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Abstract 

Rachael J. Ross 

ADVANCING THE DEVELOPMENT OF ADDITIVELY MANUFACTURED 

SEQUENTIALLY CURED INTERPENETRATING POLYMER NETWORKS 

2021-2022 

Joseph F. Stanzione, III, Ph.D. 

Master of Science in Chemical Engineering 

 Recently vat photopolymerization (VPP), a type of additive manufacturing 

(AM), has the potential to be used for a variety of commercial and military applications 

due to the ability to make custom parts rapidly and with complex geometries. Many 

commercially available photopolymerizable resins consist of (meth)acrylate and epoxy 

functionality to ensure rapid cure time and minimal shrinkage. Today, researchers 

continue to find the optimal balance of (meth)acrylate/epoxy functionality in unique 

formulations and network configurations, such as interpenetrating polymer networks 

(IPN)s, to enhance processibility and the quality of the final printed part.  

 This work explores the structure-property relationships of a set of VPP resins 

synthesized from select starting materials in addition to improving the one-pot, two-step 

reaction methodology that has been employed by the Sustainable Materials Research 

Laboratory (SMRL) at Rowan University. Epoxy-methacrylate IPNs were prepared via a 

sequentially cured AM technique and subsequently evaluated for their thermal and 

mechanical properties. Through the incorporation of higher degrees of aliphatic character, 

the 3D printed IPNs yield an enhancement in toughness while maintaining thermal 

properties. Resultant IPNs were found to maintain glass transition temperatures above 

130 ⁰C (tan δ) and increase fracture energies by more than 160%.  
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Chapter 1 

Introduction 

1.1 Overview 

  A constant goal in manufacturing is to make products faster and cheaper with 

better performance capabilities. In the interest of satisfying these goals, additive 

manufacturing (AM) has rapidly improved to accommodate major gains in productivity, 

substantial savings in cost, and improved product quality particularly in the field of 

synthetic polymers. Polymers are used extensively around the globe in automotive, 

aerospace, computer, biomedical, military applications, and others due to economic 

advantages and durability. With such a large consumer base, polymers are a popular area 

of interest among researchers and chemical engineers to further investigate how to 

manipulate network configurations, syntheses parameters, and functionalities to achieve 

higher performing polymers. This work aims to evaluate the effect of different 

functionalities of an established interpenetrating polymer network (IPN) that is cured via 

AM. Additionally, this work altered the proposed reaction schema used to synthesize the 

IPN to satisfy the continuous evolvement of industry trends. This chapter introduces the 

general concepts behind AM and key monomer configurations to consider when 

synthesizing high performance polymers with relatively high moduli (>2 GPa), Tgs (≥ 

120 ⁰C) and adequate fracture toughness ( G1C ≈ 200-250 J m-2).  

1.2 Additive Manufacturing 

 Additive manufacturing (AM) is a technique that simply means to build or 

improve materials by addition. While this idea has been around for over 10,000 years 
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when homes were built brick by brick, the oldest patent for AM techniques was not 

recorded until 1890 by Blanther for making topographical relief maps [1]–[3]. As time 

progresses and technology continues to advance, AM processes have grown from ancient 

construction strategies to a market worth over $12 billion USD in 2020 [4], [5]. Most of 

this growth has taken place over the last 30 years with the rapid improvement in 

technology and key market drivers that call for faster build times, reduced manufacturing 

costs, and more customized products [2]. Common examples of AM processes that aim to 

satisfy these market demands are ink jet printing, vat photopolymerization (VPP), 

injection molding, directed energy deposition and selective laser melting [1].  

 Traditional machining techniques, otherwise known as subtractive 

manufacturing methods, require a bulk material and removes pieces, or chips, to make the 

desired product or model. This difference alone is enough to sway most manufacturers 

and engineers towards AM as a means of producing materials due to reducing costs and 

energy to fabricate products. But there are additional reasons why AM has taken 

precedence over traditional manufacturing techniques. Aside from being less wasteful 

AM offers more precision during the fabrication process to produce more complex 

geometries [6]. Unlike subtractive manufacturing, which requires a block of finished 

material to then shape into the finished prototype, AM can change the final properties of 

the material with the proper optimization of various parameters such as exposure times 

and printing speeds, to fulfill different functional requirements [1].  
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1.2.1 Vat Photopolymerization 

 The exclusive AM technique used throughout this work was stereolithography 

(SLA) which is a type of vat photopolymerization (VPP). SLA was chosen as the 

exclusive VPP method due to the ability of SLA to produce parts that are effectively 

isotropic [7], [8].  This technology, which is commonly referred to as 3D printing, was 

originally patented by Charles Hull of 3D Systems in 1986. Hull and collaborators 

combined computers, lasers, and principles of photochemistry to make commercial 

products at faster speeds. While initially used for small scale prototypes, SLA has grown 

to be frequently used in medical imaging, communication tools, and soft tool prototyping 

[9]. Despite rapid growth in the market, the basic operating principles of SLA have 

remained largely unchanged since 1991. Samples are fabricated in a layer-wise method 

where a laser selectively scans over the surface of a build platform that is submerged in a 

vat of photopolymerizable resin. Once a layer is fully formed, the build platform is then 

lifted vertically out of the vat to allow the resin to backfill, and the build platform is then 

submerged again for the fabrication of the following layer [1], [6], [9]. After all the layers 

are formed, the build platform and green polymer are lifted out of the vat and ready for 

subsequent post processing steps. Oftentimes, the manufactured part is separated from the 

build platform, washed to remove any uncured resin, and polished before final 

application [6]. 

1.2.2 Vat Photopolymerization Resins 

 Currently, most commercial SLA resins have a viscosity between 500-1500 cP 

at 25 ⁰C and must cure a single layer from 15-300 s [10]. To accommodate these 
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requirements, scientists must consider reaction rates and the ability of the resin to flow 

easily. Typical commercial resin formulations for SLA applications are a mixture of 

oligomers, monomers, and photoinitiators that are ready to use once opened. Most 

oligomers and monomers found in resin formulations are derived from polyols, epoxides, 

(meth) acrylic acids and their respective esters to create polyester acrylates, epoxy 

acrylates, urethane acrylates, amine acrylates, and cycloaliphatic epoxies. These 

functionalities provide cross-linking polymerization that is initiated via a photoinitiator. 

Common photoinitiators found in resin formulations are either free-radical photoinitiators 

and cationic polymerization photoinitiators. Generally, free-radical polymerization 

photoinitiators, namely benzoyl radicals, are used in SLA resins due to the wide range of 

photoinitiators readily available [6], [11]. While less frequently explored, many reviews 

have been written outlining the successes of cationic photopolymerization facilitated by 

onium salts or organometallic compounds [6], [12]–[14].   

 In some cases, a reactive diluent is added to a resin formulation to accommodate 

the lower viscosity requirements necessary for SLA. Reactive diluents are found in VPP 

resins in order to reduce viscosity but also limit any shrinking of the final printed part 

without affecting resin reactivity or stability [15]. While serving to reduce resin viscosity 

and improve printing properties, reactive diluents also reduce processing costs. 

Commonly used reactive diluents are methacrylated fatty acids, lignin based 

methacrylates, and HELOXYTM modifiers [16], [17]. HELOXYTM modifiers (HM) are 

mono-, di-, or poly- epoxy functionalized molecules that enable formulators to 

manipulate epoxy resin systems to accommodate different applications ranging from 
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consumer grade to military. Aside from reducing resin viscosity, HM may be used to 

reduce surface tension of a resin or modify different performance characteristics like 

flexibility and strength. Some commonly used modifiers are shown in Figure 1. 

 

Figure 1 

Chemical Structures of Commonly Used HELOXYTM Modifiers 

 

 

 

 As early as 1989, different SLA resins were prepared with acrylate 

functionalities that exhibited high reactivity but weak parts from curling and shrinking 

[6], [18], [19]. These contrasted with epoxy based resin systems that were found to be 

more accurate and stronger than acrylate based resin systems due to negligible shrinkage, 

but had a much slower rate of reaction [6]. Due to the slow reaction rates, all epoxy-based 

resin systems designed for SLA must have some level of (meth)acrylate functionality. 
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When curing both (meth)acrylate networks and epoxy networks in the presence of one 

another, an IPN resin system formed. IPN resins synthesized with both (meth)acrylate 

and epoxy functionalities designed for SLA applications offer both the fast-curing speeds 

of (meth)acrylate functionalities with enhances in toughness and promoted adhesion 

characteristics often associated with epoxy-based resins. Finding the optimal balance 

between (meth)acrylate and epoxy functionalities in an IPN resin are still being 

extensively explored in the literature [20]–[24]. 

1.3 Polymer Design 

1.3.1 Interpenetrating Polymer Networks 

 IPNs can be simply defined as when a material consists of at least two polymers 

in network form. This broad definition implies that an IPN occurs when two or more 

polymers have been synthesized and/or crosslinked in the presence of one another. IPNs 

do not dissolve in solvents and suppress both creep and flow which separates them from 

polymer blends, blocks, and grafts [25]. Studies around IPNs date as far back as 1914 

when J. W Aylsworth added natural rubber and sulfur in an attempt to toughen the 

phenol-formaldehyde resin known as Bakelite [25], [26].  After Aylsworth’s work, many 

efforts were made to continuously understand the various characteristics of polymer 

materials and a few patents on IPNs were issued. Despite decent advancements regarding 

IPNs, the actual term IPN was not introduced until 1960 when John Millar conducted his 

work on polystyrene IPNs as ion-exchange resin matrices [25], [27], [28]. 

 Significant advancements have been made by researchers to master the 

fundamental ideas and principles behind IPNs since the work performed by John Millar 
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[25]. IPNs are often chosen over IPNs can be divided according to the way in which the 

chemical networks are formed. Simultaneous interpenetrating polymer networks (SINs) 

are known as the formation of two or more polymer networks in the presence of one 

another at the same time by noninterfering modes of polymerization. Sequentially cured 

IPNs are characterized by the formation of each network within the material forming 

independently of one another. In other words, the first monomer of the network is 

synthesized and becomes crosslinked Polymer I. The second monomer, as well as 

initiator and crosslinking agent, then swells within the Polymer I and is polymerized in 

situ [25]. Both simultaneously cured and sequentially cure IPNs have been well 

synthesized and observed over the last 60 years. Among some of the commonly studied 

IPNs are acrylate/methacrylate-epoxy IPNs [24], [29]–[32]. These systems offer more 

versatility than other IPN systems due to the different curing mechanisms per each 

polymer network. The acrylate/methacrylate network cures via free-radical 

polymerization with an appropriate photoinitiator, which is prompted via light and often 

associated with rapid curing speeds but considerable shrinkage of the polymer. The 

epoxy network can cure with a curing agent consisting of either amines or anhydrides 

with the aid of elevated temperatures which while characterized with a slower curing 

mechanism offers minimal shrinkage of the final cured polymer [33]. The diversity in 

curing mechanisms allows for the option to cure simultaneously or sequentially 

depending on the intended polymer properties. 

