiated control.  

 
Figure 3.8a. ATR-FTIR spectra of TAIC, pure PLA and PLA blended with 10wt% TAIC 

 

 
Figure 3.8b. ATR-FTIR spectra for samples of PLA blended with 10wt% TAIC with irradiation 

of 50 kGy at 20 °C, 60 °C and a non-irradiated control 
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3.4 Discussion 

We have demonstrated a novel method and polymer blend that enables reduction of 

anisotropy in 3D printed parts through exposure to ionizing radiation. From our background in 

the design and processing of shape memory polymers utilizing ionizing radiation, we sought to 

explore two key fundamental issues and in doing so have yielded an applied solution in the space 

of 3D printing. First, we sought to study the effects of ionizing radiation relative to irradiation 

temperature relative to the Tg of acrylate copolymer SMPs blended with radiation sensitizer, and 

also blended PLA, which like the acrylate SMPs exhibits a sharp glass transition temperature in a 

useable range near 50C. Second we sought to study the effects of different irradiation 

temperatures in different polymer systems relative to different print orientations. What emerged 

from this study was the goal of reducing anisotropy in 3D printed parts and enhancing 

performance through interlayer crosslinking among FFF thermoplastic strands.  

In our opinion, the most exciting industrially relevant results are those demonstrated in 

Figure 3.6c. We have shown how the mechanical properties (importantly toughness, strain 

capacity and ultimate tensile strength) can be significantly increased by exposing sensitized PLA 

to ionizing radiation at 60 °C, but not at 20 °C. This indicates why researchers in the past may 

have attempted to crosslink PLA at ambient temperatures with little or no success. At 

temperatures below the Tg, chain mobility hinders the ability of generated radicals to find one 

another and provide a high degree of crosslinking. At a temperature above the Tg, steric 

hindrance of the polymer chains is reduced, leading to excellent crosslinking.  

One could then extrapolate that the acrylate shape memory polymer systems would exhibit 

similar behavior relative to Tg. This is only partially the case, due to the change in radiation 
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sensitizer. In the acrylate systems, TMPTA a tri-functional acrylate that could be blended well 

into the thermoplastic acrylate network, was used instead of the tri-ene TAIC. This choice had 

unforeseen consequences at higher temperatures. TMPTA has been used in myriad crosslinking 

studies at ambient temperatures. What is of critical note is this set of systems is Figure 3.3a.  As 

the concentration of TMPTA sensitizer is increased, the gel fraction correspondingly increases as 

expected. However, we expected the gel fraction to also increase as the temperature increased as 

chain mobility becomes greater through and above the Tg. The gel fraction result was not the 

case. Because acrylates can homopolymerize in a highly exothermic acrylate reaction, we 

postulate that the free radical propagation through mobile sensitizers kinetically outpaces radical 

recombination triggered by ionizing radiation. The first high energy gamma begins activating the 

TMPTA which quickly self-reacts, often incorporating into polymer chains, but more often 

adding to itself forming a densely crosslinking interpenetrating network within the now partially 

thermoplastic, partially thermoset network. We believe that the exothermic nature of the 

reactions, coupled with the 60 °C base temperature and the exposure to high doses of energy 

catalyzes this rapid homopolymerization. The PLA is sensitized with a tri-allyl instead of a tri-

acrylate. Since the pendant allyl functionalities are much less reactive than the pendant acrylates, 

the TAIC systems continue to see an increase in gel fraction relative to temperature as shown in 

Figure 3.3b. In fact, we think this is a curious area for future study. At some irradiation 

temperature, it is possible that allyl homopolymerization may also outpace the reactions induced 

by the gamma radiation. However, up until this background temperature, if it indeed does 

happen, we predict increasingly well-formed networks with fewer built in cure stresses, higher 

gel fractions and better resulting thermomechanical properties.  



 

45 

Further indication of this phenomenon can be seen at a molecular level via ATR-FTIR shown 

in Figure 3.8. The two peaks at 2922 cm-1 and 2852 cm-1 are attributed to the stretching of the 

tertiary carbon and the hydrogen on PLA backbones, decrease in the irradiated samples, 

indicating that the tertiary carbons lose protons under irradiation and become tertiary allylic 

radicals. These radicals then could form covalent bonds with each other, i.e. crosslinks between 

polymer chains.  The same decreasing trend is also observed in the peak of C=C stretching of 

TAIC at 1653 cm-1 in irradiated samples. This reveals the C=C bond breaking in TAIC during 

the irradiation and formation of radicals to assist the crosslinking.107-108 

We provide further more granular analysis of the data to support the claims made above.  

From the preliminary results of the gel tests in Figure 3.3, several different conclusions can be 

drawn from the effects of irradiation temperature and absorbed dose.  Sensitized PLA irradiated 

at 10 kGy demonstrated a distinct trend in which higher temperatures led to larger gel fractions 

and higher degrees of crosslinking.  We expect this is a result of increased local chain mobility at 

higher temperatures. In the samples irradiated at 50 kGy the same upward trend of cross-link 

density at higher temperature could be seen though less pronounced, indicating that higher 

absorbed dose is more dominant than the influence of increased temperature. This balance 

presents a set of nice handles for future optimization of such systems.  

Interestingly, the 10 kGy sensitized PLA samples irradiated at 60 °C had a greater crosslink 

density than samples irradiated 50 kGy at 20°C as determined by the gel tests.  In PLA, both 

absorbed dose and temperature can be used effectively together to help crosslink polymers to 

target specific thermomechanical properties.  In the MA/IBoA gel test samples an opposite trend 

is observed.  The samples that were irradiated at higher temperature showed less gel formation.   
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This trend was observed in all MA/IBoA samples except the samples without TMPTA added.  

The samples with no TMPTA showed the same upward trend as the PLA.  Independent analysis 

of the thermal stability of TMPTA during temperature cycles, leads us to believe that some 

premature polymerization of the TMPTA sensitizer due to background temperature and 

temperature from the exothermic acrylate reaction before exposure to the radiation and during 

early stages of exposure leads to this reduction of properties. We seek to understand the limits of 

this effect through the addition of inhibitors such as MEHQ into the polymer blend before 3D 

printing to help stabilize the system during melt-processing and subsequent irradiation in future 

inquiries.  

For this experiment we set out to demonstrate quantitatively how temperature can be used to 

help cross-link thermoplastics into thermosets through ionizing radiation.  We showed that 

increasing temperature produced a greater cross-link density in PLA with TAIC, while 

decreasing the temperature had the same effect for the MA/IBoA with TMPTA.  All PLA 

samples showed an increase in cross-link density as temperature was increased, with temperature 

having a greater effect on lower irradiated samples.  We proved through the PLA samples our 

hypothesis of achieving a higher cross-link density using a combination of radiation and 

temperature.  This inquiry taught us that more work still needs to be done identifying the effects 

of thermal energy on cross-link density in polymers. In the end thermal energy can effectively be 

optimized to improve radiation cross-link densities in polymers whether it means increasing or 

decreasing the polymers temperature. 

Increasing temperature produced a greater crosslink density in sensitized PLA, while 

TMPTA exhibits auto-polymerization tendencies at elevated temperatures. All PLA samples 
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showed an increase in crosslink density as temperature was increased, with temperature having a 

greater effect on lower irradiated samples. We demonstrated materials that could be 3-D printed 

and later crosslinked into thermosets and that increasing temperature can effectively be used to 

improve crosslink density in sensitized PLA, a 3D printable polymer. We hope this will enable a 

host of new devices and materials in the coming advanced manufacturing age.  

3.5 Conclusion 

We have described basic structure-property-processing relationships that enable us to deliver 

a new generation of inexpensive 3D printable parts with robust thermomechanical properties 

which are first thermoplastically processed and subsequently covalently crosslinked. We focused 

on shape memory systems with glass transitions useable for biomedical applications, but believe 

this paradigm can be extended to a host of other systems that do not necessarily exhibit shape 

memory properties. We demonstrated a 1.7 × increase in toughness relative to the non-

crosslinked control for PLA sensitized with 10 wt% TAIC and irradiated at 60 °C which was 3D 

printed in the horizontal orientation. This increase in toughness came from an increase in both 

ultimate tensile strength and strain capacity and led to a dramatic reduction in anisotropy for the 

3D printed parts. Furthermore, we demonstrated temperature windows at which to conduct the 

radiation crosslinking relative to Tg to balance kinetics with free radical generation and promote 

higher degrees of crosslinking. We know of no previous inquiry which studies the radiation 

crosslinking temperature relative to Tg for shape memory polymers, let alone for 3D printed 

systems. We have demonstrated a new paradigm for FFF 3D printing which has potential uses 

for medical devices, dental devices, oil and gas applications, defense applications and as-of-yet 

unknown uses as 3D printing continues to pervade though everyday society.  
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3.6 Perspective 

While this crosslinking route could be optimized further, the results of (a) crosslinking a 3D 

printed part and (b) reducing the anisotropy of said 3D printed part has significant implications 

for 3D printing. With the addition of TAIC to PLA, a commonly used 3D printing material for 

extrusion based printers, we were able to show an improvement in mechanical properties and an 

increase to solvent resistance after exposing the printed parts to radiation. This shows the 

feasibility of the Medical Countermeasure project to have a polymer system that can be used by 

hobbyist grade printers to produce 3D printed parts with chemical resistance and reduced 

anisotropy needed to be used for medical products in an emergency. However, it should be noted 

that further work needs to be done and regulatory approval would be needed before these 

materials could be used for the stated application. Beyond this scenario, this radiation 

crosslinking approach opens the ability for hobbyist grade printers to produce parts that are 

tougher, more chemical resistant, and capable of withstanding more complex loads for a variety 

of non-medical applications.   

As regulators seek to ensure the safety of medical devices; it becomes ever-more clear that 

materials processing, beyond simply a given raw material, dictates how the final devices will 

behave. During both 3D printing and exposure to ionizing radiation, good laboratory practices 

will have to be followed and very specific parameters will have to be documented and evaluated, 

if the thermomechanical properties are to be the consistently produced from device to device. A 

hypothetical case: Next generation medical devices are 3D printed from viscoelastic polymers or 

shape memory polymers near their Tg at body temperature. Differences in the ambient 

temperature where these devices are being printed could lead to very different network structures 
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that may affect device performance. This presents an interesting challenge for regulatory 

agencies which must ensure that companies have shown that the final device is safe; which in the 

case of 3D printing is relative to the chosen materials and manufacturing techniques. Thus our 

results would encourage material providers and 3D printer companies to provide robust data sets 

and well-studied parameter ranges with respect to at least print temperature, radiation 

temperature, dose, dose rate and starting molecular weight. An approach like the one described 

above can help enhance the next generation of personalized medical devices.  

3.7 Acknowledgements 

We would like to thank Nordion's Gamma Center of Excellence and Sterilization team 

including Fatima Hasanain and Harold Walker for their contributions on the gamma irradiation 

experiments. We would like to acknowledge funding from the DARPA Young Faculty Award 

Program (D13AP00049), the US FDA Medical Countermeasures Program via FDA-11-1092096 

"Expanded Emergency Capacity of Medical Device Production through 3D Printing of Radiation 

Cross Linked Polymers" and support from the University of Texas at Dallas Biomedical Device 

Center.  

. 

 

  



 

50 

CHAPTER 4 

HIGH GLASS TRANSITION REVERSIBLE THERMOSETS FOR ISOTROPIC FUSE 

FILAMENT FABRICATION 3D PRINTING 

 
 

Even though the ionizing radiation process is compatible with current FFF 3D printing 

process, it is a separate step from the 3D printing, costing extra processing time to 3D print 

reliable engineering parts. Starting from this chapter, a new mechanism is explored, aiming to 

introduce the crosslinks between layers during the 3D printing process. Reversibly-crosslinked 

polymers have been extensively studied in smart materials field, such as self-healing and 

remendable materials. This will be the first time to implement the reversible thermosets for FFF 

3D printing applications in pursuit of improving the interlayer adhesion in the printed parts. 

4.1 Introduction 

Fused filament fabrication (FFF) is one of the most popular techniques in 3D printing due to 

its relatively low cost and high prototyping speed. It requires thermoplastic materials which are 

melt-processable, however this deposition method often leads to poor layer adhesions within the 

parts therefore high anisotropy. Introducing crosslinks between layers is one of the most 

effective techniques to improve the interlayer adhesion and reduce the anisotropy in the printed 

parts. However, most of the thermosets are chemically crosslinked and not melt-processable once 

the crosslinks are introduced into the network. Besides crosslinking the printed parts in the post-

printing process via ionizing radiation described in Chapter 3, reversibly-crosslinked polymers 

could also provide a mechanism to improve the thermal, chemical and mechanical properties of 

3D printed parts while maintaining the melt-processability of the system. 
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Reversibly-crosslinked polymers have been widely used in smart materials research, 

specifically in self-healing and remendable materials. The polymer network usually contains 

dynamic covalent chemistries, among which the Diels–Alder chemistry has been the most 

commonly applied in smart materials fields,109 such as self-healing materials, thermally 

removable encapsulants, recyclable thermosets and others. Diels–Alder reaction is a [4+2] 

cycloaddition between a dienophile and a diene. It is thermally reversible through the retro-

Diels-Alder reaction which happens at higher temperatures. Incorporating Diels–Alder chemistry 

with 3D printing polymers potentially could not only allow printing thermoset polymers on FFF 

printers, but also the interlayer covalent crosslinks within the printed parts, therefore reducing 

the anisotropy in FFF printed parts and increasing their reliability. 

In the present work, we developed a series of Diels–Alder Reversible Thermoset (DART) 

polymers, an amorphous thermoplastic polymers with pendant furan groups crosslinked by 

various bismaleimides, for FFF-based 3D printing, aiming to reduce the anisotropy in the printed 

parts by introducing furan-maleimide Diels–Alder crosslinks between printed layers. 

4.2 Experimental 

4.2.1 Materials 

Furfuryl methacrylate (FMA), ethyl methacrylate (EMA), 2,2’-azobis(2-methylpropionitrile) 

(AIBN), and 1,1’-(methylenedi-4,1-phenylene)bismaleimide (MPBMI) were purchased from 

MilliporeSigma. Toluene, dimethylformamide (DMF), chloroform-d, and deuterated methyl 

sulfoxide (DMSO-d6) were purchased from Fisher Scientific. All chemicals were used as 

received. BMI-689 and BMI-1500 were from Designer Molecules Inc. 
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4.2.2 Polymer synthesis 

Poly(FMA-co-EMA): FMA (0.1393 g, 0.84 mmol), EMA (0.8607 g, 7.5 mmol) and AIBN 

(0.6wt%) were dissolved in DMF (3.4 mL) in a round bottom flask. The reaction was kept at 

70 °C for 8 hours under nitrogen before the polymer was precipitated out of solution by pouring 

the solution into cold methanol. The polymer was obtained from vacuum filtration, washed with 

methanol and hexane, and then dried at 70 °C under vacuum for 24 hours. (84%) 1H NMR 

(CDCl3, 500MHz, shown in Error! Reference source not found..a): δ 7.39 (br, 1H), 6.36 (br, 1H), 

6.31 (br, 1H), 4.93 (br, 2H), 4.00 (br, 18H), 1.70–2.02 (m, 20H), 0.84–1.22 (m, 54H). 

Crosslinked poly(FMA-co-EMA) (DART polymers): bismaleimide (with stoichiometrically 

equivalent amount of maleimide groups to the furfuryl rings on the polymer backbone according 

to NMR results) and the linear polymer were dissolved in dioxane (10 mL per 1 g of the 

polymer) in a round bottom flask. The solution was under stirring at 85 °C for 30 mins before 

pouring into a mold. The solvent was removed by heating in an oven at 75 °C for 48 hours in air. 

4.2.3 Retro-Diels–Alder reaction study in DART polymers via Nuclear Magnetic 

Resonance spectroscopy (NMR) 

Samples (120 to 130 mg) of each DART polymer were soaked in DMSO-d6 (0.8 mL) and 

kept at 160 °C for an hour before filtered through a 0.22 µm PTFE filter to prepare the NMR 

sample. NMR spectroscopy was carried out on a Bruker Avance III HD 600 MHz NMR. 

4.2.4 Gel permeation chromatography (GPC) 

GPC was used to determine the molecular weights of the polymers in DMF at 40 °C at a flow 

rate of 1 mL min-1 on Shimadzu HPLC instrument equipped with Agilent polystyrene columns 
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and Shimadzu refractive index detector (RID). The polystyrene standard was used for GPC 

calibration. 

4.2.5 Differential Scanning Calorimetry (DSC) 

DSC was performed on a Mettler Toledo DSC-1. Sample size was limited between 8 and 12 

mg. All measurements were carried out under nitrogen at a flow rate of 50 mL min-1 and at a 

heating/cooling rate of 10 °C min-1. 

4.2.6 Dynamic Mechanical Analysis (DMA) 

DMA was performed on a Mettler Toledo DMA 861e/SDTA. Samples were cut into 

cylinders with approximately a diameter of 3 mm and a thickness of 1 mm. The sinusoidal mode 

of deformation for the DMA was shear with a frequency of 1 Hz, and the strain was limited to a 

maximum of 0.2%. All measurements were carried out in nitrogen at a heating rate of 2 °C min-1. 

At least three samples were tested for each composition. 

4.2.7 Thermogravimetric Analysis (TGA) 

TGA was carried out on a Mettler Toledo TGA/DSC-1. Sample size was limited between 5 

and 10 mg. The measurements were conducted under nitrogen flow at 200 mL min-1 with 

temperature ramping from 25 to 700 °C at a heating rate of 20 °C min-1. 

4.2.8 Viscosity measurement 

Viscosity results were obtained from a TA Instrument DHR H3 rheometer with cone-plate 

geometry (truncation gap 59 μm, diameter of 40 mm, 2.029°). Samples were cut into discs with 

approximately 0.6 gram of sample size, and loaded at 180 °C. The measurement was performed 
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at a constant shear rate of 1 s–1, with temperature ramping to 200 °C at a rate of 2 °C min–1. The 

viscosity results were recorded as a function of temperature.  

4.2.9 Gel fraction and solvent tests 

Gel fraction and solvent tests were done on all DART polymers in order to 1) track the 

crosslinking rate after the retro-Diels–Alder reaction took place; and 2) study the crosslinking 

density of different DART polymers. Three specimens (200 mg) were taken from each sample 

and soaked in dioxane at room temperature for five days. The liquid was decanted and the 

swelled samples were weighed before dried at 70 °C under vacuum. The dry samples were 

weighed as well. The gel fraction result is obtained by below equation: 

𝐺𝐺𝐺𝐺𝐺𝐺 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
× 100%    Equation 4.1 

 𝐷𝐷𝐺𝐺𝐷𝐷𝑓𝑓𝐺𝐺𝐺𝐺 𝑓𝑓𝑓𝑓 𝑆𝑆𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺𝑓𝑓𝑓𝑓𝐷𝐷 = 𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖
𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

× 100%    Equation 4.2 

To track the crosslinking rate after the retro-Diels–Alder reaction, an extra heat treatment 

was carried out: DART samples were first kept in vials at 160 °C for 60 mins in air. Dioxane was 

added to the vials after cooling to room temperature. 
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Figure 4.1. a. Chemical structures of monomers; b. NMR spectrum of poly(FMA-co-EMA); c. 
NMR spectrum of heat treated DART4 in DMSO; d. NMR spectrum of heat treated DART4 in a 
solvent free environment 
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4.3 Results 

4.3.1 Chemical properties of poly(FMA-co-EMA) and its thermosets 

Peaks at δ 7.39, 6.36, and 6.31 in the NMR spectrum of poly(FMA-co-EMA) in Error! 

Reference source not found.a correspond to the three different protons on furan rings from 

furfuryl methacrylate. The integration ratio of one of the furan protons (J) to the two protons (E) 

on the carbon atom next to the oxygen on EMA is 1 to 17.14. 

Figure 4.1c shows the NMR spectra of the heat-treated DART4 sample in DMSO There are 

peaks at δ7.65, 6.99, and 5.14. In Figure 4.1c there are peaks δ7.65 (free furan rings), 6.99 

(maleimido groups), between 6.45 to 6.54  (Diels–Alder adducts), and 5.14 (Diels–Alder 

adducts) 110-111.  

Both heat-treated samples DART4 and DART5 have more than 100% in their gel fraction 

results shown in Table 4.1. Solvent test results in Table 4.2 show a trend of increasing degree of 

swelling with increasing molecular weight of the crosslinkers. 

4.3.2 Thermomechanical properties of poly(FMA-co-EMA) and its thermosets 

DSC results in Figure 4.2a show the linear poly(FMA-co-EMA) has a glass transition 

temperature (Tg) near 78 °C, while all the Tg of the crosslinked poly(FMA-co-EMA) polymers 

shifted: DART4 has a Tg above 85 °C, Tg of DART5 and 6 both shifted to lower temperatures, 

42 °C and 21 °C respectively.  

The thermal stability of DART polymers was evaluated by TGA. The TGA curves in Figure 

4.2b show that DART4 starts to have more than 2% weight loss at a temperature of 170 °C while 

both DART5 and 6 have more than 2% weight loss when heated to 184 °C. 
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The DMA curves of poly(FMA-co-EMA) in Figure 4.2c showed the typical thermoplastic 

behavior—the storage modulus drops to around 0.01 MPa after the sample entered the rubbery 

regime, and both storage modulus and tan δ become very noisy as the temperature goes higher. 

For DART polymers, however, while the storage modulus also drops after entering the rubbery 

regime as poly(FMA-co-EMA), it does not keep dropping but stays between 0.1 and 1 MPa.  

Figure 4.2d shows the viscosity of poly(FMA-co-EMA) as a function of temperature from 

180 to 200 °C at a shear rate of 1 s-1, which drops as the temperature increases; at 200 °C, 

poly(FMA-co-EMA) has a viscosity of 6383 Pa·s. The viscosity of DART4, 5, and 6 could not 

be obtained as they were not melt-processible. 

Table 4.1 Gel fraction test results (%) 

Sample Control Heat-treated 

DART4 99 ± 2 112 ± 6 

DART5 93 ± 3 105 ± 6 

DART6 97 ± 2 93 ± 1 

Table 4.2 Solvent test results (%) 

Sample Control Heat-treated 

DART4 449 ± 15 298 ± 48 

DART5 476 ± 56 346 ± 37 

DART6 519 ± 55 382 ± 47 
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Figure 4.2 a. DSC curves, b. TGA curves, and c. DMA curves of poly(FMA-co-EMA), DART4, 
5, and 6; d. Viscosity–temperature curve of poly(FMA-co-EMA) at a shear rate of 1 s-1 

4.4 Discussion 

4.4.1 Diels–Alder chemistry in DART polymers 

NMR spectra of heat-treated DART polymers in DMSO have verified the retro-Diels–Alder 

reactions in DART—there are free furan rings and maleimides in the DART network after 

heating at 160 °C in a solvent, though not all the Diels–Alder linkages are reversed after heating. 

Figure 4.1c shows that about 73% of furan-maleimide adducts in DART4 were reversed in the 

heated solution. In DART5 and DART6, the reversibility was 49% and 72%, respectively. 