For the work presented in this thesis, sequentially cured methacrylate-epoxy IPNs 

were investigated to study the relationships between chemical functionality and polymer 
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properties. IPNs were chosen over vinyl ester resins (VERs), epoxy-based resins, and 

traditional thermoplastics due to the ability of an IPN to be cured via SLA and the 

opportunity for synthesizing high performance materials. A visual representation for each 

polymer network formed during each curing step is shown in Figure 2. 

 

Figure 2 

Visual Representation of a) Neat Resin with Curing Agent b) Green-Cured Polymer After 

SLA Step c) Fully Cured Polymer After Subsequent Post-Processing Steps 

 

  

 Due to the multicomponent system within IPNs, a certain degree of phase 

separation can be observed due to the incompatibility between polymer networks. The 
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dual-crosslinked nature of IPNs greatly controls the size, shape, and composition of each 

phase domain within an IPN which controls the final polymer properties such as glass 

transition temperatures and impact resistance [25]. The existence of the multicomponent 

system already increases the toughness of a material which makes IPNs a great area of 

interest for biomedical materials, vibration damping materials, and AM applications 

[34]–[40].  

1.3.2 Chemical Structure & Polymer Properties 

 Controlling polymer properties can be done by optimizing processing 

parameters via curing methods and polymerization mechanisms or by finding the perfect 

balance between epoxy and methacrylate modalities in a monomer or IPN. Taking a 

closer look into the polymer or monomer structure can also aid in predicting the final 

properties of a polymer. Polymers can be divided across a wide variety of subdivisions 

ranging from the way they are polymerized, structured, and assembled [41]. More 

specifically, a polymer can be characterized based on the nature the carbon and hydrogen 

atoms are arranged throughout the system. Hydrocarbons can be described as either 

aliphatic or aromatic in nature. Typically, the primary difference between aliphatic and 

aromatic compounds is the presence of a benzene ring, which is when 6 carbons are 

connected by conjugated π-bonds within a ring [41]. This key difference affects the 

nature of the monomer and polymer significantly. Regarding polymer performance, 

higher degrees of aromatic content result in a more rigid polymer with higher glass 

transition temperatures (Tg). Conversely, higher degrees of aliphatic content allude to a 

more flexible polymer that is more resist to impact with a lower Tg [42]–[44]. This may 
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be due to the ability of aliphatic carbons to react more freely due to lack of electron 

delocalization [41]. Considering the benefits of both aromatic and aliphatic character on 

final polymer properties can yield significant advantages. 

1.4 Thesis Summary 

 This thesis explores how different chemical structures of monomers can impact 

polymer properties in IPN systems that are used in resins for SLA applications in an 

established one-pot-two-step methodology. This hypothesis of this thesis states that by 

introducing a higher degree of aliphatic character to IPNs, a commercially relevant resin 

for SLA can be made that will maintain thermal properties while improving mechanical 

strength and improving processing parameters. To illustrate this theory, the recently 

developed IPN thermoset consisting of both vinyl-ester and epoxy-amine components, 

PMEM828 by Bassett et. al was chosen as the base resin system [34]. Chapter 2 explains 

the analytical techniques and instrumentation involved in this work. Chapter 3 lists the 

experimental methods and materials used to synthesize each resin, prepare the IPN, and 

characterize the final polymer properties. The results and discussion of all analytical, 

thermal, and mechanical properties for each iteration of AM polymers are provided in 

Chapter 4. Chapter 5 presents conclusions and recommendations for future work beyond 

the scope of this thesis. 
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Chapter 2 

Characterization Methods 

2.1 Introduction 

 This chapter introduces each method utilized to characterize the resins and 

respective printed polymers studied in this work. This section includes nuclear magnetic 

resonance (NMR) spectroscopy, rheology, Fourier transform infrared (FTIR) 

spectroscopy, density measurements, differential scanning calorimetry (DSC), 

thermogravimetric analysis (TGA), dynamic mechanical analysis (DMA), compression 

testing, fracture toughness, and t-tests. Each characterization technique will be described 

with a brief history, general concepts, and theories in their respective sections. 

Experimental methods specific to this work will be discussed further in Chapter 3.  

2.2 Nuclear Magnetic Resonance (NMR) Spectroscopy  

Nuclear Magnetic Resonance (NMR) spectroscopy is a valuable spectroscopic 

technique used to investigate the molecular structure and molecular processes of various 

organic compounds [45]–[47]. The first developments in NMR were carried out by 

researchers Bloch and Purcell in 1945 [45], [48]. However. the importance of NMR did 

not become relevant until 1949 where the effect of the chemical shift was discovered, and 

chemical applications could be achieved. Bloch and Purcell eventually won the Nobel 

Prize in Physics for the significance of NMR in 1952, which was right before the 

appearance of the first commercial NMR in 1953 [45]. Today, due to the major 

advancements in technology surrounding superconducting magnets and liquid cooling 
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systems, NMR has become one of the most powerful techniques used by researchers to 

study chemical structure [41]. A variety of different nuclei can be studied with NMR 

including 1H, 13C, 15N, 19F, and 31P. For this work, only 1H nuclei were examined to 

determine the chemical structure of investigated polymers. 

 1H-NMR spectroscopy is performed by applying a very strong magnetic field 

and source of radiation to a sample. This allows researchers to study the interaction 

between electromagnetic radiation and the nuclei within the hydrogen atoms of a sample 

with the spectrum produced from 1H-NMR. The 1H-NMR spectra reveals the response, or 

magnetic resonance, of 1H nuclei to show the proximity of the nuclei to other atomic 

nuclei, electronegative atoms, and double bonds in the  chemical structure of the sample 

[48]. These responses are then compared to a reference peak from an inert chemical, 

which is typically tetramethylsilane (TMS), to determine the location, area, and shape of 

each 1H signal. The proximity of the nuclei to other atomic nuclei and electronegative 

atoms will be indicated by the location, or chemical shift (ppm), of each proton signal on 

the 1H-NMR spectrum. The area and shape of each 1H signal will correspond to the 

number of protons representative of a given peak and the number of neighboring 1H 

respectively [41]. 1H-NMR spectroscopy was performed on a 400 MHz Varian NMR (32 

scans at 298K) to evaluate changes in chemical structure over time, which is discussed 

further in Chapter 4. 

2.3 Rheology  

 Rheology was first defined by Professor Bingham of Lafayette College in 

Indiana as the study of the deformation and flow of matter in 1929 [49]. Viscosity is 
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defined as the measure of resistance to flow due to internal friction between layers of 

fluid [50]. Rheological techniques are oftentimes used to determine the viscosity of 

liquids which over the years has become an important parameter to various chemical 

processing industries. Rheological instruments will apply different levels of force, or 

shear, at different speeds to determine the viscosity of a liquid by measuring the response 

of the sample. The response is measured as a shear stress as a function of shear rate. 

When the ratio of shear stress to shear rate is constant the liquid is determined to be 

Newtonian due to Newton’s hypothesis. Newton hypothesized that the internal friction is 

directly proportional to the relative velocity of fluid particles displaying a linear 

relationship between shear stress and shear rate known as viscosity [51]. Fluids that do 

not exhibit a constant viscosity over different shear rates are deemed Non-Newtonian 

[50]. In this study, rheology measurements were determined with a TA Instruments 

Discovery HR-2 Rotational Rheometer. Specific operating procedures and equipment set 

up are further explained in Chapter 3. 

2.4 Fourier Transform Infrared (FTIR) Spectroscopy 

 Infrared spectroscopy has been a widely used tool to analyze the nature of 

chemical bonds in both organic and inorganic materials since the 1950s [50], [52]. 

Fourier transform infrared (FTIR) spectroscopy was developed in the 1970s and quickly 

became the most popular spectroscopy tool among researchers due to its high sensitivity, 

quick turnaround, and non-destructive nature [53].  With IR spectroscopy, a sample is 

exposed to infrared radiation to determine the different chemical functionalities within its 

structure. Frequencies from the IR radiation are either absorbed or passed through the 
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sample at different wavelengths of light to determine characteristic bending, vibrations, 

or rotations of chemical bonds within a sample. These frequencies are presented in the 

form of an absorbency plot [41]. 

 Different IR spectrometers will provide different absorbency plots but the most 

widely used IR spectrometer is an FTIR which uses the mathematical operation known as 

the Fourier Transform to manipulate the frequencies that pass through the sample to form 

a corresponding absorbency plot [41]. IR spectroscopy is divided into three separate 

ranges of wavelengths used to characterize the chemical structure of a sample. The three 

separate wavelengths are divided into far-IR at 200-10 cm-1, mid-IR at 4000-200 cm-1, 

and near-IR at 12,800-4000 cm-1 [54]. In this work, near-IR was employed to determine 

the extents of cure of each chemical functionality along different stages of the curing 

process for each synthesized IPN. 

2.5 Density Measurements 

 In this thesis, density measurements were obtained for each cured IPN studied 

using Archimedes Principle [55]. Once fully cured, the weight of each polymer was 

found using a density kit and scale that measured the weight of the polymer in air and the 

weight of the polymer submerged in water. The density, ρ, was then calculated in 

accordance with Equation 1.  

𝜌 = (
𝑊𝑑𝑟𝑦

𝑊𝑑𝑟𝑦 −𝑊𝑤𝑒𝑡
) × 𝜌𝑤𝑎𝑡𝑒𝑟 (1) 
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 Equation 1 calculates the density of the polymer using the weight of the polymer 

in air designated by 𝑊𝑑𝑟𝑦, the weight of the polymer submerged in water designated by 

𝑊𝑤𝑒𝑡 and the density of water (𝜌𝑤𝑎𝑡𝑒𝑟) which is assumed to be 0.997 g/mL at 25⁰C [55]. 

All density measurements were performed in triplicate for each cured polymer. Density 

measurements were then used to calculate the molecular weight between crosslinks in 

tandem with results from dynamic mechanical analysis, which will be discussed in later 

sections. 