Gel fraction results on solvent-free heat-treated samples have indicated that under high heat, 

DART polymers may have suffered some possible side reactions, such as oxidation, 
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aromatization of the Diels-Alder adducts17-18, ring-opening of furfuryl rings18-19 and 

homopolymerization of maleimides20-21, which will loss of reversibility of the Diels–Alder 

crosslinks causing the weight gain in the treated samples. 

In DSC results, retro-Diels–Alder reactions are also observed. The endothermic reactions 

between 100 and 170 °C of DART4, 5 and 6 in the DSC curves correspond to the reversing of 

Diels–Alder linkages. All of the DART polymers have at least half of magnitude drop in their 

storage modulus after they passed the glass transition during the DMA tests, indicating the 

polymers were de-crosslinking as the temperature passed the Tg. 

4.4.2 Processibility on FFF printer 

While the Diels–Alder chemistry has been verified in DART networks, the processibility of 

these polymers on the FFF printer needs to be confirmed as FFF printer can only extrude melt-

processible polymers. 

Even though the storage modulus drops after the glass transition, it stays above 0.1 MPa 

across the rubbery regime and even slightly increased at higher temperatures, which is a typical 

thermoset polymer feature. The amount of reversed Diels–Alder linkages in the network was not 

high enough to de-crosslink the DART polymers to melt-processible polymers. The viscosity 

measurement was not possible to carry out on DART polymers—their hot “melt” was too 

viscous at 200 °C for the cone to rotate even at a load force of 60 N. 

Besides the difficulty in melt-processing, the bulk property of DART polymers was not 

suitable for FFF printer either. To feed the polymer filament through an FFF print head, as 

showed in Figure 4.3, the upper part of polymer filament stays solid in order to push the lower 

part of the polymer melt in the print head through the nozzle. While the viscosity of the polymer 
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melt plays a role on the processbility, if the polymer bulk property is not robust enough, the 

polymer melt cannot be extrude through the nozzle and deposited. Venkataraman et al. has 

reported an approximation of the critical pressure, Pcr, which is defined as the force that can be 

placed on a filament from an Euler buckling analysis, 

𝑃𝑃𝑐𝑐𝑐𝑐 =
𝜋𝜋2𝐸𝐸𝑑𝑑𝑓𝑓2

16𝐿𝐿𝑓𝑓2
 

where E is the Young’s modulus of the filament material, df is the diameter of the filament, and 

Lf is the distance between the feed pinch rollers to the entrance of the hot end. With poor 

Young’s modulus of DART polymers, their Pcr is low—2.63 MPa—so the filaments of DART 

polymers can only be applied with low load force, 18.6 N, in order to avoid buckling or snapping 

during the printing (detailed calculation is available in Appendix B). However, DART polymers 

need high load force to push their highly viscous “melt” through the nozzle. 

 

Figure 4.3 The anatomy of a common FFF print head 
(Photo source: recreus.com) 
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4.5 Conclusion 

Incorporating Diels–Alder chemistry with 3D printing polymers can potentially increase the 

interlayer adhesion within the FFF-based 3D printed parts and enhance the liability of the parts. 

However, it also inevitably brings processibility difficulties during the 3D printing on FFF 

printers—while Diels–Alder crosslinks are reported to be reversible and has been widely used in 

self-healing and mendable smart materials, they are not 100% reversible at elevated 

temperatures. This study has shown that the DART polymer consisting of an amorphous linear 

acrylic polymer with pendant furan rings and a bismaleimide crosslinker may not be ideal for 

FFF 3D printing. Because of the limited reversibility of Diels–Alder crosslinks, this DART 

polymer cannot de-crosslink to a melt-processible polymer without heating above its thermal 

degradation temperature, making itself a poor candidate for FFF 3D printing polymers. To make 

a DART polymer melt-processible, a different polymer design can be implemented: instead of a 

linear polymer crosslinked by a bismaleimide, the polymer will consist of two macromonomers, 

one of which has multiple furfuryl rings, and the other has multi-maleimide functionality. In the 

resulting thermoset, not all of the furan-maleimide adduct crosslinks will not be reversed at 

higher temperatures, i.e. the polymer cannot reversed to its macromonomers, but the polymer can 

de-crosslink into oligomers, each of which comprises a few macromonomers. These oligomers 

will be melt-processible and have lower viscosity than the amorphous linear polymer in this 

study, thanks to the low molecular weight of macromonomers. In addition, the glass transition 

temperature cannot be close or higher than its retro-Diels–Alder temperature; otherwise the 

polymer will not enough chain mobility to be able to fully crosslink through Diels–Alder 

reactions, and its printed parts will not benefit from the Diels–Alder chemistry.  
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CHAPTER 5 

DIELS–ALDER REVERSIBLE THERMOSET 3D PRINTING: ISOTROPIC 

THERMOSET POLYMERS VIA FUSED FILAMENT FABRICATION2 
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5.1 Introduction 

3D printing technologies and materials hold promise to transform industries from aerospace, 

automotive, electronics and manufacturing to apparel, cosmetics, food, dentistry and medicine 

because of the ability to print structures with internal geometries not achievable by injection 

molding, blow molding, vacuum-assisted resin transfer molding, casting or other forms of 

thermoset or thermoplastic processing. In fact, even sophisticated subtractive manufacturing 

technologies fail to achieve the internal part complexity offered by 3D printing. Despite its 

significant growth in the past two decades, 3D printing only represents 0.04% of the global 

manufacturing market, and is mainly for prototyping use,112 leaving a huge untapped potential 

for 3D manufacturing of production-quality parts. In fact, fewer than 30% of printed parts are 

used for functional, industrial applications.112 The biggest concern so far for companies to adopt 

3D printing technologies is the uncertain quality of the final products (strength, durability, etc.), 

especially along different axes.113 There are typically four main factors in current 3D printing 

technologies and materials that contribute to the uncertain quality in final printed parts: 1) ease 

of processing, 2) surface finish of printed parts, 3) isotropy of printed parts and 4) toughness of 

printed parts.  
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Among the different types of 3D printing technologies, FFF 3D printing is dominant in 

several industries due to its cost-effectiveness, simple set-up, relatively high prototyping 

speed,114-116 low environmental impact, and its ability to print a wide range of polymers. The FFF 

printing process is straightforward: a thermoplastic polymer is melted, extruded through a print 

head, and deposited onto a substrate where it cools to form a printed part in a layer-by-layer 

manner. 

Despite the popularity of FFF printing, FFF printed parts have poor surface finish, which can 

negatively impact product quality during industrial production. In their mutual comparison, Kim 

et al. reported that FFF printed parts had the roughest surface finish among seven commonly 

used 3D printing technologies on the market.117 Rough surfaces can generate pre-existing defects 

and extensive finishing processes will be required for parts printed from FFF printers for 

functional use. 

Additionally, while the layer-by-layer process enables flexibility of design in FFF printing, it 

often leads to weak interlayer adhesion in the finished parts118-120 since there are usually no 

covalent bonds bridging print layers and there is limited chain entanglement across printed 

layers. This naturally leads to the anisotropy in toughness and robustness in the printed parts: 

properties in the direction perpendicular to printed layers are often much weaker than in the other 

directions. Parts printed from polylactic acid (PLA), one of the most popular commercial FFF 

prototyping materials, reportedly showed more than 65% reduction in tensile toughness when 

deformed in the building orientation.118 Acrylonitrile-butadiene-styrene (ABS), another popular 

commercial FFF prototyping material, did not perform better in interlayer adhesion. In the 

direction perpendicular to layers in ABS printed parts, Anh et al. have reported as much as 85% 
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and 20% reduction on tensile and compression properties, respectively.55 Interlayer adhesion 

issues also exist in 3D printing of high-end engineering materials, such as ULTEM®121 and 

poly(ether ether ketone) (PEEK)122. The discrepancies among the properties in different 

directions have made FFF printing unreliable for functional parts manufacturing where 

consistent properties throughout the parts are required. 

The development of new 3D printable materials for isotropic FFF printing remains a 

significant challenge because of the tradeoffs between processing and resultant properties. Thus, 

novel materials or processing that can be employed to better print tougher materials represents a 

fertile space for active research and development.123-131  

Introducing crosslinks between layers in printed parts can alleviate anisotropy within printed 

parts. Traditionally crosslinked polymers are chemically crosslinked and not melt-processable 

once the crosslinks are introduced into the network, which are incompatible with FFF printers. 

Post-printing ionizing radiation has been implemented to combine the mechanical strength of 

thermoset polymers with the versatility of FFF printing.  Shaffer et al. was able to introduce 

crosslinks within the polylactic acid (PLA) parts after they were printed on an FFF printer via γ-

ray irradiation, and effectively increased the layer adhesion by 70%.118 Yet, the crosslinking 

density between the layers was not high enough to efficiently reduce the anisotropy. The 

toughness in the build orientation was 45% less than along the printed layers. 

Recently, dynamic covalent chemistry, specifically the Diels–Alder chemistry, has been a 

novel material approach to facilitate interlayer adhesion in the 3D printing. The Diels–Alder 

reaction is a [4+2] cycloaddition between a dienophile and a diene. Some variants of the Diels–

Alder reaction, such as furan-maleimide Diels–Alder (fmDA), are thermally reversible through a 
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retro-Diels–Alder reaction, which can occur at higher temperatures. Diels–Alder chemistries 

enable reversibly crosslinked materials, which are thermoset below processing temperatures and 

exhibit melt-processable thermoplastic behavior at elevated temperatures. Reversible Diels–

Alder chemistries have been applied to many types of smart materials, such as self-healing 

materials,14-15, 132-133  recyclable thermosets134-135 and others.109, 136-138 Chen et al. reported the 

first highly crosslinked remendable material produced from multifunctional monomers bearing 

furans and maleimides. They demonstrated about 57% recovery of the original fracture load after 

the crack interface in the sample was heat-mended.14 In further studies, they extended 

exploration of the monomers for polymer preparation and improved the recovery to about 80%.15 

In the past decade, many others have showed the promising re-mending capacity of polymers 

enabled by fmDA chemistry.139-145 Davidson et al. developed a strategy to use a blend of fmDA 

crosslinked polymers and polylactic acid (PLA) for 3D printing aimed at reducing the anisotropy 

in printed parts.146 In this study, a series of remendable PLA 3D printing materials utilizing 

fmDA chemistry were described, and the toughness of the printed parts in directions along and 

against the printed layers were increased by up to 460% and 109% respectively. Although the 

strength in the build orientation was dramatically improved, the parts lost as much as 42% of 

their toughness in that direction compared to the other directions. The remendable PLA materials 

in the study were a blend of commercial grade PLA and up to 25% of an fmDA crosslinked 

polymer. Increasing the percentage of reversibly crosslinked polymer in the blends, hence 

increasing the density of crosslinks, may be a way to further reduce the anisotropy, but it could 

lead to processing problems on conventional FFF printers. The fmDA crosslinks within the 

network are not completely reversible at a given temperature, but rather are in equilibrium. Even 
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though the equilibrium is increasingly driven towards the reactants from the Diels–Alder adducts 

at higher temperature,147 only 20%–30% of fmDA linkages undergo retrocycloaddition at “safe” 

temperatures.14, 16, 148 Increasing the temperature will shift the equilibrium towards the starting 

materials, and it will also lead to side reactions, such as aromatization of the DA adducts,17-18 

ring-opening of furfuryl rings18, 149 and homopolymerization of maleimide.20 Side reactions can 

cause loss of reversibility of crosslinks, as well as polymer degradation, and then undermine the 

processability of the polymers.  