2.6 Differential Scanning Calorimetry (DSC) 

 Differential scanning calorimetry (DSC) is the most widely used analytical 

technique to characterize the thermal analysis of various polymers. DSC evaluates the 

heat flow rate, or differential power, of a given sample in an inert atmosphere (N2) as a 

function of temperature [50]. By measuring the differential power of a polymer, different 

properties can be determined such as melting point (Tm), glass transition temperature (Tg), 

degree of crystallinity, and degree of polymerization [33], [50].  

 DSC can be performed using two different types of instruments known as the 

power compensation differential scanning calorimeter, and the heat flux calorimeter [50]. 

The work performed in this studied used a heat flux calorimeter which operates by 

comparing two aluminum pans, one pan holding 5-10 mg of polymer sample and one 

empty reference pan, in the same furnace. The furnace is programmed to ramp up to a 

certain temperature at a specified rate. As the temperature increases, the temperature 

difference between sample and reference pan are monitored with a thermocouple to 
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calculate the differential heat flow [50]. Significant changes in differential heat flow can 

correspond to different thermal transitions like the curing of a polymer. Typically, as a 

sample cures, more energy is released resulting in significant exothermic events [50]. In 

this work, DSC was used to observe if all polymers were fully cured by the presence or 

lack thereof significant exotherms.   

2.7 Thermogravimetric Analysis (TGA) 

 Thermogravimetric analysis operates by measuring the change in weight of a 

specimen over a range of temperatures in either inert or oxidative environments [50]. 

Analyzing changes in mass of a polymer as a function of temperature allows researchers 

to identify different thermal events such as degradation, phase changes, and chemical 

reactions. This is done by measuring a small amount of sample into a platinum or ceramic 

pan that is then weighed continuously with an analytical balance in a programmed 

furnace [56]. Using TGA in combination with other thermal analysis techniques offers 

valuable insight into the chemical structure of different polymers [50]. 

In this work, TGA was employed to evaluate the different degradation properties 

of each synthesized polymer. Evaluating mass as a function of temperature determined 

the initial decomposition temperature (IDT), the temperature at 50% mass loss (T50%), 

and the final char content of the sample. The second derivative curve of the mass as a 

function of temperature revealed the maximum rate of degradation (Tmax) of each 

investigated polymer.  
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2.8 Dynamic Mechanical Analysis (DMA) 

 Dynamic mechanical analysis (DMA) is an analytical tool used to capture the 

viscoelastic properties of various polymers [50]. The first reported  DMA experiments 

conducted date back to 1909 by Poynting who was attempting to measure the elasticity of 

a material [57]. Over the next 50 years, DMA became an integral part of polymer science 

and the theories associated with DMA became more developed [57], [58]. Today, due to 

the rapid advancement of software and technology, many different types of dynamic 

mechanical analyzers exist on the market and are commonly found in polymer 

laboratories.  

 DMA can effectively illustrate both the elastic and viscous characteristics of 

various polymers. Different values found through DMA reveal information about 

polymer behavior in relation to stiffness, damping, glass transition temperature, 

vitrification, stress relaxation, and creep recovery [50], [57]. Different thermomechanical 

properties correspond to different types of deformation which can be achieved with a 

wide array of geometries used with DMA. Among the most commonly used geometries 

for DMA are ones associated with 3-point bending, clamped bending, compression, 

tension, and shear [50]. In this work, storage modulus (E′), loss modulus (E′′), tan δ, and 

the effective molecular weight between crosslinks (Mc) was determined via a single-

cantilever geometry which produces a clamped bending stress.  

 DMA quantifies the viscoelastic characteristics of a polymer by applying an 

oscillatory force to a sample and measuring the given response [50], [56], [57]. The 

response delay of the sample is quantified through a phase angle denoted δ as a function 
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of temperature [57]. Modulus, which provides insight to a materials resistance to 

deformation, is oftentimes measured as the slope of the stress-strain curve. In the instance 

of DMA, the complex modulus is found due to the oscillatory nature of the applied stress. 

The complex modulus can provide both the storage modulus (E′), which corresponds to 

the energy stored in the chemical bonds of a material, and the loss modulus (E′′), which 

represents the amount of energy dissipated as heat from a viscous response [58]. Storage 

modulus (E′) and loss modulus (E′′) can be defined by Equations 2 and 3 respectively. 

𝐸′ =
𝜎0
휀0
cos(𝛿) (2) 

 𝐸" =
𝜎0

𝜀0
sin(𝛿)   (3) 

 Both moduli are determined by manipulating δ and multiplying it by the ratio 

between stress, σ0 and strain, ε0. Tan δ, which can yield information about damping 

properties, can be found as the ratio between E′ and loss modulus E′′ as shown in 

Equation 4 [57].     

𝑡𝑎𝑛𝛿 =
𝐸"

𝐸′
 (4) 

These values can be further manipulated to find the effective molecular weight 

between crosslinks (Mc) in accordance with the Theory of Rubber Elasticity as seen in 

Equation 5. 

𝐸 = 
3𝑅𝑇𝜌

𝑀𝐶
 (5) 
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 This equation finds the Mc by using the minimum rubbery storage modulus (E), 

the ideal gas constant (R), the absolute rubbery temperature (T), and the density 

determined via Archimedes principle (ρ) [55].  

2.9 Compression Testing 

 Compression testing was performed in this study to determine the compressive 

modulus of elasticity, as well as the maximum compressive strength. These values were 

found to describe the behavior of each polymer when subjected to compressive stress at a 

low and uniforms rate of loading [50]. Typically, when designing materials, compression 

testing will consider the results of impact, creep, and fatigue tests. This will consider the 

dependence of rigidity and strength of plastics when designing parts.  

 The most widely sought after values when performing compression testing are 

compressive strength and compressive modulus [50]. Compressive modulus will illustrate 

the stiffness of a material by representing the response of molecular chains within a 

polymer to deformation by translational movements from compression [59]. The 

compressive modulus can be found by assuming negligible barreling of a sample and 

following the same protocol for calculating Young’s modulus. Young modulus is defined 

as shown in Equation 6. 

𝐸 =
𝜎

휀
 (6) 

 To find Young’s modulus, the compressive stress, σ, is divided by the 

compressive strain, ε, which is calculated as shown in Equation 7. 
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휀 =
∆𝐿

𝐿0
 (7) 

 This equation shows that compressive strain is calculated by finding the change 

in gauge length of the sample relative to the initial gauge length (L0) of the sample. In this 

thesis, all compression testing was performed on an Instron 5966 mechanical tester with 

cylindrical samples prepared in accordance to ASTM D695-15 [60]. Further details 

associated with compression testing are discussed later in Chapter 3. 

2.10 Fracture Testing 

 Fracture toughness is an important parameter for engineers to observe because 

of the additional knowledge of strengths and weaknesses characteristic of various studied 

materials [61]. The mechanical test method employed to determine fracture toughness for 

the investigated polymers in this work aimed to find the critical strain energy release rate 

(G1C) and critical-stress intensity factor (K1C) at fracture initiation. Two testing 

geometries are typically used when studying the deformation and fracture of plastic 

materials. Either a single-edge-notch bending (SENB) or a compact tension (CT) 

geometry can be employed. For the studies carried out in this work, a SENB geometry 

was used to determine the fracture properties of plastic specimens prepared in accordance 

to ASTM D5045-14 [62]. 

 Generally, when investigating the fracture behavior of polymers, energy is 

absorbed within the sample by viscoelastic deformation of polymer chains and followed 

by the generation of new surface area. The generation of new surface area can be a result 

of energy absorption by shear yielding, crazing, or crack propagation [61][25]. Due to the 
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high speed at which a crack can propagate, the technique used to evaluate the fracture 

behavior of different polymers is very sensitive [63]. Typically, tapping a razor blade into 

a specimen is the preferred technique for crack propagation as it allows a natural crack to 

spread throughout a sample. Other techniques can be used to initiate a crack depending 

on the brittle nature of the material, including scoring with a razor blade, or inserting thin 

pieces of film into samples during cure. While these techniques offer comparable fracture 

data, they do not truly represent the actual fracture behavior of a polymer. For the 

fracture analysis performed in this work, a scoring methodology was used to generate a 

crack across the notch that was machined into each specimen. For relative toughness 

comparisons, a scoring method can be used to illustrate the toughness between various 

materials [63].  

2.11 t-Test 

 A t-test is a statistical test performed to verify the significance between the mean 

values of two sample sets [64]. A t-test checks whether a statistical hypothesis is correct 

for samples with comparable variances assuming a normal distribution. In the case of 

comparing two independent samples, an unpaired t-test can be performed to determine 

whether the samples are statistically different from one another. An unpaired t-test can be 

performed as shown in accordance with Equation 8. 

𝑡𝑝 =
|�̅�1 − �̅�2|

𝑠𝑑√
1
𝑛1

+
1
𝑛2

 (8)
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 Equation 8 calculates the test value (tp) where x1 and x2 are the means of sample 

set 1 and 2 respectively, sd is the standard deviation, and n1 and n2 are the variable set size 

for each sample group [64]. Once the tp is calculated a comparison must be made against 

the critical test value (tcrit) which can be found in Appendix A. If tp < tcrit then the 

difference between sample sets is found to be statistically insignificant. If tp ≥ tcrit then the 

difference between sample sets is found to be statistically significant. All t-tests 

conducted in this work were performed with a 95% confidence level.  
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Chapter 3 

Experimental Methods and Materials 

3.1 Introduction 

 This chapter serves to outline the experimental materials, procedures, and 

methods used in this body of work. The synthesis of each resin system, the addition of 

curing agents, and the techniques used to characterize the properties of each formulation 

are described. The characterization techniques used to quantify the thermal and 

mechanical properties of each fully cured IPN are detailed.     

3.2 Materials 

 Phenol (detached crystals, 99%) was purchased from Beantown Chemical 

Corporation (Hudson, NH, USA). Deuterated chloroform (CDCl3, 99.8% d) used for 

NMR, hydroquinone (99%), and 4-dimethylaminopyridine (DMAP) (99%) were 

purchased from Acros Organics (Fair Lawn, NJ, USA). Methacrylic anhydride (94%) and 

4-tert-butylphenol (99%) were purchased from Alfa Aesar (Haverhill, MA, USA). AMC-

2 catalyst was purchased from AMPAC Fine Chemicals (Rancho Cordova, CA, USA). 

Sodium Hydroxide (1N) was purchased from Fischer Scientific (Hampton, NH, USA). 