In this study, we developed three new fmDA crosslinked polymers (DART1, DART2 and 

DART3) and printed parts from them on our novel DART printer, the guts of a commercial FFF 

system heavily modified for processing of reversibly crosslinked polymers. The modifications 

included enabling precision control of processing times and processing temperatures at different 

locations on the printing bed, through the print nozzle and within the print head syringe. The 

printing was carried out at a condition where maximal disassociation of fmDA linkages is 

coupled with minimal degradation of the polymers. The finished parts showed low surface 

roughness, low anisotropy and reasonable toughness while maintaining melt-processability. Four 

commercially available flexible thermoplastic filaments for FFF 3D printing, NinjaFlex® (NF), 

SemiFlex™ (SF), Cheetah™ (CH) and T-Lyne (TL) were tested alongside DART materials as 

control samples. NF, SF, and CH, according to NinjaTek™, are all specially formulated 

thermoplastic polyurethane (TPU) materials. On the other hand, TL uses DuPont™ Surlyn® 

ionomer.  
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5.2 Results 

5.2.1 Diels–Alder Chemistry in the DART Polymers 

The monomers used in this study and the design of the DART polymers are shown in Figure 5.1a 

and b. Solvent tests indicate that DART polymers do not dissolve but swell in each of the solvents 

used in the test. For the control materials, only TL survived all three solvents, while NF, SF and 

CH completely dissolved in NMP. 

5.2.2 Printability 

Viscosity measurements and dynamic mechanical analysis (DMA) were carried out to verify 

the printability of the DART polymers. Figure 5.3c shows the viscosity change of DART 

polymers as a function of temperature. Because DART2 and DART3 were too viscous for the 

rheometer to measure at 90 °C, they were tested from higher starting temperatures compared to 

DART1. All three DART polymers showed a decreasing trend in the viscosity with increasing 

temperature. At their printing temperature, both DART1 and DART3 had a viscosity of 0.8 Pa·s, 

while DART2 was 0.9 Pa·s. The DMA curves of fmDA polymers are shown in Figure 5.1d: the 

storage modulus as a function of temperature; and the corresponding tangent δ curves. After the 

glass transition, all three DART polymers entered a rubbery plateau, with moduli remaining 

above 2 MPa until the temperature reached 80 °C, when the moduli dramatically dropped below 

0.1 MPa within a 20 °C range and demonstrated large variability upon further heating. The four 

control materials were also tested on DMA. Figure 5.1e shows the DMA curves of one of the 

control materials, NF. The modulus of NF dropped below 0.1 MPa as the temperature reached 

170 °C, and the curves of modulus and tangent δ demonstrated high variability at higher  
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Figure 5.1 a. Chemical structures of monomers used in this study: a bismaleimide (2M), two tri-
functional furan monomer (ICN3F and 3F) and a tetra-functional funran monomer (4F); b. 
Reversibly crosslinked DART polymers can be synthesized from aforementioned monomers 
through Diels–Alder chemistry; c. Viscosities of DART1, 2 and 3 as a function of temperature 
indicate the low melt-viscosity (< 1 Pa·s) of DART polymers above 130 °C; d. DMA curves of 
DART1, 2 and 3 show their glass transition temperatures are near 20 °C and their thermoplastic 
flow behavior above 80 °C; e. DMA curves of NF show its Tg near -40 °C and its thermoplastic 
flow behavior above 150 °C; f. DSC curves of DART1, 2, and 3 show their Tg near 10 °C and 
endotherms with onset at 90 °C; g. DSC curves of NF, SF, CH and TL show their endotherms at 
higher temperatures 
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temperatures, similar to the fmDA polymers. The DMA curves for the other three controls, SF, 

CH and TL, are shown in the supplemental information. They showed similar trends in storage 

moduli and tangent δ to those of NF. 

Differential scanning calorimetry (DSC) measurement and solvent tests were carried out to 

verify the Diels–Alder crosslinks in the DART polymers and retro Diels–Alder reactions at 

elevated temperatures. Figure 5.1f and g display the DSC curves of DART polymers and the 

control polymers respectively. All three DART polymers demonstrated an endothermic transition 

starting around 90 °C. The four control polymers also have endothermic transitions at different 

temperatures in their DSC curves. 

5.2.3 Printing Quality 

Layers 

Figure 5.2a shows the heated DART print head and the printing processing, and Figure 

5.2b-h show the microscope pictures of the cross-sectional area of printed parts from different 

materials. While the layers can be clearly observed in the parts from the control materials in 

Figure 5.2b-5.2e, the layers were not visible in DART polymers printed parts in Figure 5.2f-h. 

Surface finish 

Figure 5.3a explains the process of surface finish characterization on the profilometer, and 

Figure 5.3b compares the macro surface roughness of printed parts from different materials. The 

macro surface roughness results were obtained as the total difference in surface height recorded 

from the profilometer. For the parts printed from the four control materials, the surface 

roughness was more than 110 µm difference in surface height. For those printed from DART 
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Figure 5.2 a. DART polymers are heated in a syringe, extruded through a nozzle and deposited 
on the platform layer-by-layer with the help of an extra cooling system; Comparison of 
microscope pictures of the cross-sectional area of printed parts from different commercial 
materials (scale bar: 500 µm) b. NinjaFlex® (NF), c. SemiFlex™ (SF), d. Cheetah™ (CH) and 
e. T-Lyne (TL) were compared to DART polymers f. DART1 (ICN3F-2M), g. DART2 (4F-2M), 
and h. DART3 (3F-2M) shows that DART polymers printed parts have no visible layers while 
control materials printed parts have. 
 
polymers, DART1 and DART2 printed parts had a similar surface roughness of 23 µm, while 

DART3 printed parts showed slightly larger surface roughness, which was approximately 36 µm. 

The deviations of the surface roughness of parts from DART polymers were much smaller than 

those from control materials. 

In addition, scanning electron microscope (SEM) images were taken to further characterize 

the surface of molded DART1 and printed DART polymers, as well as the printed control 

polymers, shown in Figure 5.3c-j. Surface from DART1 and DART2 printed parts are as smooth 

and flat as it from molded DART1 polymer, while DART3 printed parts shows some slight 

printing layer patterns on the surface. However, clear filament patterns can be observed on the 

surface of the parts printed from all control polymers. 

a. b. c. d. e.

f. g. h.

NF SF CH TL

DART1 DART2 DART3
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Figure 5.3 a. To characterize the surface finish on a profilometer, the stylus measures the surface 
height while moving in the direction perpendicular to the printed layers; b. Comparison of macro 
surface roughness of printed parts from different materials shows that the DART polymers 
printed parts have lowest macro surface roughness, less than half of those printed from NF, SF, 
CH and TL ; SEM images of c. molded DART1 sample, and printed parts from d. DART1, e. 
DART2, f. DART3, g. NF, h. SF, i. CH and j. TL indicate that all parts printed from DART 
polymers have similar surface finish as the molded part while the printed filament patterns are 
clear on the surface of NF, SF, CH and TL printed parts. 

 
Anisotropy in printed parts 

Figure 5.4a-c demonstrate the preparation process of dogbones with different printed layers. 

ASTM D638 Type V dogbones were cut in different orientations relative to the print grain (0°, 

45° and 90°) out of uniformly printed samples minimize edge effects during testing when testing 

directly printed dogbone shapes. Figure 5.4d compares the anisotropy of printed parts from 

different materials. Anisotropy was calculated from Equation 4.1. 

Stylus moving direction

Molded DART1 DART1 DART2 DART3

NF SF CH TL

b.a.

c. d. e.

g. h. i.

f.

j.
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Anisotropy = 1 − 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑡𝑡𝑓𝑓 45°  (𝑡𝑡𝑐𝑐 90° )𝑝𝑝𝑐𝑐𝑖𝑖𝑛𝑛𝑡𝑡𝑛𝑛𝑑𝑑 𝑑𝑑𝑡𝑡𝑡𝑡𝑑𝑑𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛
𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑡𝑡𝑓𝑓 0° 𝑝𝑝𝑐𝑐𝑖𝑖𝑛𝑛𝑡𝑡𝑛𝑛𝑑𝑑 𝑑𝑑𝑡𝑡𝑡𝑡𝑑𝑑𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛

× 100%                          Equation 5.1 

The average toughness of 45° and 90° printed dogbones were calculated against that of 0° 

printed samples presented in Figure 5.4d. All three DART polymers printed dogbones showed 

between 0.6% and 4% anisotropic behavior at, respectively, 45° and 90° both relative to 0°, 

while the dogbones printed from control materials exhibited at least 50% anisotropic behavior at 

45° and 65% at 90° relative to the 0° orientation. TL showed the highest anisotropy of all four 

control materials: 98% at 45° and 99% at 90° relative to its 0° orientation. Figure 5.4e and f 

provide a closer look at the stress–strain curves. For simplicity of the story, only curves of 

DART1 and NF are presented here, while all others are shown in the supplemental information. 

In Figure 5.4e, the stress–strain curves for all dogbones, including printed at different directions 

and molded, were similar for DART1. In Figure 5.4f, the stress–strain curves of 0° printed and 

molded NF dogbones were similar but 45° and 90° printed dogbones only had about 64% and 

70% of the stress and strain of the 0° printed dogbones, respectively. The pictures of broken 

dogbones in Figure 5.4g showed that all dogbones printed from DART1 broke with a similar 

pattern, perpendicular to the axis of deformation, whereas those in Figure 5.4h showed the 

printed and molded dogbones from NF broke differently, in each case along the printed layers. 

Table 5.1 Toughness, ultimate tensile strength, strain at break, and Young’s modulus of 3D 

printed and molded ASTM Type IV dogbones from DART polymers and commercial materials 

has listed the toughness, ultimate tensile strength, strain at break, and Young’s modulus of the 

neat and printed dogbones of all the materials. 
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Figure 5.4 To measure the toughness of printed polymers, a. a 80 mm × 70 mm × 1 mm sheet first 
is printed, then b. ASTM D638 Type V dogbones were punched out of the printed sheet; c. 
Punched dogbones were tested perpendicular to the print direction (0° or X-axis), askew (45°) or 
parallel to the build direction (90° or Z-axis); d. Comparison of anisotropy in different printed 
directions of different materials shows that the DART polymers printed parts exhibit less than 5% 
anisotropy in 45° and 90°, while control materials printed parts exhibit greater than 50% and 
upwards to 98% anisotropy in 45° and 90°; e. All stress–strain curves of molded and printed 
dogbones from DART1 look similar to each other but stress–strain curves of molded and printed 
dogbones from f. NF are very different; Pictures of broken molded and printed dogbones from g. 
DART1 and h. NF show that DART1 dogbones all broke in similar pattern regardless the 
directions but NF dogbones broke along the printed layers 
  

a.

e. f.
0° 45° 90°

0°

45°90°

b.

c. d.