Phenolphthalein Indicator, (0.5% (w/v) in 50% (v/v) alcohol, neutralized) was purchased 

from Ricca Chemical Company (Arlington, TX, USA). (Diphenyl(2,4,6-

trimethylbenzoyl) phosphine oxide (TPO) was purchased from TCI (Tokyo, Japan). 

Isopropyl alcohol (IPA) was purchased from VWR (Radnor, PA, USA). Compressed 

nitrogen (N2, 99.998%) and compressed argon (Ar, 99.999%) were purchased from 
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Airgas (Radnor, PA, USA). Epon Resin 828 (diglycidyl ether of bisphenol A, DGEBA, 

Epon828), HELOXYTM Modifier 68 (diglycidyl ether of neopentyl glycol), and Epikure 

Curing Agent W (diethyl toluene diamine) were purchased from Hexion (Columbus, OH, 

USA). NX-2026 (3-pentadeca-dienyl-phenol) and NC-510 (n-pentadecylphenol) were 

provided by Cardolite Corporation (Bristol, PA, USA). All chemicals were used as 

received. 

3.3 Resin Synthesis 

  PMEM828 was synthesized using a one-pot-two-step (1P2S) methodology as 

shown in Figure 4 [65], [66]. For step 1, a mixture of phenol (50.00 g) and DMAP (3.3 g) 

were combined in a sealed 3-neck round bottom flask using a magnetic stir bar. Once 

combined compressed argon was used to purge the reaction vessel for 10 minutes to 

create an inert atmosphere. Once purged, methacrylic anhydride (82.8 g) was added and 

the vessel was heated to 50-55 ⁰C with continuous stirring. After 72 hours, 1H-NMR was 

used to confirm the esterification of phenol and formation of methacrylic acid. After step 

1, the reaction mixture was allowed to cool ambiently to room temperature. A 

stoichiometric amount of Epon828 (199.8 g) was then added to the vessel along with 

AMC-2 catalyst (0.2 g) and combined using a mechanical mixer. The vessel was then 

heated to 70-77⁰C and monitored via acid number titration until completion. Completion 

was determined by an acid number <10, indicating 3% remaining acid [65]. Once 

completed, 100 ppm of hydroquinone (0.02 g) was added to the resin to prevent any 

premature polymerization.  
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This procedure was repeated for tert-butyl phenol in place of phenol to form 

BPMEM828, NC-510 in place of phenol to form NC510MEM828, and NX-2026 in place 

of phenol to form NX2026MEM828. This procedure was also repeated to form IPNs with 

varying HELOXYTM Modifier 68 (HM68) ratios of approximately 10 and 25 wt% to 

Epon828. 

 

Figure 3 

Reaction Scheme of PMEM828 Synthesis 
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3.4 Resin Rheology  

 Viscosities for each synthesized resin were collected using a TA Instruments 

Discovery Hybrid Rheometer (DHR-2) using a 1⁰ 40 mm cone geometry at a temperature 

of 25⁰C. All measurements were taken using a shear rate that was ramped logarithmically 

increasing from 1 to 100 s-1 and decreasing from 100 to 1 s-1 [16], [67], [68].  

3.5 Resin Formulation 

 Each resin was formulated with TPO, at 2 wt% of the total mass of the reaction, 

to facilitate the free radical polymerization between the methacrylate functionalities. 

Epikure W was added to initiate the cure of the epoxy-amine network with the 

assumption that the conversion to the dual functional monomer EM828 was 100% [34]. 

The amount of Epikure W added to each formulation was determined via the theoretical 

epoxy equivalent weight (EEW) of each resin system. The EEW found by calculating the 

molecular weight of the polymer per active site, which in the case of the epoxy-amine 

network was the epoxy functional group. A stoichiometric amount of Epikure W was 

added to the resin in correspondence to the procedure found in Hernandez et al. [69], 

[70]. Once the curing agent and photoinitiator were added to the resin, all components 

were mixed using a Thinky ARE-310 planetary mixer for 10 minutes at 2000 rpm and 

subsequently defoamed for 5 minutes at 2200 rpm. The mixing cycle was performed 

twice to ensure full dissolution of photoinitiator and curing agent. 
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3.6 Resin Additive Manufacturing & Cure 

 After formulation, each resin was prepared for free radical photopolymerization 

via a Formlabs Form 2 SLA Printer. All prints were conducted using a selected layer 

height of 100 µm, with the preprogrammed parameters associated with the chosen setting 

“Tough V5” in “Open Mode”, to maintain consistent processing parameters with Bassett 

et al. [34]. Digital models were made in preparation for viscoelastic, compression, and 

fracture testing and uploaded to the Form 2 using Formlabs printing software PreForm as 

shown in Figure 5. After printing, all samples were washed in a Formlabs Form Wash 

using IPA for 20 minutes to remove any uncured residue from the green polymer. These 

samples were denoted as AM samples. Once washed, the samples were subsequently 

post-processed using Formlabs Form Cure (labeled FC), which heats the samples to 80⁰ 

C for 2 hours under UV/visible light (λ= 405 nm). After the FC step, the samples are 

further post-cured at 180⁰ C in a thermal oven for 2 hours (denoted PC). 
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Figure 4 

Arrangements of Printed DMA Bars, Fracture Bars, and Compression Cylinders with 

Supports on Build Platform via Formlabs Preform 

 

 

 

3.7 Extent of Cure 

 Extent of cure values for all printed polymers were obtained at each various 

stage of the curing process using near-IR spectroscopy. An IR spectrum using a Thermo 

Scientific Nicolet iS50 FTIR equipped with a CaF2 beam splitter was taken of the 

formulated resin using a glass well with a path length of 3 mm. The subsequent curing 

steps which included the green polymer after print (AM), the polymer after Form Cure 

(FC), and thermal post-cure (PC) were all measured with IR at a thickness of 2.5 mm. All 

IR spectrums were taken with 64 scans at a resolution of 2 cm-1 to quantify the 
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conversion of the methacrylate, epoxies, and primary amines at various stages of 

processing.   

 To calculate the extent of cure for both the methacrylate modalities and epoxy-

amine modalities, 3 peaks were assessed at each state of cure with near-IR. All peaks 

were normalized against a reference peak at 5900 cm-1 corresponding to the carbon chain 

backbone of the polymer network that does not participate in polymerization [71]. The 

peak measured at 6165 cm-1 was used to quantify the extent of cure for the methacrylate 

network of the IPN as shown in Equation 8. For quantitative analysis changes in both 

epoxy and primary amines can be directly determined through near-IR to illustrate the 

formation of the epoxy-amine network [72].The degree of conversion for the epoxy-

amine network was assessed using the integration at band 4530 cm-1 to designate the 

oxirane functional group as shown in Equation 9. The primary amine which is visible at 

5000 cm-1 was used for the qualitative assessment of the formation of the epoxy-amine 

network as shown in Equation 10. A representative FT-IR spectrum of PMEM828 at each 

stage of cure is shown in Figure 6. 

 

𝑋(𝑚𝑒𝑡ℎ𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒) =

(
𝐴6165𝑐𝑚−1

𝐴5900𝑐𝑚−1
)
𝑟𝑒𝑠𝑖𝑛

− (
𝐴6165𝑐𝑚−1

𝐴5900𝑐𝑚−1
)
𝑝𝑜𝑙𝑦𝑚𝑒𝑟

(
𝐴6165𝑐𝑚−1

𝐴5900𝑐𝑚−1
)
𝑝𝑜𝑙𝑦𝑚𝑒𝑟

 (8) 
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𝑋(𝑜𝑥𝑖𝑟𝑎𝑛𝑒) =

(
𝐴4530𝑐𝑚−1

𝐴5900𝑐𝑚−1
)
𝑟𝑒𝑠𝑖𝑛

− (
𝐴4530𝑐𝑚−1

𝐴5900𝑐𝑚−1
)
𝑝𝑜𝑙𝑦𝑚𝑒𝑟

(
𝐴4530𝑐𝑚−1

𝐴5900𝑐𝑚−1
)
𝑝𝑜𝑙𝑦𝑚𝑒𝑟

 (9) 

 

𝑋(𝑎𝑚𝑖𝑛𝑒) =

(
𝐴5000𝑐𝑚−1

𝐴5900𝑐𝑚−1
)
𝑟𝑒𝑠𝑖𝑛

− (
𝐴5000𝑐𝑚−1

𝐴5900𝑐𝑚−1
)
𝑝𝑜𝑙𝑦𝑚𝑒𝑟

(
𝐴5000𝑐𝑚−1

𝐴5900𝑐𝑚−1
)
𝑝𝑜𝑙𝑦𝑚𝑒𝑟

 (10) 

 

Figure 5 

Near-IR Spectra for PMEM828 at Various Stages of Cure  

 

Note. Spectra are offset vertically for clarity. 
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 The extent of cure is typically measured via DSC as a ratio between heat 

released by the reaction and the total heat released. While this procedure is useful, it lacks 

the accuracy at high degrees of cure and faster reactions [72]. In this work, DSC was used 

in tandem with FTIR to verify the extent of reaction for each polymer network formed. 

All samples were measured using a TA Instruments Discovery DSC 2500 to confirm that 

each system was fully cured after the subsequent processing steps. A Tzero aluminum 

pan was loaded with 5-10 mg of sample and sealed with a Tzero lid. Two heating and 

cooling cycles were performed at a rate of 10 ⁰C per minute under inert conditions (N2) 

from 0 – 250 ⁰C. The second cycle was evaluated for any appreciable exotherms to 

indicate further curing of polymer. This procedure was performed in duplicate for each 

processed polymer.  

3.8 Polymer Properties 

 All samples were evaluated for thermal properties using a TA Instruments 

Discovery Thermogravimetric Analyzer 550 (TGA) under both inert (N2) and oxidative 

(air) environments (40 mL min-1 balance gas flow rate and 25 mL min-1 sample gas flow 

rate). Approximately 10 mg of sample were loaded into a platinum pan and heated to 700 

⁰C at a ramp of 10⁰C per minute. Initial decomposition temperature (IDT), temperature at 

50 wt% degradation (T50%), temperature at maximum degradation (Tmax) and char content 

are reported for each sample. This procedure was performed in duplicate for each 

processed polymer under each environment.  