Neat 0° 45° 90°

Neat 0° 45° 90°

g.

h.
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Table 5.1 Toughness, ultimate tensile strength, strain at break, and Young’s modulus of 3D 
printed and molded ASTM Type IV dogbones from DART polymers and commercial materials 

Material 

Toughness 
Ultimate Tensile 

Strength (MPa) 

Strain at Break 

(mm/mm) 

Young’s Modulus 

(MPa) b) Calculated from 
Stress–Strain 

Curves (MJ m-3) 

Compared to 0° 
Printed a) 

DART1 

Neat 26 ± 2 – 23 ± 3 2.5 ± 0.2 70 ± 6 

0° Printed 23 ± 2 – 19 ± 1 2.5 ± 0.2 73 ± 10 

45° Printed 23 ± 2 105% 20 ± 2 2.5 ± 0.2 75 ± 10 

90° Printed 20 ± 3 99% 18 ± 0.6 2.4 ± 0.1 71 ± 7 

DART2 

Neat 23 ± 4 – 15 ± 3 1.9 ± 0.2 75 ± 3 

0° Printed 19 ± 2 – 12 ± 1 1.8 ± 0.2 73 ± 8 

45° Printed 18 ± 3 99% 12 ± 1 1.8 ± 0.2 85 ± 7 

90° Printed 18 ± 3 96% 12 ± 0.8 1.8 ± 0.2 72 ± 3 

DART3 

Neat 10 ± 1 – 11 ± 2 2.7 ± 0.1 18 ± 4 

0° Printed 9 ± 2 – 10 ± 2 2.5 ± 0.3 31 ± 3 

45° Printed 12 ± 4 101% 10 ± 2 2.5 ± 0.2 22 ± 2 

90° Printed 9 ± 4 98% 9 ± 3 2.3 ± 0.2 19 ± 5 

NF c) 

Neat 26 – 83 6.6 12 

0° Printed 51 ± 8 – 120 ± 20 6.8 ± 0.6 14 ± 2 

45° Printed 28 ± 2 46% 54 ± 7 5.1 ± 0.4 12 ± 2 

90° Printed 23 ± 2 35% 41 ± 5 4.6 ± 0.4 10 ± 0.4 

SF c) 

Neat 43 – 131 6.0 25 

0° Printed 63 ± 4 – 140 ± 16 5.3 ± 0.3 40 ± 5 

45° Printed 38 ± 2 50% 69 ± 10 3.8 ± 0.3 34 ± 5 

90° Printed 24 ± 3 26% 36 ± 5 3.0 ± 0.3 29 ± 4 

CH c) 

Neat 39 – 120 5.8 26 

0° Printed 61 ± 3 – 150 ± 15 5.5 ± 0.5 42 ± 3 

45° Printed 26 ± 5 31% 45 ± 11 3.4 ± 0.4 35 ± 4 

90° Printed 17 ± 5 19% 28 ± 15 2.3 ± 0.9 29 ± 3 

TL 

Neat 21 ± 3 – 42 ± 8 2.4 ± 0.3 310 d) 

0° Printed 24 ± 2 – 50 ± 6 2.7 ± 0.2 180 ± 40 

45° Printed 13 ± 0.9 2% 1 ± 0.6 0.09 ± 0.05 150 ± 12 

90° Printed 11 ± 1 1% 0.4 ± 0.1 0.06 ± 0.02 130 ± 15 
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a) This column compares the toughness of 45° or 90° printed dogbones to the 0° printed ones; 

b) Young’s modulus data of commercial polymers were calculated from their stress–strain curves, 

while Young’s modulus data of DART polymers were complex modulus data from DMA tension 

test at 20 °C (tensile test temperature) due to the fact that DART polymers yielded at very low 

strain (<0.01) in their viscoelastic region during tensile tests and the laser extensometer could not 

track low strain reliably; c) Neat polymer property data from NinjaTek™ technical data sheets; d) 

Data from DuPont™ Surlyn® ionomer technical data sheet. 

Resolution study 

A resolution study has been done to investigate the smallest feature that DART printing and 

conventional FFF printing can print via two methods: 1) A single filament was printed from 

DART1, NF and TL, representing DART polymers, commercial 3D printing flexible 

polyurethane, and polyethylene ionomer, respectively, to compare the filament diameters; and 2) 

a test part with fine features, shown in Figure 5.5b, was printed from the aforementioned 

polymers to compare the resolution. All of polymers were printed using the same conditions for 

dogbone printing with the same nozzle diameter, which was 0.6 mm. Figure 5.5a shows the 

SEM images of the filaments from all three polymers. The diameters of the filaments range from 

561 to 578 µm for NF, from 565 to 637 µm for TL, and from 935 to 1015 µm for DART1. While 

the cross-sectional area of NF and TL filaments were both oblong-shaped, DART1 had a 

semicircular cross-sectional area. Figure 5.5c gives the full views of test parts printed from NF, 

TL and DART1 and Figure 5.5d shows the magnified printed features of those parts. Parts from 

NF and TL had oozing and stringing (some of the strings on TL were removed in Figure 5.5d 

for picture-taking purpose) between pillars on the corner at almost every layer, while on the part 
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printed from DART1, there was some oozing observed, especially on and between the pillars, 

but no long strings. The pillar tip of the test part was designed to test the smallest feature that 

could be printed from the polymer and the printer. The diameter of the tip from the NF part was 

0.9 mm, while it was 1.3 mm for the TL part. The DART1 part, because of the oozing during 

printing, had a diameter of 1.8 mm on the pillar tip. 

5.3 Discussion 

We have demonstrated a DART polymer system that improved the interlayer adhesion in the 

printed parts above 95% and showed much lower anisotropy in the parts compared to those 

printed from the control materials. According to their DMA and DSC curves, all the control 

materials were semicrystalline thermoplastic polymers. They have shown higher moduli in their 

rubbery plateau in the DMA curves due to the reinforcement effect of crystalline domains. Their 

crystalline melting corresponded to the endothermic transitions in their DSC curves. Control 

polymers, except TL which stayed unchanged, all dissolved in NMP during the solvent test, 

further indicating the thermoplastic behavior of NF, SF and CH. TL is an ionic polyethylene 

containing large crystalline domains, which can block the solvent molecules from entering its 

polymer network. Even though all the control materials have decent properties as neat materials 

in bulk, the properties in their 3D printed parts are terribly inconsistent. The anisotropy the 

control materials have demonstrated was at least 50% anisotropy in 45° and 65% in 90°, and 

could get to as high as 98% in either direction relative to the 0° orientation. This imposes a 

challenge to use 3D printed parts for functional applications and limits the freedom of design 

engineers.  
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Figure 5.5 To compare the resolution between conventional FFF printing and DART printing, a 
resolution study has been carried out in two ways: a. a single filament was printed from NF, TL 
and DART1 to compare the diameter, and b. a test part was designed and c. printed from the 
above three polymers; and d. magnified pictures of printed parts allow comparison of the 
smallest feature size among parts printed from different polymers. 

NF printed TL printed DART1 printed
b. c.

NF printed TL printed DART1 printed
d.

a.
NF printed TL printed DART1 printed
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The DART polymers described in this study, however, showed superior isotropic properties 

in printed parts to those control materials with excellent printability. The viscosity measurement 

has indicated the DART polymers have low viscosities. Their viscosities were lower than 1 Pa·s 

at their printing temperatures, much lower than the viscosity of most polymer melts under 

extrusion conditions, which vary from 102 Pa·s to 105 Pa·s.150 This made the DART polymers 

easy to extrude through the nozzle of heated syringe on the printer to deposit onto the substrate. 

The low melt viscosity is due to the retro Diels–Alder reaction in the DART polymers at elevated 

temperatures. The fact that both molded and printed DART samples swelled during the solvent 

test has verified the thermoset property of DART polymers at room temperature, while DSC 

curves have also confirmed that the DART polymers went through an endothermic retro Diels–

Alder reaction at elevated temperatures. The sudden modulus drop when heated to around 80 °C 

and the large variability upon further heating in DMA curves agree that the DART polymers 

exhibited thermoplastic behavior at elevated temperatures. Therefore, we can postulate that, in 

the heated syringe, the DART polymers decrosslinked into thermoplastic oligomers with lower 

molecular weights compared to most polymer melts, leading to lower viscosity. Moreover, the 

viscosity of each DART formulation experiences an inverse change, dropping as either the 

temperature or shear rate rises. This allows the polymer melts to effectively thicken and then 

further solidify once deposited onto the substrate under the extra cooling fan. It is worth 

mentioning that, due to the reversibility of the crosslinks, finished parts printed from DART 

polymers are stable up to 80 °C, according to the DMA results from Figure 5.1d.  

The most impactful results that we believe can influence the 3D printing industry broadly are 

those demonstrated in Figure 5.2, Figure 5.3 and Figure 5.4d. Figure 5.2 shows the 
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tremendously improved layer adhesion in DART polymers printed parts. That no layers can be 

observed in the printed parts reveals that all the printed layers are fused into each other after 

polymer is deposited, thanks to dynamic reversible Diels–Alder chemistries. The smoother 

surface of the printed parts, as shown in Figure 5.3, was also a result of Diels–Alder reaction 

after the deposition: during the thickening and solidifying of the printed part, the furan and 

maleimide groups in the polymer network underwent the Diels–Alder reaction and reformed 

crosslinks through the whole printed parts across printed layers. With the help of polymer chain 

diffusion, the DART polymers are able to “remend” the gap between layers, therefore fusing the 

layers together and smoothing out the surface. The well-bonded layers lead to remarkably low 

anisotropy in the printed parts, as shown in Figure 5.4d. Compared to the 0° direction, in the 45° 

direction, there was up to 1% anisotropy in toughness and no loss in either ultimate tensile 

strength or strain at break, while there was only up to 4% anisotropy in toughness, less than 10% 

loss in ultimate tensile strength, and less than 8% loss in strain at break in the 90° direction. With 

such a low anisotropy in different directions in the printed parts, this is the first polymer system, 

of which the authors are aware, that demonstrates such significant improvement in the anisotropy 

in the FFF-based printed parts. 

It is acknowledged that current DART polymers do not yet have quite the comparable overall 

mechanical performance in neat to NF, SF, and CH, which are polyurethane based materials. The 

currently toughest DART polymer in neat, DART1, has a tensile strength up to 26 MPa, a strain 

at break up to 240% and a toughness up to 23 MJ m-3, lower than neat NF, SF, and CH, all of 

which have at least twice the tensile strength as well as the strain at break, and at least 3 times 

the toughness. The design of the first generation DART polymers in this study did not focus on 
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the optimization of the mechanical performance of DART polymers, but rather to prove the 

efficacy of the Diels–Alder chemistry in reducing the anisotropy in FFF 3D printing. For the 

sake of the near zero anisotropy in DART printed parts, the 90° printed parts from DART 

polymers retain more than 95% of the properties of neat polymers, pushing much closer to the 

90° printed NF and SF, and beating the 90° printed CH. The tensile strength, the strain at break, 

and the toughness of 90° printed NF and SF are marginally better than those of 90° printed 

DART1, whereas those of CH was in fact worse than DART1 in 90° printed parts, even though 

the neat NF, SF and CH exhibit superior overall mechanical performance to the neat DART 

polymers. 

Another limitation current DART printing demonstrated is that the fmDA reaction is in 

equilibrium and the formation of fmDA linkages is not fast enough to cure the resin on the same 

time scale at which control materials solidify in conventional FFF printing. This limits DART 

printing’s ability to print arbitrary 3D structures. Once deposited, based on the Nuclear Magnetic 

Resonance (NMR) analysis shown in Figure 5.3b, only about 45% of furan rings have formed 

fmDA adducts, which are what crosslinks in DART polymers essentially are. Consequently, 

even though current DART resins solidify within seconds and stay solidified under the constant 

cool air (9–12 °C) with the help of an extra cooling system on the DART printer, they have few 

effective crosslinks to form a robust network, making it challenging to print tall parts, or parts 

with large overhanging features without printed supports. The resolution—the smallest feature 

size—of DART printing is also affected by the slow formation of fmDA linkages. The SEM 

image of the semicircular cross-sectional area in the DART1 filament in Figure 5.5a verifies that 

instead of maintaining the shape as extruded from the nozzle like NF or TL, the DART1 filament 
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continued to spread slightly after deposition, resulting in a semicircular cross section and a wider 

filament. The pillar tips on the test parts, shown in Figure 5.5d, have demonstrated that the 

smallest feature size DART printing can manage is twice as large as the conventional FFF 

printing with NF can get with the same nozzle size. While adding a retraction feature to the 

DART printer can mitigate the oozing issues to improve the resolution, faster curing of the 

DART resin would further bring down the feature size. 