 

32 
 

 A TA Instruments Q800 Dynamic Mechanical Analyzer was used to assess all 

viscoelastic properties of the fully cured formulations. All samples were prepared using 

the appropriate dimensions (35 × 12 × 2.5 mm3 and 35 × 12 × 1.5 mm3) chosen in 

accordance to McAninch et al [73]. All samples were affixed with a single cantilever 

geometry using a torque wrench with 7.5 in-lbs of force. Tests were conducted at a 

frequency of 1.0 Hz, an oscillation amplitude of 7.5 µm, and a Poisson’s ratio of 0.35 

over a temperature sweep from 0 to 250 ⁰C with a rate of 2 ⁰C per minute. For this work, 

the peak of the loss modulus (E′′) and the peak of the tan δ curves were reported to 

represent values for the Tg of each material. The glass storage modulus (E′) was reported 

at 25 ⁰C and the effective molecular weight between crosslinks (Mc) was calculated 

according to the Theory of Rubbery Elasticity [74]. Density (ρ) of each sample was 

determined at 25 ⁰C via Archimedes’ principal [75]. Viscoelastic data for each cured 

resin was collected in triplicate for both thin (1.5 mm) and thick (2.5 mm) specimens.  

 All mechanical properties were determined using an Instron 5966 mechanical 

testing instrument. For compression testing, cylindrical samples were prepared with a 

diameter of 6.4 mm and a length of 12.7 mm. Each specimen was tested using a 10 kN 

load cell at a crosshead speed of 1.3 mm per minute and analyzed in accordance to 

ASTM D695-15 [60]. The maximum compressive strength as well as compressive 

modulus at 2% strain, were determined for each cured resin system with a minimum of 5 

samples. For fracture toughness, samples were prepared and analyzed according to 

ASTM D5045-14 [62]. Samples were printed with the dimensions 44 × 10 × 4 mm3 and 

fully cured before being notched with a diamond saw. Once notched, each sample was 
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scored using a freshly opened razor blade to propagate a crack [63]. Samples were then 

assessed using the Instron 5966 affixed with a 1 kN load cell and 3-point bend flexure 

fixture at a cross head speed of 10 mm per minute until failure. Upon fracture failure, the 

plane-strain fracture toughness, K1C, and the critical strain energy release rate, G1C, were 

determined for each cured system with a minimum of 5 replicates.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

34 
 

Chapter 4 

Results and Discussion 

4.1 Effects of Removing AMC-2 Catalyst 

4.1.1 Introduction 

 The synthesis of PMEM828 (EEW = 621 g mol-1) was completed in a 1P2S 

mechanism as depicted in Chapter 3. The first step, where the esterification of phenol 

with methacrylic anhydride to produce phenyl methacrylate and methacrylic acid, is 

catalyzed by tertiary amine DMAP. The second step, where the Epon828 is partially 

methacrylated by methacrylic acid, is typically catalyzed by chromium-based catalyst 

AMC-2. AMC-2 was once produced by AMPAC fine chemicals but has since been 

discontinued as a result of the continuing effort to remove or limit the use of Cr(VI) from 

manufacturers [76]. As a result, there has been increased motivation to find an alternate 

catalyst for the second step of the 1P2S mechanism. Werner J. Blank has investigated the 

epoxy-carboxyl reaction, like the one in step 2 of the 1P2S, and found a wide range of 

amines, phosphonium and metal catalysts that have successfully facilitated the reaction 

[77]. In Blank’s studies, the overall effectiveness of each catalyst was observed in 

addition to the deficiencies associated with each catalyst in the production of epoxy-

based coatings. Some of the notable shortcomings in Blank’s work were the tendency of 

different catalysts to yellow and the reduction in the stability of the coatings studied [77]. 

 Upon further investigation, we hypothesized that the tertiary amine (DMAP) 

used in the first step of synthesis could potentially catalyze the epoxy-carboxyl reaction 
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in the second step as well. To evaluate the effectiveness of DMAP in the second step, the 

polymer properties of PMEM828 catalyzed with and without AMC-2 in the second step 

were closely compared. To address concerns related to the stability of the resin, rheology 

measurements and 1H-NMR spectra were collected each week for the span of 4 weeks to 

monitor any changes in resin viscosity or chemical structure. 

4.1.2 Resin Stability 

 Two batches of PMEM828 were prepared side by side using the same 1P2S 

methodology as explained by Bassett et al [34]. One batch was prepared with AMC-2 

catalyst in step 2 and the second batch was prepared with no catalyst in step 2 with the 

intent of the DMAP present in step 1 catalyzing the epoxy-carboxyl reaction between 

Epon828 and methacrylic acid. The resin stability of this reaction was monitored via 

changes in viscosity at both ambient and chilled conditions as well as 1H-NMR analysis. 

 Both resins displayed Newtonian behavior despite the presence of AMC-2 

catalyst. Changes in resin viscosity as a function of time are displayed in Figure 7. Values 

for all resin viscosities stored at different conditions are listed in Table 1. 
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Figure 6 

Viscosities of Both PMEM828 Catalyzed With and Without AMC-2 Plotted as a Function 

of Time 

 

Note. Lines do not depict trend but added for benefit of reader. Please refer to table for standard deviation. 

 

Table 1 

Resin Viscosities of PMEM828 Catalyzed With and Without AMC-2 Over 4 Weeks 

 Viscosity at 25⁰C (cP) 

  No AMC-2 RT AMC-2 RT No AMC-2 0⁰C AMC-2 0⁰C 

Week 0 1058 ± 25 1162 ± 18 1058 ± 25 1162 ± 18 

Week 1 3769 ± 129 5640 ± 25 1067 ± 14 1225 ± 26 

Week 2 17360 ± 300 30400 ± 670 1131 ± 18 1301 ± 21 

Week 3 66000 ± 2400 132000 ± 5900 1135 ± 59 1347 ± 52 

Week 4 268000 ± 12000 714000 ± 25000 1306 ± 50 1559 ± 58 

 

 



 

37 
 

 Both resins stored at 0 ⁰C, in a refrigerator, showed minimal increase in resin 

viscosity. PMEM828 with AMC-2 catalyst in the 2nd step increased in viscosity from 

1162 cP to 1559 cP. Despite this 35% increase in viscosity, at 1500 cP this resin is still 

appropriate for SLA applications. PMEM828 without AMC-2 in step 2 increased in 

viscosity from 1058 cP to 1306 cP. The absence of AMC-2 resulted in a lower viscosity 

resin that only increased by 23% compared to the 35% growth exhibited by the chromium 

containing resin. This difference will not impact the intended use of the resin and shows 

that the resin still behaves similarly under chilled conditions without AMC-2 present. 

This is further supported by the behavior of both resins at room temperature.  

At ambient conditions, PMEM828 with AMC-2 catalyst increased from 1162 cP 

to 714,000 cP after 4 weeks. By removing the AMC-2 catalyst in the second step the 

viscosity of PMEM828 at room temperature grew from 1058 cP to 268,000 cP which is 

close to 1/3 of the growth displayed in PMEM828 with AMC-2 catalyst. Despite the 

difference in viscosity at the end of the 4-week study, both resins showed tremendous 

increases in viscosity as soon as week 1. At week 1, both resins that were stored under 

ambient conditions would be poor candidates for SLA. Resins used for SLA are typically 

preferred to be 500-1500 cP at 25 ⁰C but can sometimes be used at ambient conditions if 

they are up to 3000 cP [10], [65]. This shows, from a viscosity perspective, there is no 

risk removing AMC-2 catalyst from the second step of the 1P2S synthesis. 

Further stability studies were conducted using 1H-NMR analysis. Each week, both 

chilled and ambient samples of PMEM828, with and without AMC-2 catalyst, were 

analyzed via 1H-NMR to assess any changes in chemical structure over 4 weeks. 
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Representative 1H-NMR spectra are shown for PMEM828 catalyzed both with and 

without AMC-2 at the beginning of the study, in Figure 8 and Figure 9, respectively.  

 

Figure 7 

1H-NMR Spectra of PMEM828 Catalyzed With AMC-2 at Week 0 
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Figure 8 

1H-NMR Spectra of PMEM828 Catalyzed Without AMC-2 at Week 0 

 

  

 Both 1H-NMR spectra reveal the removal of AMC-2 catalyst did not impact the 

formation of either phenyl methacrylate or EM828. Deviations of peak integrations 

between PMEM828 catalyzed with and without AMC-2 catalyst can be attributed to 

differences in kinetics of reaction, which is beyond the scope of this work.  

 The primary areas of interest of the 1H-NMR study were focused on the protons 

associated with the epoxy on EM828 at chemical shifts 2.76, 2.9, and 3.34 ppm as well as 

the protons from ~4-4.5 ppm. At the beginning of the study, protons from 4-4.5 ppm 

would correspond to hydrogens of the hydroxy propyl ether linkages. However, as time 

progresses the number of protons between 4-4.5 ppm is expected to increase in the 1H-

NMR as an indication of epoxy homopolymerization while the number of protons from 
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the epoxy will decrease. Anionic epoxy homopolymerization can be initiated by tertiary 

amines such as DMAP, as well as imidazoles and ammonium salts [78]. Typically, these 

polymerizations with tertiary amines are distinguished by complex reaction mechanisms 

and slow reaction rates. For the intent of manufacturing IPNs via sequential curing, 

premature homopolymerization of the epoxy would greatly affect the formation of the 

polymer structure and are therefore undesired. Representative 1H-NMR spectra from 

weeks 0, 2 and 4 of PMEM828 catalyzed without AMC-2 are illustrated in Figure 10 

with the highlighted regions of interest to quantify epoxy homopolymerization.  

 

Figure 9 

Stacked 1H-NMR Spectra of PMEM828 Over 4-Week Stability Study  

 

Note. Circles are highlighting regions of interest. 
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 As predicted, the number of protons between 4.0-4.5 ppm increased while the 

number of protons belonging to the epoxy modality decreased. Changes in other regions 

were observed but they were not indicative of epoxy homopolymerization. Significant 

changes to the methyl group on phenyl methacrylate, the carbonyl group on phenyl 

methacrylate, and the aromatic region of both phenyl methacrylate and EM828 were 

observed over the 4-week investigation. Changes in these regions suggest other changes 

occurring between the methacrylate functionality on phenyl methacrylate as well the 

aromatic character of both phenyl methacrylate and EM828. These phenomena cannot 

easily be explained but could perhaps be a caveat to the complicated reaction mechanism 

for the anionic polymerization of epoxy monomers initiated by tertiary amines [78], [79]. 

However, more work would need to be done in the future to further investigate these 

phenomena.  

 To effectively quantify the degree of homopolymerization occurring during the 

stability study, the % conversion of epoxy was tracked each week and displayed in Figure 

11. In addition to the conversion of epoxy, the number of protons corresponding to the 

range indicative of epoxy homopolymerization were also tracked and shown in Figure 12. 

Additional 1H-NMR spectra from the 4-week stability study can be found in Appendix A.  
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Figure 10 

Conversion of Epoxy Determined via 1H-NMR During 4-Week Stability Study 

 

Note. Lines do not depict trend but added for benefit of reader. 
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Figure 11 

Protons Corresponding to Epoxy Homopolymerization via 1H-NMR During 4-Week 

Stability Study 

 

Note. Lines do not depict trend but added for benefit of reader. 

 

 

 Over the course of the 4-week stability study there was a small degree of epoxy 

conversion for resins kept at 0⁰C of approximately 10-15%. Under refrigerated conditions 

both resins exhibited a much lower extent of conversion for epoxies then the respective 

resins kept at ambient conditions. Under ambient conditions, PMEM828 catalyzed both 

with and without AMC-2 yielded an epoxy conversion of around 80%, indicating a high 

degree of epoxy homopolymerization. These findings were further supported by the 

increasing number of protons between chemical shifts 4.0-4.5 ppm. At ambient 

conditions, the number of protons for both PMEM828 resins catalyzed with and without 
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AMC-2 were found to increase from about 6 protons to almost 10 by the end of the 4-

week study. For resins kept at 0 ⁰C, 1H-NMR revealed little deviation for the number of 

protons in that region over 4-weeks, suggesting little to no homopolymerization of the 

epoxies. While little deviation was shown, these discrepancies can be attributed to the 

resonance of hydrogen bonding from the hydroxyl group on EM828. Due to the variable 

extent of hydrogen bonding, the position of hydroxyl resonances will vary greatly and at 

times can overlap with peaks corresponding to the epoxy protons [45].  

 Observing changes in viscosity and chemical composition of PMEM828 resin 

catalyzed both with and without AMC-2 in the second step showed little risk in removing 

the chromium catalyst from the 1P2S synthesis. When kept at ambient conditions, 

PMEM828 will gel at room temperature and exhibit a high degree of epoxy 

homopolymerization due to the DMAP used in step 1. The stability of PMEM828 at 

ambient conditions will not change regardless of what catalyst is used in the second step 

of the 1P2S synthesis. At 0 ⁰C, or under chilled conditions, there is little observed 

fluctuation in resin viscosity and no quantifiable degree of epoxy homopolymerization 

for both versions of PMEM828. The lack of change in resin stability with the removal of 

the chromium-based catalyst suggests proceeding to synthesize PMEM828, as well as 

similar resin systems, without AMC-2 a viable option moving forward.  

4.1.3 Polymer Properties 

Removing the AMC-2 catalyst from step 2 resulted in a clear neat resin before the 

addition of curing agent and photointiator. Once cured, both polymers with and without 

AMC-2 were dark brown due to the Epikure W and slight oxidation from post-processing 
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steps. Processed polymers manufactured during this study were also hard and glassy. 

TGA was conducted under inert conditions of each fully cured IPN and representative 

thermograms are displayed in Figure 13. The values of IDT, T50, Tmax, and char content 

were collected and reported in Table 2. Thermograms run under an oxidative atmosphere 

and the measured thermogravimetric values can be found in Appendix B. 

 

Figure 12 

TGA Thermograms and Respective 1st Derivative of PMEM828 Catalyzed With and 

Without AMC-2 in N2 
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Table 2 

Thermogravimetric Analysis Data of PMEM828 Catalyzed With and Without AMC-2 in 

N2 

Sample IDT (°C) T50% 

(°C) 

Tmax 

(°C) 

Char Content 

(%) 

PMEM828 335 ± 1 428 ± 1 433 ± 1 12.76 ± 0.32 

PMEM828 w/o AMC-2 337 ± 3 424 ± 1 426 11.27 ± 0.81 

 

  

 Thermogravimetric analysis revealed no significant changes in thermal 

degradation properties with the removal of AMC-2 catalyst in the second step of 1P2S 

synthesis. In the case of eliminating AMC-2 catalyst based on thermal decomposition 

rates, the results are statistically insignificant from one another. This is further supported 

with a T50% of approximately 425 ⁰C, a Tmax between 426-433 ⁰C, and a char content of 

roughly 12%. Similar trends were observed under oxidative conditions except for the 

char content which is due to the char left over being completely combusted at higher 

temperatures [80]. 

 The viscoelastic properties of PMEM828 with and without AMC-2 catalyst, 

were measured with DMA. Thermograms in Figure 14 display representative storage 

moduli (E′) and loss moduli (E′′) while Figure 15 exhibits representative tan δ curves for 

both IPNs. All measured and calculated values found with DMA are reported in Table 3. 

Additional DMA data can be found in Appendix C. 
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Figure 13 

DMA Thermograms of E′ and E′′ For all PMEM828 With and Without AMC-2 

 

 

Figure 14 

DMA Thermograms of Tan δ for All PMEM828 With and Without AMC-2 
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Table 3 

Viscoelastic Data of PMEM828 With and Without AMC-2 

Sample 
E′ @  

25 °C (GPa) 

Peak of  

E″ (°C) 
Peak of  

Tan δ (°C) 
M

c
  

(g mol 
–1

) 
ρ @ 25 °C  

(g cm
–3

) 
PMEM828 3.1 ± 0.2 98 ± 2 129 ± 2 446 ± 14 1.198 ± 0.001 

PMEM828 w/o AMC-2 3.0 ± 0.2 102 ± 1 133 ± 1 569 ± 12 1.199 ± 0.001 

 

 

Analysis of thermomechanical properties reveal no significant difference between 

the catalyst used in step 2 of the 1P2S synthesis of PMEM828. At 25 ⁰C both IPN exhibit 

the same level of stiffness with a E′ of around 3.1 GPa which are similar to E′ of 

conventional styrene-diluted vinyl ester resins (VERs) [68]. The shape and curve of the 

loss modulus show that the networks form in close enough orientations that the same 

amount of energy is dissipated throughout the structure. With a conservative Tg of nearly 

100 ⁰C signified by the peak of E′′ and the peak of tan δ around 130 ⁰C, the AMC-2 does 

not contribute to the temperature at which the amorphous polymer changes from a glassy 

to rubbery state. Both prepared IPN systems exhibited comparable Tg values to 

conventional styrene-diluted (VERs) [68]. The shapes of both tan δ further support the 

lack of difference between structures with the same size and shape [58]. Since PMEM828 

has similar chain orientation and behavior with and without AMC-2, we can assume that 

the same degree of crosslinking can be observed in both formulations. An Mc of 446 g 

mol-1 was calculated for PMEM828 with AMC-2, while an Mc of 569 g mol-1 suggested a 

lower degree of crosslinking when AMC-2 was removed. While these two values are 

statistically different from one another they are both well within error when compared to 
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an Mc of 511 ± 104 g mol-1  originally reported by Bassett et al [34]. Similarities in 

properties determined via DMA, illustrate the way the structure of PMEM828 is formed 

and may indicate similarities in mechanical performance. 

 Mechanical properties for PMEM828 synthesized both with and without AMC-2 

catalyst in the second step were quantified through compressive strength and fracture 

toughness. Representative stress-strain curves from compression testing for both 

formulations are displayed in Figure 16. The maximum strength reached at compressive 

failure and compressive modulus were evaluated and listed in Table 4. 

 

Figure 15 

Stress-Strain Curves of PMEM828 With and Without AMC-2 

 

 

 

 



 

50 
 

Table 4 

Compression Testing Values PMEM828 With and Without AMC-2 

Sample 
Compressive Strength 

(MPa) 

Compressive Modulus 

(MPa) 

PMEM828 129 ± 7 2346 ± 273 

PMEM828 w/o AMC-2 131 ± 3 2409 ± 181 

 

 

Compression testing reveals that the compressive strength of PMEM828 remained 

around 130 MPa with the removal of the AMC-2 catalyst. This trend is supported by the 

statistically insignificant difference between compressive moduli of the two tested 

formulations which both averaged around 2,400 MPa. Results indicate that when exposed 

to compressive mechanical stress, PMEM828 will behave the same regardless of the 

presence of AMC-2 catalyst in the second step. 

Further structural analysis was performed through fracture toughness 

experiments. Representative load-displacement curves are presented in Figure 17. Critical 

strain energy release rate, G1C, and plane-strain fracture toughness, K1C, were also 

evaluated for PMEM828 catalyzed both with and without AMC-2 and listed in Table 5. 
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Figure 16 

Load-Displacement Curves for PMEM828 With and Without AMC-2 

 

 

Table 5 

Fracture Toughness K1C and G1C Values For PMEM828 With and Without AMC-2 

 

Sample 
G1C K1C 

(J/m2) (MPa m1/2) 

PMEM828 140 ± 14 0.63 ± 0.09 

PMEM828 w/o AMC-2 169 ± 61 0.75 ± 0.15 

 

 

 The removal of the AMC-2 catalyst in the second step slightly raised the G1C 

and K1C from 140 J/m2 to 169 J/m2 and 0.63 MPa m1/2 to 0.75 MPa m1/2, respectively. 

Both data sets were determined to be the same statistically via a t-test and were in 

agreement with reported G1C values of Epon828-Epikure W resin systems of 135 J m-2 
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[81]. This final mechanical test proved that AMC-2 catalyst was not necessary in the 

second step of the 1P2S synthesis to provide PMEM828 the same polymer structure and 

mechanical performance. Despite the difference in selectivity between AMC-2 catalyst 

and tertiary amines, the fracture toughness does not suggest a dependence on AMC-2 and 

will not suffer in the absence of the chromium catalyst.  

4.2 Modifying Step 1 of 1P2S 

4.2.1 Introduction 

The main goal of this section is to explore how altering the first step in the 1P2S 

synthesis scheme affects the thermal and mechanical performance of the IPN. Different 

industrial markets, regional regulations, and product application methods dictate the level 

of scrutiny that certain compounds are viewed considering their presence at residual 

levels in final products.  For these reasons, phenol was replaced with the phenol 

derivatives shown in Figure 18, to be viewed more favorably when present in chemical 

products at trace residual concentrations. By performing these substitutions, the resulting 

resins and polymers formulated were examined for changes in resin viscosity, extents of 

cure, thermogravimetric properties, viscoelastic properties, and mechanical performance.  
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Figure 17 

Chemical Structures of Phenol Derivatives Used in Step 1 of 1P2S Synthesis 

 

 

4.2.2 Cardanol Formulations 

 Cardanol is a phenolic lipid that is derived from a byproduct of the cashew 

industry and has gained serious interest over the years as a means to creating biobased 

polymers and additives [82]. A liquid referred to as cashew nutshell liquid (CNSL) lies 

within the shell of a cashew nut and can be extracted and refined to make cardanol [83].  