Other research avenues being explored to overcome this limit include chemical approaches to 

increase the viscosity of the DART resin so that the resin does not require the extra cooling 

system to solidify but a regular cooling fan instead. Since an optimum temperature for fmDA 

linkages formation has been observed between 50–60 °C, using a cooling fan could cool the 

deposited resin just enough cause it to solidify within seconds while also keeping it warm 

enough to promote the fmDA reaction and speed up the crosslinking rate in turn. Increasing the 

viscosity of DART resins, however, can affect their printability on the current DART printing 

system, and even introduce die swell at the nozzle, increasing the feature size. Further 

investigations seek the optimum viscosity of specific DART resins, and their specific printing 

parameters necessary to a.) maintain reasonable processability on the DART printer, and b.) 

improve curing speed of DART resins after deposition to achieve smaller feature sizes and 

enable more exotic 3D structures in the final printed parts. 

5.4 Conclusion 

In conclusion, in this study, we have described a new 3D printing technology based on FFF 

printing, called DART 3D printing, which is designed for isotropic 3D parts. We were able to 

synthesize thermoset DART polymers and melt-process them on our novel DART printer. More 
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importantly, parts printed from DART polymers have isotropic properties, including toughness, 

ultimate tensile strength, strain at break, and greater than 95% interlayer adhesion, a quality that, 

to date, has not been achieved by current FFF materials. Additionally, DART printing features 

superior surface finish on the printed part, which enables further erasable surface decoration on 

micron-scale on the printed parts in a post processing setup. 

Future work can be done in introducing the fmDA functionalilty to other engineering 

polymer systems, such as nylon, ABS and polyesters. By varying the chemical structure of the 

monomers in the polymers, the Tg, Young’s modulus, and the toughness of the resulting 

polymers can be tailored to fulfill the requirements of different 3D printing applications. 

5.5 Experimental Section 

Materials: Trimethylolpropane triacrylate (TMPTA) and tris[2-(acryloyloxy)ethyl] 

isocyanurate (TAEICN) were purchased from Sigma Aldrich. Pentaerythritol tetraacrylate 

(PETTA) was purchased from Santa Cruz Biotechnology. Dichloromethane (DCM) and 

triethylamine (TEA) were purchased from Fisher. Furfuryl mercaptan (FM) was purchased from 

TCI America. BMI-1700 (2M) was purchased from Designer Molecules. Chloroform-d was 

purchased from Acros Organics. All chemicals were used as received. NF, SF and CH filaments 

were purchased from NinjaTek™. TL filament was purchased from Taulman3D. 

Synthesis of multi-furan monomers: Figure 5.1a and b shows the design of the DART 

crosslinked polymers and the chemical structures of monomers. Three different multi-furan 

monomers, ICN3F, 4F and 3F, were synthesized for this study. The synthesis of multi-furan 

monomers was adapted from previous report with a few details modified.22 ICN3F synthesis is 

discussed below. The other two monomers were synthesized in a similar procedure. 
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TAEICN (3 g, 7.09 mmol) was dissolved in DCM (5.4 mL) in the presence of TEA (0.5 mL) 

in a 100 mL round bottom flask. FM (2.55 g, 22.33 mmol) was added to the solution and the 

mixture was stirred in an ice bath for 1h. The stirring was continued for 14 h at 40 °C, followed 

by the removal of the solvent in vacuo. The excess FM was removed under high vacuum to 

produce a pale yellow viscous liquid.  

ICN3F (82%) 1H NMR (CDCl3, 500MHz): δ 7.35 (d, 3H, J = 1.2 Hz), 6.29 (t, 3H, J = 

2.5 Hz), 6.19 (d, 3H, J = 3.1 Hz), 4.32 (t, 6H, J = 5.2 Hz), 4.15 (t, 6H, J = 5.1 Hz), 3.71 (s, 6H), 

2.73 (t, 6H, J = 7.3 Hz), 2.53 (t, 6H, J = 7.3 Hz); 13C NMR (CDCl3, 500MHz): δ 26.4 (C6), 28.3 

(C7), 34.3 (C5), 42.0 (C2), 107.7 (C9), 110.5 (C10), 142.3 (C11), 149.0 (C8), 151.4 (N–C=O), 

171.8 (C=O). 

4F (89%) 1H NMR (CDCl3, 500MHz): δ 7.36 (d, 4H, J = 1.3 Hz), 6.30 (t, 4H, J = 2.6 Hz), 

6.19 (d, 4H, J = 2.9 Hz), 4.13 (s, 8H), 3.72 (s, 8H), 2.74 (t, 8H, J = 7.2 Hz), 2.56 (t, 8H, J = 7.3 

Hz). 

3F (87%) 1H NMR (CDCl3, 500MHz): δ 7.36 (d, 3H, J = 1.0 Hz), 6.30 (t, 3H, J = 2.4 Hz), 

6.20 (d, 3H, J = 3.0 Hz), 4.03 (s, 2H), 3.73 (s, 6H), 2.75 (t, 6H, J = 7.2 Hz), 2.56 (t, 6H, J = 7.2 

Hz), 1.46 (q, 2H, J = 7.6 Hz), 0.88 (t, 3H, J = 7.6 Hz). 

Synthesis of DART polymers: ICN3F-2M (DART1), 4F-2M (DART2) and 3F-2M (DART3). 

Stoichiometric ratio of multi-furan monomers (ICN3F, 4F, or 3F) and bismaleimides (2M) were 

mixed at 120 °C under constant stirring for 30 minutes before pouring into a mold. The resulting 

polymers were later cooled down to room temperature slowly in the mold before it was ready for 

3D printing. 

Dynamic mechanical analysis: Dynamic mechanical analysis (DMA) was performed on a 
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Mettler Toledo DMA 861e/SDTA. Samples were cut into rectangular prisms approximately 

25 mm long, 3 mm wide and 1 mm thick. The sinusoidal mode of deformation for the DMA was 

tension, with a frequency of 1 Hz, 5 N force amplitude and 21 µm displacement amplitude. 

Samples were tested in air at a heating rate of 2 °C min–1. At least three samples were tested for 

each composition. 

3D printing: All commercial filaments were printed on a Lulzbot TAZ 6 3D printer with 

printing parameters according to their suppliers’ printing guidelines and a layer height of 0.4 mm 

(Detailed printing parameters are shown in the Supplemental Information Table S1). All three 

experimental DART polymers were printed on a modified 3Drag printer purchased from Futura 

Group. The print head was transformed into a syringe type print head with heating capability. An 

extra cooling system was installed for proper cooling during the printing. The printing 

temperatures were 130 °C for DART1, 138 °C for DART2, and 134 °C for DART3, each with a 

layer height of 0.5 mm. DART parts were under constant cool air (9–12 °C) during the printing. 

Once the printing was done, parts were moved to an environment at 6–8 °C for 8–12 hours and at 

25 °C for another 72–96 hours before testing. A gel fraction test (included in supporting 

information) was carried out on three DART polymers to decide their rate of crosslinking. 

Tensile testing: Dogbone samples were punched out of the 3D printed sheets with different layer 

directions or compression molded sheets with an ASTM D638 Type V dogbone die. At least 10 

specimens were prepared and tested for each sample. The tensile testing was conducted to 

failure, performed on a Lloyd LR5KPlus Universal Materials Testing Machine with a 100 N load 

cell. Dogbones were held between Lloyd TG22 self-tightening roller grips within a Eurotherm 

Thermal Chamber. The strain was measured by a Lloyd Laserscan 200 non-contacting laser 
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extensometer. Each test was conducted at room temperature (24 °C) at 50 mm min-1, with a 

preload of 0.2 N. The toughness was determined as the integration of the area under the stress–

strain curve. 

Surface finish characterization: Surface finish of printed parts was characterized by using a 

Veeco Dektak 8 Profilometer with a scanning rate of 2000 µm in 70 seconds in the direction 

against printed layers. The results were recorded as the surface height in the function of stylus 

scanning distance. 

Viscosity measurement: Viscosity results were obtained from a TA Instrument DHR H3 

rheometer with cone-plate geometry (truncation gap 59 µm, diameter of 40 mm, 2.029°). 

Samples were cut into discs with approximately 0.6 gram of sample size, and loaded at elevated 

temperatures (90, 100, and 110 °C for DART1, DART2 and DART3 respectively). The 

measurement was performed at a constant shear rate of 300 s–1 to match the shearing condition 

during the extrusion in 3D printing, with temperature ramping from sample’s loading 

temperature to 150 °C at a rate of 2 °C min–1. The viscosity results were recorded as a function 

of temperature. 

Differential Scanning Calorimetry. Differential scanning calorimetry (DSC) was performed 

on a Mettler Toledo DSC-1. Sample size was limited between 8–10 mg. Samples were tested 

under nitrogen at 50 mL min–1 and at a heating rate of 10 °C min–1 except the cooling cycle of 

DART3 was at 1 °C min–1 to ensure the maximum Diels–Alder reaction during the slow cooling. 

Solvent test: The solvent test was performed by soaking the three samples of each material in 

three different solvents, toluene, chloroform, and N-methyl-2-pyrrolidone (NMP), at room 

temperature for 7 days. The sample size was limited to 100 mg and the solvent volume for each 
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sample was 3 mL. 
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CHAPTER 6 

FUTURE WORK 

In this chapter, recommendations for tougher yet melt-processable DART polymers for 

applications in isotropic FFF-based 3D printing are made; some preliminary work on further 

developing the desired DART polymers are reported in this chapter as well. 

While the latest Diels–Alder Reversible Thermoset (DART) polymers from multi-functional 

oligomers described in Chapter 5 have showed promising melt-processibility and isotropic 

properties in the printed parts, it is still a long way ahead to achieve 3D printing functional 

engineering parts from DART polymers. There are three factors that decide the quality of DART 

3D printing: 1) the bulk properties of DART polymers; 2) the processibility of DART polymers; 

3) the density of Diels–Alder (DA) crosslinks in DART polymers. For the bulk properties, we 

target at increasing the toughness of the polymers via introducing functional co-monomers as 

well as inter-/intra-molecular interactions into the network, such as crystallinity, and hydrogen 

bonding. For the other two factors, a balance needs to be reached: the density of DA crosslinks 

needs to high enough to enable effective interlayer crosslinks, but it cannot be too high which 

can hurt the processibility of DART polymers. Two routes are proposed here to accomplish the 

desired DART polymers. 

6.1 Multi-functional oligomers system (DAC) 

Similar design to the one in Chapter 5, this DART polymer is made of two or more multi-

functional oligomers. Two polycaprolactone-based di-furan oligomers have been prepared to 

introduce the crystallinity into the network. The chemical structure of furan-containing oligomers 
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is shown in Figure 6.1a. Other monomers used in this design are shown in Figure 6.1b. The 

crystallinity can be tuned by using different compositions of PCLF4 and PCLF2, and adjusting 

the amount of 3F which controls the crosslinking density. The higher crystallinity the polymer 

has, the higher the ultimate tensile strength it has but lower strain it will result in and eventually 

lower toughness. 

Polymer synthesis 

Monomers were blended in a proper molar ratio (various ratios have been tested as shown in 

Table 6.1) in a beaker at 120 °C and stirred for 30 mins. The resin was then poured into a mold 

and slowly cooled down to room temperature in 16 hours. 