The area of interest particular to cardanol is the unsaturated aliphatic chain in the meta 

position with respect to the hydroxyl group which is known to impart flexibility, good 

chemical resistance, wettability, and compatibility in various resins, films, and coatings. 

As a phenolic derivative, there are many different ways cardanol can be modified to 

produce cardanol based phenolic resins, epoxy resins, cardanol based acrylates, and vinyl 

ester resins [84].  
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 In this study, cardanol with an unsaturated aliphatic chain (NC-510) and 

cardanol with 2 double bonds along the aliphatic chain (NX-2026) were chosen as 

potential alternatives to phenol in the 1P2S synthesis of PMEM828 to create 

NC510MEM828 and NX2026EM828, respectively. Cardanol based monomers with 

methacrylate functionality have been prepared through different methodologies than the 

esterification presented in the 1st step of the 1P2S synthesis of PMEM828 [85], [86], [87]. 

However, it was assumed that replacing cardanol with a 1:1 mole ratio with phenol in the 

1st step of the 1P2S mechanism would successfully produce cardanol methacrylate and 

methacrylic acid without changing any of the reaction parameters.  

 Neither NC510 and NX2026 could be fully methacrylated in the 1st step of the 

1P2S synthesis of NC510MEM828 and NX2026MEM828. In the past, the Centre for 

Polymer Science & Engineering have been able to synthesize cardanol methacrylate by 

adding methacryloyl acid to a solution of cardanol, tertiary amine, and inhibitor at low 

temperatures. The solution was then heated to 50 ⁰C for 1 hour before cooling to room 

temperature overnight and being washed with benzene, hydrochloric acid and ice water 

[86]. Differences between this methodology and the 1P2S mechanism proposed in our 

lab, lie between the choice of chemicals used to facilitate the reaction and the various 

washing steps required to isolate the product. The 1P2S synthesis removes the need for 

product isolation before use which results in less chemicals and steps required. The need 

to wash the reaction at the end suggest a large amount of byproducts produced from the 

high amount of catalyst used and the increased reactivity of methacryloyl chloride 

compared to methacrylic anhydride [41]. Using such large amounts of tertiary amine, 
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reactive materials such as methacryloyl chloride, and hazardous chemicals like benzene, 

have proved this method to be outdated and dangerous. Recently, methacrylated cardanol 

has been synthesized in a 1P2S methodology by Li et al. by forming hydroxyethylated 

cardanol with ethylene carbonate and high purity cardanol in the first step and then 

producing cardanol methacrylate in the second step [87]. After the first step, 

hydroxyethylated cardanol was added to dry dichloromethane and triethylamine in a 

round bottom flask. Once combined, the solution was purged with nitrogen and immersed 

into an ice bath while methacrylic anhydride was added and allowed to react for 18 hours. 

This 1P2S synthesis still required the need for washing with various solvents and drying 

to isolate the final product.  

While it is possible to synthesize cardanol methacrylate to high levels of purity 

with methacrylic anhydride, the reaction parameters need to be optimized in the 1P2S 

mechanism proposed by our lab. Optimization of parameters for an esterification reaction 

of cardanol could be dependent on the effect of catalyst loading, the effect of 

temperature, and the effect of molar ratio of reactants [88]. While reaction parameters can 

be optimized to achieve the first step of the mechanism of the reaction schema, the 

second step may not successfully partially methacrylate epon828 and fail to form the 

desired IPN. Due to the incompatibility between cardanol and our 1P2S synthesis of SLA 

resin, the only alternative phenolic used in this study was 4-tertbutylphenol to make 

BPMEM828.  

 

 



 

56 
 

4.2.3 Resin Rheology 

 Both PMEM828 and BPMEM828 resin displayed Newtonian behavior. The 

viscosity of each resin was evaluated based on the average of three steady state points 

along different shear rates and are shown in Table 6. Typically, lower viscosity resins are 

desired for SLA applications to ensure good back fill of the resin between the formation 

of each layer. The preferred resin viscosity for SLA are generally between 500-1500 cP 

at room temperature, but resins with viscosities as high as 3000 cP have also been 

successful in rapid prototyping techniques [10], [65]. 

 

Table 6 

Viscosities of PMEM828 and BPMEM828 Resins at 25 ⁰C 

Sample Viscosity at 25 ⁰C (cP) 

PMEM828 1082 ± 30 

BPMEM828 2442 ± 39 

 

 

 Replacing phenol in step 1 with 4-tertbutylphenol resulted in the same 

PMEM828 structure but with a tertbutyl substituent side chain causing a significant 

increase in viscosity from 1082 cP to 2442 cP. While the viscosity of BPMEM828 (EEW 

= 677 g mol-1)  is still applicable to SLA applications, the increased viscosity can be 

explained by the presence of the tertbutyl group on the tertbutyl methacrylate. The 

tertbutyl group adds bulky hindrance for the molecules to move and contains 9 additional 

hydrogen atoms. Studies have shown that viscosity can be predicted by the number of 
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hydrogen bonds within a system and when systems have additional hydrogens, a higher 

viscosity is expected [89]. Due to the increase molecular weight, added steric hindrance, 

and increase in intermolecular interactions, a higher viscosity is expected with 

BPMEM828 compared to PMEM828. 

4.2.4 Extent of Cure 

 Near-IR was employed to calculate the extent of cure values for each functional 

group at each stage of the curing process for both PMEM828 and BPMEM828. Extents 

of cure values are reported in Table 7. 

 

Table 7 

Extent of Cure via Near-IR of PMEM828 and BPMEM828 Systems at Various Stages of 

Cure  

Sample 
Methacrylate Extent of Cure (%) 

AM AM FC AM FC PC 

PMEM828 87.9 ± 1.0 89.7 ± 1.9 90.0 ± 1.6 

BPMEM828 86.0 ± 1.3 91.6 ± 1.3 92.7 ± 1.7 

Sample 
Oxirane Extent of Cure (%) 

AM AM FC AM FC PC 

PMEM828 0 85.7 ± 1.5 100 

BPMEM828 0 62.7 ± 4.3 100 

Sample 
Amine Extent of Cure (%) 

AM AM FC AM FC PC 

PMEM828 40.8 ± 9.9 85.8 ± 3.0 91.1 ± 1.9 

BPMEM828 35.2 ± 9.7 78.3 ± 8.4 89.8 ± 2.5 
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Changing the phenol use in step 1 of the 1P2S reaction to 4-tertbutyl phenol 

resulted in no significant change in the extent of cure of the methacrylate network at each 

stage of the curing procedure. After the AM step, the methacrylate network is the only 

chain polymerized during this step as indicated by the 0% cure of the oxirane 

functionality. Despite the 35-40% cure at the AM step for the primary amine, the oxirane 

peak of the IR spectra did not decrease indicating that the amount of epoxy rings in the 

system remained constant through the SLA step. This is expected as the AM step is 

performed at ambient temperatures and the epoxy-amine network requires heat to initiate 

the ring-opening polymerization mechanism [90]. After the post processing steps, the 

extent of cure of the methacrylate group increases because of the light exposure for 2 

hours in the Form Cure to around 90% for both systems and maintains the same extent of 

cure after all curing processes. The extent of cure determined from the oxirane peak at 

4530 cm-1 shows a cure of 85.7% for PMEM828 and 62.7% for BPMEM828. The amine 

extent of cure for both systems at this stage of the curing process fall between 78-85% 

which support the changes in oxirane peak at this step. BPMEM828 can be exhibiting a 

lower extent of cure across the epoxy-amine chain due to the higher extent of cure from 

the methacrylate network and the steric hindrance imposed from the bulky nature of the 

tert-butyl group. Both the fully cured methacrylate network and the nature of the 

substituent could lessen the ability of the epoxy functionality on the EM828 monomer to 

easily react with the primary amine on the Epikure W. Despite the differences in extent of 

cure for the epoxy-amine network after the AM FC step, both IPNs show similar extents 

of cure after the last post-processing step with 100% conversion of the epoxy and 
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approximately 90% conversion of the primary amine. DSC measurements were taken to 

confirm that each network was fully cured and shown in Figure 19. 

 

Figure 18 

DSC Thermograms of Cured PMEM828 and BPMEM828 

 

 

DSC thermograms between PMEM828 and BPMEM828 show no significant 

exotherms during the temperature ramp up to 200 ⁰C. Lack of exothermic reactions 

confirm that both IPNs were fully cured. Glass transition temperatures are visible in the 

thermograms but were not reported from DSC and instead will be reported from DMA 

results. 
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4.2.5 Polymer Properties 

 The resulting polymers were glassy and brown due to the Epikure W used as a 

curing agent. All processed polymers were evaluated with TGA to evaluate thermal 

degradation properties. Representative thermograms conducted under inert conditions of 

each fully cured IPN are displayed in Figure 20. The values of IDT, T50, Tmax, and char 

content were collected and reported in Table 8. Representative thermograms run under an 

oxidative atmosphere and the measured thermogravimetric values can be found in 

Appendix B. 

 

Figure 19 

TGA Thermograms and Respective 1st Derivative of PMEM828 and BPMEM828 in N2 
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Table 8 

Thermogravimetric Analysis Data of PMEM828 and BPMEM828 in N2 

Sample IDT (°C) T
50%

 (°C) T
max

 (°C) Char Content (%) 

PMEM828 327 ± 9 417 ± 6 421 ± 5 12.1 ± 0.9 

BPMEM828 331 ± 8 415 ± 9 419 ± 6 10.1 ± 0.5 

 

  

 By adding the tertbutyl group onto the phenol ring in the methacrylate network 

of the IPN, no effect was seen on any of the thermal degradation properties collected 

during TGA. All the temperatures determined to be of significant degradation marks were 

found to be within 2 ⁰C of one another without any statistical significance. Similar trends 

were observed under oxidative conditions with the exception of the char content which is 

due to the char left over being completely combusted at higher temperatures [80]. 

  The viscoelastic properties of both PMEM828 and BPMEM828 were measured 

with DMA. Thermograms shown in Figure 21 display representative storage moduli (E′) 

and loss moduli (E′′) while Figure 22 shows representative tan δ curves for both cured 

networks. All measured and calculated values found with DMA are reported in Table 9. 