Table 6.1 Compositions of all the crystalline DART polymers based on multi-functional 
oligomers 

Recipe # PCL4F BMI MPBMI ICN3F 4F 

DAC1 5 6.5 0 1 0 

DAC2 1 2.5 0 1 0 

DAC3 1 4 0 0 1.5 

DAC4 1 2.25 1 1.5 0 

Results and Discussion 

All DAC polymers, excluding DAC1, are semi-crystalline polymers contains Diels–Alder 

crosslinks, verified by their DSC curves in Figure 6.2a. The melting point of all four DAC 

polymers is nearly the same, at 42 °C. Though DAC1 is a semicrystalline thermoset, its DSC did 

not show an endothermic transition at elevated temperatures, indicating the retro-Diels –Alder 

reaction in DAC1 was not significant and the polymer may not be able to de-crosslink to a melt-

processible material upon heating. Tensile test was then conducted to evaluate the bulk property 

of DAC2, 3 and 4. DAC4 has the highest toughness, calculated from the stress–strain curves in 
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Figure 6.2b, 40 MJ m-3. DMA test on DAC4 further confirmed its melt-processiblity in Figure 

6.2c. The storage modulus drops more than two orders of magnitude during the glass transition 

and keeps dropping another two orders of magnitude in rubbery regime until melted completely. 

 

Figure 6.1 a. Synthesis of multi-furan oligomers; b. Chemical structures of other monomers 
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Figure 6.2 a. DSC curves of all DAC polymers; b. Stress–strain curves of DAC2, 3 and 4; c. 
DMA curves of DAC4 

6.2 “Prepolymer + crosslinker” system 

This system is the improved version of the design in Chapter 4. Instead of a full propagated 

linear polymer, we synthesize a short chain linear polymer (prepolymer) first. This prepolymer 

has Diels–Alder adducts in its backbone, and functional end groups. As the prepolymer grows to 

a certain length, a tri-functional co-monomer is added to react to the end groups on the 

prepolymer in order to form a thermoset network. Two types of polymers can be synthesized 

using this design—one is polyurethane, the other is poly(thio-isocyanate). The chemical 

structures of the co-monomers for the two polymers are shown in Figure 6.3a and b. 
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Figure 6.3 a. monomers for poly(thio-isocyanate)-based DART polymers; b. monomers for 
polyurethane-based DART polymers 
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In this design, it is critical to control the prepolymer’s chain length, i.e. the molecular weight, 

which is the dominating factor to decide the crystallinity of the resulting polymer. However, 

controlling the molecular weight of a step-growth polymer is not as simple as it of a radical 

chain-growth polymer, which can be done through changing the radical initiator’s amount. For 

step-growth polymers, the most straightforward way to control the chain length of the polymer is 

to control the ratio of the co-monomers by using off-stoichiometric amounts of the co-monomers 

in the prepolymer synthesis. 

6.2.1 Poly(thio-isocyanate)-based DART polymers (TU-DART) 

Polymer synthesis 

DA2OH, EDDT and HDI (molar ratio of different recipes are shown in Table 6.2) were 

dissolved in dioxane stirring in a round bottom flask at 65 °C. TEA and zirconium 

acetylacetonate were used as catalysts. The reaction was monitored by ATR-FTIR. 

Stoichiometric amount of HDI-T was then added when there was only 5% of isocyanate or less 

left in the round bottom. The reaction was further stirred for another 15 mins before pouring into 

a petri dish. The solution was kept in an oven at 80 °C in air for 16 hours and the solvent was 

then removed under vacuum. 

Table 6.2 Compositions of all TU-DART polymers 

Recipe # HDI EDDT DA2OH PETMP HDI-T 

TUDA101 6 7 1.25 0 1.5 

TUDA102 11 12 1.875 0 1.917 

TUDA201 7 6 1.25 0 0.16 

TUDA202 7 6 2.5 0 1 
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TUDA301 8 6 1.25 0.375 0 

TUDA302 9 6 2 0.5 0 

TUDA-P1 14.5 12 5.25 0 1.83 

TUDA-P2 16 13.5 5.25 0 1.83 

 

Results and Discussion 

TU-DART polymers have showed different results in different DSC cycles even on the same 

sample: their Tg shifts to higher temperatures after one cycle of heating, and the endothermic 

retro-Diels–Alder reaction is absent in the second cycle of most of DSC’s (shown in Figure 6.4). 

This indicates the following possibilities: 1) TU-DART network keeps reacting after heating to 

150 °C or above in the DSC measurement, leading to higher crosslinking density and the higher 

Tg; 2) unreacted end groups react with furfuryl rings and/or maleimido groups after Diels–Alder 

adducts reversed at elevated temperatures. 

Among all the TU-DART polymers, TUDA-P1 and TUDA-P2 are those which have showed 

the endothermic retro-Diels–Alder reaction in both DSC cycles (shown in Figure 6.4c). TUDA-

P2 also has shown a dramatic drop in its storage modulus (about three orders of magnitude drop) 

at the elevated temperature, according to the DMA results in Figure 6.4d. However, the DMA 

sample of TUDA-P2 did not melt completely. Further investigation needs to be carried out to 

explore the possible side reactions in the TU-DART network at higher temperatures. 

6.2.2 Polyurethane-based DART polymers (PU-DART) 

Polymer synthesis 

DA2OH, PCL’s and MDI (molar ratio of different recipes are shown in Table 6.3) were 
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dissolved in THF stirring in a round bottom flask at 60 °C. Zirconium acetylacetonate was used 

as catalysts. The reaction was monitored by ATR-FTIR. Stoichiometric amount of HDI-T was 

then added when there was only 5% of isocyanate or less left in the round bottom. The reaction 

was further stirred for another 30 mins before pouring into a petri dish. The solution was kept in 

an oven at 80 °C in air for 16 hours and the solvent was then removed under vacuum. 

 

Figure 6.4 a. First cycle DSC curves for TUDA101–302; b. Second cycle DSC curves for 
TUDA101–302; c. First and second DSC cycles of TUDA-P1 and P2; and d. DMA curves of 

TUDA-P1and P2. 
Table 6.3 Compositions of all PU-DART polymers 

Recipe # PCL4 PCL2 DA2OH MDI HDI-T 

PUDA1 1 1 1 1 1.33 

PUDA2 1 2 1 0 2.93 

PUDA3a 1 2 1 0 2.93 
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PUDA4 1 2 1 1 2.2 

PUDA5 1 2 3 0 4.4 

PUDA6 1 2 3 5 0.73 

PUDA7 1 2 3.75 0 4.5 

PUDA8 1 2 3.75 6 0.5 

PUDA9 1 2 3.75 4 1.83 

PUDA10 0.5 1 5.25 4 1.83 

PUDA11 0.6 0.6 5.55 4 1.83 

PUDA12 1.2 0 5.55 4 1.83 

PUDA13 0.75 0 6 4 1.83 
a PUDA3 recipe has the same compositions of all the monomers as PUDA2 but different amount 
of catalysts. 

Results and Discussion 

All DSC results in Figure 6.5a show two endothermic transitions in the PU-DART 

polymers; the sharp one near 48 °C corresponds to its melting (it is different in different cycles 

due to the polymer chain segments rearrangement after heating and cooling), while the other 

wide and shallow one between 110 and 180 °C relates to the retro-Diels–Alder reaction. While 

high crystallinity can increase the ultimate tensile strength of the material, it also could make the 

material brittle. PUDA10 was then chosen for further investigations because even though its 

crystallinity is the lowest among all PU-DART polymers, it balances out PUDA10’s ultimate 

tensile strength and the strain. According to the tensile test result shown in Figure 6.5b, 

PUDA10 has an ultimate tensile strength over 20 MPa and a strain close to 500%. The toughness 

calculated from the stress–strain curve is 53 MJ m-3. 

Figure 6.5c shows the DMA result for PU-DART, of which the storage modulus 
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tremendously drops when the temperature passed the melting point of the crystallites in the PU-

DART and continues to drop to lower than 0.1 MPa as the temperature increases. When 

temperature reaches close to 120 °C, both storage modulus and tan δ of PU-DART are highly 

noisy, which is the feature of a thermoplastic polymer, indicating the PU-DART can be melt-

processed. In addition, the viscosity measurement, of which the result is shown in Figure 6.5d, 

confirms its melt-processibility—the melt of PU-DART has a viscosity of 5.5 Pa·s at 175 °C. 

 

Figure 6.5 a. DSC curves of all PU-DART polymers; b. Stress–strain curve of PUDA10; c. 
DMA curves of PUDA10; and d. Viscosity of PUDA10 at constant shear rate of 100 s-1 at 

175 °C 

6.3 Where next 

Among all three polymer systems, the polyurethane-based DART polymer, PUDA10, has the 
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most promising properties: toughness is above 50 MJ m-3—tough bulk property, and its melt 

viscosity is around 5.5 Pa·s at 175 °C—melt processibility. However, since this polymer needs 

higher temperatures to be extruded (175 °C, versus 130 °C for DART1, 2 and 3), further studies 

on its chemical stability at elevated temperatures in air, such as isothermal DSC and TGA tests, 

need to be carried out to ensure its processibility on FFF 3D printers. 

DART polymers based on multi-functional oligomers system usually requires lower printing 

temperature due to their low molecular weights of their retro-Diels–Alder products. But this 

system also has difficulty in solidifying fast enough after melted, which will be a problem during 

3D printing after the resin deposited onto the platform; the resolution of printed parts will be 

poor, and printed layers cannot even hold their structure during the printing. To address this, a 

different macromonomer with higher molecular weight needs to be designed and synthesized to 

improve the solidification rate of heated resin. One of the candidates, a tris-maleimide, is shown 

in xx. The molecular weight of this molecule is XX, and its amide bond could theoretically form 

hydrogen bonding with neighboring co-monomers, which can both potentially further accelerate 

the solidification process and enhance the bulk properties of the material. 

Poly(thio-isocyanate) polymers are known for their excellent mechanical properties due to 

the hydrogen bonding in the network, similar to polyurethane. In addition, thiol-isocyanate 

reaction has much higher reactivity than alcohol-isocyanate reaction does, making TU-DART 

polymers a strong candidate for tougher DART polymers. Studies on the reaction mechanism of 

thiol-isocyanate reaction, as well as its reaction kinetics, need to be carried out in order to 

optimize the TU-DART recipes.   
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CHAPTER 7 

CONCLUSIONS 

This work describes our journey to mitigate the anisotropy in 3D printed parts from FFF 

process via the exploration in material chemistry and processing methods to FFF printed parts 

more reliable for functional-parts production. Our approach focuses on developing and 

optimizing novel tough thermoset materials to enhance the interlayer adhesion in the printed 

parts, while maintaining the melt-processibility. To achieve these goals, two mechanisms are 

investigated: 1) ionizing radiation as a post-printing process to crosslink layers in the printed 

parts, and 2) reversible thermosets enabled by dynamic covalent chemistry as a novel 3D 

printing material to introduce crosslinks between layers during printing. Chapter 3 has showed 

that irradiating printed parts with γ rays radiation above a polymer’s Tg with optimal dose has 

improved the isotropy by 60% (from 60% to 96%). In the following chapters, polymers 

incorporated with crosslinks via Diels–Alder chemistry (DART), the well-known dynamic 

covalent chemistry that has been heavily applied in smart materials field, are reported and 

discussed for the first time in 3D printing applications. Each of the chapters focuses on different 

DART polymer designs. The first DART polymers studied in Chapter 4 have a design shown in 

Figure 7.1a—a linear polymer with furan pendant groups reversibly crosslinked by a multi-

maleimide. While this specific design works in self-healing and remendable materials, its poor 

processibility, due to the incomplete reversing of Diels–Alder crosslinks in the solvent-free 

network, does not serve the 3D printing purpose. Another polymer design is investigated in 

Chapter 5, shown in Figure 7.1b. This design has been proven to have excellent melt-

processibility and promising isotropic properties in the printed parts—with a melt viscosity of 
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less than 1 Pa·s at medium-high temperatures (less than 200 °C), the DART printed parts only 

have up to 5% anisotropy, compared to at least 50% anisotropy in the commercial 3D printing 

materials in the current market. Chapter 6 has presented another three designs based on it in 

Chapter 5 seeking to further optimize the bulk properties of DART polymers while maintaining 

the processibility and the low anisotropy in the printed parts. More advanced polymer 

chemistries, semicrystalline polymers, polyurethane and poly(thio-isocyanate), have been 

proposed and investigated. The initial results have demonstrated the promising potentials of all 

three designs in isotropic FFF 3D printing applications. 

 

Figure 7.1 DART polymer designs in this work 

Additive manufacturing has impacted almost every industry in the past 10 years. It has 

become a $6.1-billion business in 2016, according to Wohler’s Report.1 Functional parts 

production by AM has increased to an unprecedented 33.8% of AM application. These numbers 

will continue to soar in the next decade with the ever-growing amount of research efforts poured 

into the AM industry. But it is not yet AM’s prime time. The AM industry would need strong 

support from research and development in material innovation to reach a breakthrough. This 



 

101 

work on novel materials and methods for isotropic FFF 3D printing serves as an inspiring 

exploratory work to help further optimize the applications of ionizing radiation and dynamic 

covalent chemistry in isotropic 3D printing. A faster yet more reliable additive manufacturing 

will not be too far out of the reach.  
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APPENDIX A 

SUPPLEMENTAL INFORMATION FOR CHAPTER 5 

1. A Model Reaction of Furfuryl Alcohol with Bismaleimide 

To establish a reference for reaction between furfuryl rings and maleimides, a model reaction 

using furfuryl alcohol and BMI-689, a liquid bismaleimide from Designer Molecule Inc. without 

purification, was investigated. Figure A1 shows the chemical structure and the schematic of the 

model reaction. A stoichiometric amount of furfuryl alcohol (FA) and BMI-689 were blended at 

120 °C under constant stirring for 30 minutes before slowly being cooled down to room 

temperature in an oven in 16 hours. 

The DSC measurements were carried out on FA, BMI-689 and the product DA-689 and are 

shown in Figure A2. During the heating, the DSC curve of BMI-689 is flat—no endotherm or 

exotherm, indicating the BMI-689 is thermally stable between –25 and 150 °C. The DSC curve 

of FA shows that FA starts to absorb heat when the temperature exceeds 30 °C, and has a steep 

endotherm with an onset temperature at 125 °C, which corresponds to the evaporation of FA 

under heating. The DSC curve of DA-689 has two endotherms. The first one has an onset at 

90 °C, and the second one, which partially overlaps with the first, has a similar slope in heat flow 

drop to it in the DSC curve of FA. Based on our limited experimental data, we speculate that the 

first endotherm was retro Diels–Alder reaction, which reversed part of DA-689 back to FA and 

BMI-689, and the second endotherm was the evaporation of those free FA resulting from the 

retro Diels–Alder reaction. The retro Diels–Alder reaction onset temperature in the model 

reaction agrees with those in DART polymers, which were all around 90 °C, as well as those 
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reported retro Diels–Alder reaction temperature from previous literature151-153.  

 

Figure A1. Mode reaction of furfuryl alcohol with BMI-689 

 

Figure A2. DSC curves of BMI-689, FA, and DA-689 
 
2. Study on Diels–Alder and retro Diels–Alder reactions in DART Polymers During and 

After Printing  
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The Diels–Alder and retro Diels–Alder reactions in DART polymers during and after 

printing were verified via NMR and ATR-FTIR studies on the DART1 polymer as an example. 

On DART printer, a DART1 part (22 mm × 22 mm × 1 mm) was printed onto a clean glass 

slide. During the printing, samples was taken for NMR and ATR-FTIR measurements. The rest 

of the printed part was cooled at 6–8 °C for 12 hours and then kept at room temperature. Another 

sample from the cross-sectional area of the part was taken for only ATR-FTIR measurement 

after 48 hours—36 hours at room temperature after 12 hours at 6–8 °C after being printed.  

Figure A3a shows the NMR spectrum of 2M. Since this monomer is an oligomer and the 

detailed chemical structure was not released from the supplier, the only peaks of interest were the 

maleimide peaks, a doublet at 7.00 ppm. Figure A3b shows the NMR spectrum for the DART1 

polymer during the printing, when the polymer de-crosslinked via retro Diel–Alder reaction. In 

this NMR, the protons on the free furan rings from ICN3F, 7.35, 6.30 and 6.20 ppm, and the 

protons on the free maleimide from 2M, 7.00 ppm, were observed. In addition, peaks at 6.50 and 

5.21 ppm, corresponding to protons on the Diels–Alder adducts, were also observed. These 

results confirmed that in the sample of DART1 polymer during the printing, the deposited resin 

was a mixture of fmDA adducts, as well as the free furan rings and maleimides. 

ATR-FTIR spectra were shown in Figure A4. The peak at 696 cm-1 attributed to the 

maleimide groups154 appeared in the DART1 during the printing but disappeared in the DART1 

after 48 hours, indicating the existence of free maleimide groups when DART1 was just 

deposited and most of the free maleimide groups had reacted with furan rings in DART1 via 

Diels–Alder reaction after 48 hours. The peak of fmDA adducts155 at 1771 cm-1 emerged in both 

samples from DART1 during printing and after 48 hours, proving that 1) during the printing, 
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fmDA crosslinks partially reversed to free furan rings and maleimide groups, and 2) the free 

furan rings kept reacting with free maleimide groups at room temperature within the part, 

including between the layers, in 48 hours after the printing was finished. 

3. Study on the Crosslinking Rate of DART Polymers via Gel Fraction Tests 

A gel fraction test was done on all DART polymers in order to track the crosslinking rate 

after printing was finished. Generally, in the gel fraction test, DART polymers were melted at the 

printing temperature first, and went through the same cooling procedure as the DART parts did 

after being printed. The gel fraction test procedure on DART1 is discussed below. Tests on 

DART2 and DART3 were carried out similarly. 

Twenty-four DART1 samples were taken in vials with sample size between 100 and 300 mg. 

All samples went through a heating–cooling treatment in the following order: 30 minutes at 130–

140 °C to ensure all samples melted in the vials, cooling at 6−8°C for 12 hours and then being 

kept at room temperature (25 °C) for varying lengths of time. At the end of the 30-minute 

heating on the samples at 130–140 °C, chloroform was added to three samples and all three 

dissolved immediately, indicating that all samples were decrosslinked after the 30-minute heat 

treatment. Gel fraction was then measured at different time points: 0, 12, 36, 60, 84, 108 and 132 

hours after samples were moved to room temperature. For each time point, three samples were 

soaked in chloroform at room temperature for 24 hours before the liquid was drained and swelled 

samples were dried under vacuum at 50 °C for 5 hours. The initial and the dry masses were 

recorded and the gel fraction was calculated using Equation 7.1. 

𝐺𝐺𝐺𝐺𝐺𝐺 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (%) = 𝑚𝑚𝑑𝑑
𝑚𝑚𝑖𝑖

× 100% Equation 7.1  
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Figure A3. NMR spectra for a. monomer 2M and b. DART1 during the printing. 

A

1H NMR (CDCl3, 500 MHz)

a.

b.

C
D

C
l3

1H NMR (CDCl3, 500 MHz)

A

CB

D

PIP-1

PIP-1

PIP-2

PIP-2

E

F, G H



 

107 

 

Figure A4. ATR-FTIR spectra for monomers 2M, ICN3F, DART1 during the printing, and after 
48 hours 

where 𝑚𝑚𝑑𝑑is the dry mass after samples swelled in chloroform and dried under vacuum, and 𝑚𝑚𝑖𝑖 is 

the initial mass before the gel fraction test. 

Figure A4 shows the gel fraction of all three DART polymers as a function of time. At 0 

hour, which was immediately after the 12 hour cooling process at 6−8°C, DART1, DART2, and 

DART3 had gel fractions of 22%, 56%, and 42%, respectively. The gel fraction of all three 

DART polymers increased with time until they reached the gel fraction plateau, where the 

polymer network achieves its stable state. DART2 reached its plateau, between 80% and 84%, at 

the 12-hour time point, whereas DART1 and DART3 plateaued out at 76–87% and 82–94% at 

36-hour and 60-hour time points, respectively. The gel fraction results revealed that DART2 

requires 24 hours after being printed—including 12 hours cooling at 6–8 °C and 12 hours at 

room temperature—to reach a stable network, the fastest among the three DART polymers. 

DART1 takes another 24 hours, 48 hours in total after being printed, to stabilize, while DART3 
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is the slowest, calling for 72 hours to stabilize. Noted that the maximum gel fractions of all 

DART polymers were less than 100%. This implies that without a post-printing heat treatment, 

DART polymers cannot achieve completely crosslinked networks at room temperature, since 

fmDA reaction has an optimum temperature between 50–60 °C. A post-printing heat treatment 

between 50–60 °C after parts stabilize could potentially improve their crosslinking density as 

well as the final properties in printed parts. 

 

Figure A5. Gel fraction test results on DART polymers 
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Figure A6. Schematic of monomer synthesis: a. ICN3F; b. 4F and 3F 
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Figure A7. NMR spectra of monomers: a. ICN3F (1H NMR), b. 4F (1H NMR), c. 3F (1H NMR) 
and d. ICN3F (13C NMR) 

 

 

Figure A8. DSC curves (including cooling and heating cycles) of a. NF, b. SF, c. CH and d. TL 
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Figure A9.Thermogravimetric analysis (TGA) curves of a. DART1, DART2, and DART3, b. 
NF, SF, CH, and TL 

 

 

Figure A10. DMA curves of a. SF, b. CH and c. TL 
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Figure A11. Stress–strain curves of a. DART2. b. DART3, c. SF, d. CH, and e. TL 
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Figure A12. Pictures of broken dogbones of molded and printed a. DART2; b. DART3; c. SF; d. 

CH; and e. TL 

 
Table A1 Printing parameters of commecial materials 

 Extruder 
temperature (°C) 

Platform 
temperature (°C) 

Print speed 
(mm/s) 

Layer height 
(mm) 

NF 230 35 10 0.4 
SF 225 105 10 0.4 
CH 235 60 38 0.4 
TL 205 40 25 0.4 
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APPENDIX B 

CALCULATION OF CRITICAL PRESSURE OF DART4 

Diameter of DART4 filament df: 0.003 m 

Distance between roller and hot end (BFB3000) Lf: 0.0618 m 

Shear modulus G: 616.7 MPa 

Poisson’s Ratio 𝜗𝜗: 0.34 

Young’s modulus 𝐸𝐸 = 𝐺𝐺
𝜗𝜗

= 616.7
0.34

= 1813.8 𝑀𝑀𝑃𝑃𝑓𝑓 

Critical pressure 𝑃𝑃𝑐𝑐𝑐𝑐 =
𝜋𝜋2𝐸𝐸𝑑𝑑𝑓𝑓

2

16𝐿𝐿𝑓𝑓
2 = 𝜋𝜋2×1813.8×106×0.0032

16×0.06182
= 2.63 𝑀𝑀𝑃𝑃𝑓𝑓 

Critical force  𝐹𝐹𝑐𝑐𝑐𝑐 =  𝑃𝑃𝑐𝑐𝑐𝑐 ×  
𝜋𝜋𝑑𝑑𝑓𝑓

2

4
= 2.63 × 106 × 𝜋𝜋×0.0032

4
= 18.6 𝑁𝑁
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