Additional DMA data can be found in Appendix C. 
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Figure 20 

DMA Thermograms of E′ and E′′ for all PMEM828 and BPMEM828 

 

 

 

Figure 21 

DMA Thermograms of Tan δ for all PMEM828 and BPMEM828 
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Table 9 

Viscoelastic Data of PMEM828 and BPMEM828 

Sample  
E′ @ 25 °C 

(GPa) 

Peak 

of E″ (°C) 

Peak of 

Tan δ (°C) 

Mc  

(g mol –1) 

ρ @ 25 °C  

(g cm–3) 

PMEM828 3.1 ± 0.2 99 ± 3 131 ± 3 499 ± 56 1.199 ± 0.001 

BPMEM828 3.3 ± 0.1 108 ± 2 143 ± 2 818 ± 56 1.158 ± 0.001 

 

Thermomechanical properties were compared between PMEM828 and 

BPMEM828 and were found to change with the addition of a tert-butyl substituent on 

phenol in the first step. The storage modulus marginally increased with the substitution of 

terbutylphenol for phenol in the 1P2S reaction indicating a slightly stiffer material at 

room temperature and agreed with literature values of E′ for styrene-diluted VERs [68]. 

Both the peak of E′′ and peak of tan δ increased from 99 ⁰C to 108 ⁰C and 131 ⁰C to 143 

⁰C, respectively. The increase in temperature at which the peak of the loss modulus 

occurs suggests that the addition of the tertbutyl substituent on the phenol in the first step 

altered the configuration between the methacrylate network and the epoxy-amine network 

to aid in the ability of the polymer to dissipate mechanical energy [91]. This is also 

reflected in the increase of the peak in the tan δ, which corresponds to the increase in loss 

modulus and consistent storage modulus. The peak of the tan δ can also signify Tg of the 

polymers. The rise in Tg can be explained due to the new side group present in 

BPMEM828 and the shape of the substituent. It has been observed in previous studies 

that Tg increases primarily in relation to local steric hindrance of segmental 

conformational motion and increased cohesive energy between chains [92], [93]. 
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 The shape of the tan δ curve for both IPNs have comparable widths but differ 

slightly in intensity. This implies comparable homogeneity between networks but 

different chain mobilities. The heightened peak intensity for the tan δ of BPMEM828 

suggests increasing segmental chain motion between crosslinks with increasing chain 

length, or decreasing crosslink density [94]. This trend is reflected in the calculated Mc 

values for both IPNs. By adding the tert-butyl substituent to the phenyl methacrylate in 

the IPN, the effective molecular weight between crosslinks increases from 499 g mol-1 to 

818 g mol-1. The increase in Mc suggests that the addition of the tert-butyl group 

enhances the chain mobility of the methacrylate network allowing for potentially 

enhanced mechanical properties [33]. Despite the difference in molecular weight of 56 g 

mol-1 between reactants, the effective molecular weight between crosslinks increases by 

approximately 300 g mol-1. This trend can be explained by assuming the molecular 

weight of a singular crosslink corresponds to 4 BPMEM828 monomer units. When 

comparing the Mc between PMEM828 and BPMEM828 the molecular weight should 

increase by roughly 4 tertbutyl substituents, which should increase the Mc by 

approximately 256 g mol-1. This assumption could explain the viscoelastic trends 

between PMEM828 and BPMEM828, however a deeper look into how the network is 

forming would provide more clarity. 

Mechanical properties for PMEM828 and BPMEM828 were quantified through 

compressive strength and fracture toughness. Representative stress-strain curves from 

compression testing for both IPNs are displayed in Figure 23. The maximum strength 
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reached at compressive failure and compressive modulus were evaluated and listed in 

Table 10.  

 

Figure 22 

Stress-Strain Curves for PMEM828 and BPMEM828 

 

Table 10 

Compression Testing Values PMEM828 and BPMEM828 

Sample 
Compressive Strength 

(MPa) 

Compressive Modulus 

(MPa) 

PMEM828 128 ± 5 2191 ± 461 

BPMEM828 132 ± 3 2075 ± 146 

 

 

Compression testing revealed that maximum compressive strength was slightly 

improved with the addition of the tertbutyl group onto the methacrylate network of the 
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IPN. Despite the marginal increase in compressive strength, the difference in 

compressive  modulus was found to be statistically insignificant. The compressive 

modulus is calculated by finding the slope of the initial linear region of the stress-strain 

curves [33]. Differences in compressive modulus will show changes in a materials 

behavior, however in this case the changes in methacrylate network do not affect the 

IPNs behavior in the glassy state.  

 Further structural analysis was performed through fracture toughness 

experiments. Representative load-displacement curves are presented in Figure 24. Critical 

strain energy release rate, G1C, and plane-strain fracture toughness, K1C, were also 

evaluated for both PMEM828 and BPMEM828 and listed in Table 11. 
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Figure 23 

Load-Displacement Curves for PMEM828 and BPMEM828 

 

 

Table 11 

Fracture Toughness K1C and G1C Values for PMEM828 and BPMEM828 

Sample 
G1C K1C 

(J/m2) (MPa m1/2) 

PMEM828 171 ± 30 1.00 ± 0.09 

BPMEM828 107 ± 37 0.53 ± 0.11 

  

 

 Changing phenol in step one of the 1P2S synthesis of IPN PMEM828 to 4-

tertbutyl phenol dramatically reduced both G1C and K1C. Both formulations continued to 

display linear load and plastic deformation until failure exhibiting brittle behavior [95], 

[96]. By changing the monofunctional monomer of the methacrylate network and 

introducing a new side length with steric hindrance, the ability of the polymer to 
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withstand plastic deformation lessens at room temperature. Despite the intensity of the 

tan δ peak increasing with the addition of the tert-butyl group on the phenyl methacrylate, 

the increase in chain mobility does not always indicate good impact properties [97]. 

Impact properties are more so determined by which chain has greater mobility, namely 

the main chain. In the case of BPMEM828, the main chain is more rigid at room 

temperature as indicated by the increased storage modulus at 25 ⁰C and increased Tg. The 

increased storage modulus  and Tg values indicates a stiffer, or more rigid, material at 

room temperature which is reflected in the reduced fracture properties exhibited by 

BPMEM828. 

4.3 Modifying Step 2 of 1P2S 

4.3.1 Introduction 

 The main goal of this section is to explore how altering the second step in the 

coveted 1P2S synthesis scheme affects the thermal and mechanical performance of the 

IPN. Epon828, which is partially methacrylated in the IPN, PMEM828, is brittle in nature 

due to the aromaticity in its chemical structure. It has been found that by adding small 

amounts of aliphatic epoxy copolymers to the neat resin, mechanical properties can be 

improved without affecting thermal resistance. A commonly used aliphatic epoxy 

copolymer is diluent HM68 due to its wetting out capabilities to enhance compatibility 

between materials. Typically, diluents like HM68 are added to resin systems but in this 

study select concentrations of Epon828 were replaced with HM68 to maintain the 

aromaticity in the resin system and preserve the rigidity of the final IPN. Previous studies 

have found that additions of <5% oftentimes resulted in a negligible effect but additions 
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of >50% negatively impacted resin and polymer properties [98], [99]. In this study, 10 

wt% and 25 wt% of Epon828 were replaced with HM68 in the 1P2S synthesis of 

PMEM828 and evaluated via thermomechanical, thermogravimetric, compression, and 

fracture analysis to determine the effect of added aliphatic character. 

4.3.2 Resin Rheology 

 The presence of HM68 did not change the observed Newtonian behavior of 

PMEM828 resin at either concentration. The viscosity of each resin was taken as an 

average of 3 steady state points at varying shear rates and shown in Table 12. Typically 

lower viscosities are preferred for SLA techniques to aid in processibility and most 

commercial SLA resins fall within 500 to 1500 cP at room temperature [3, 13]. 

PMEM828 is known to have a viscosity of 1172 ± 34 cP reported by Bassett et al [34]. 

While this viscosity falls well within the range of other SLA commercially relevant 

resins, lowering the viscosity can improve the resolution of the object produced with 

other rapid prototyping techniques.    

 

Table 12 

Viscosities of Resins at 25 ⁰C 

Sample Viscosity at 25 ⁰C (cP) 

PM-EM828 1082 ± 30 

PMEM828 w/ 10% HM68 585 ± 40 

PMEM828 w/ 25% HM68 332 ± 32 
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The viscosities of each resin system were seen to decrease, as expected, with 

added HM68 as depicted in Figure 25.  According to Hexion, substituting 10% of the 

viscosity reducing agent lowers the viscosity of Epon828 from approximately 11,000 cP 

to almost 3200 cP [98]. Replacing 10% of Epon828 with HM68 (EEW = 610 g mol-1), 

reduced the viscosity of PMEM828 by nearly 45% and substituting 25% of Epon828 

(EEW = 596 g mol-1)  with HM68, reduced the viscosity by ~70%. While the viscosity of 

PMEM828 with 25% HM68 is lower than  typical available SLA resins, it will still be 

advantageous for any photosensitive resins because a low viscosity material will ensure a 

better flow which is required for rapid photocuring techniques at ambient temperatures 

[100]. 

4.3.3 Extent of Cure 

 Near-IR was employed to calculate the extent of cure values for each functional 

group at each stage of the curing process for all resin systems. Extents of cure values are 

reported in Table 13.  
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Table 13 

Extent of Cure via Near-IR of IPN With HM68 Systems at Various Stages of Cure  

Sample 
Methacrylate Extent of Cure (%) 

AM AM FC AM FC PC 

PMEM828 87.9 ± 1.0 89.7 ± 1.9 90.0 ± 1.6 

PMEM828 w/ 10% HM68 89.8 ± 0.8 93.8 ± 1.3 91.8 ± 1.2 

PMEM828 w/ 25% HM68 86.4 ± 2.6 93.3 ± 2.7 91.3 ± 1.8 

Sample 
Oxirane Extent of Cure (%) 

AM AM FC AM FC PC 

PMEM828 0 85.7 ± 1.5 100 

PMEM828 w/ 10% HM68 0 75.1 ± 5.5 100 

PMEM828 w/ 25% HM68 0 81.2 ± 10.9 100 

Sample 
Amine Extent of Cure (%) 

AM AM FC AM FC PC 

PMEM828 40.8 ± 9.9 85.8 ± 3.0 91.1 ± 1.9 

PMEM828 w/ 10% HM68 28.1 ± 5.6 79.1 ± 3.4 92.9 ± 0.8 

PMEM828 w/ 25% HM68 27.3 ± 7.8 74.7 ± 3.8 95.5 ± 2.5 

 

 

Substituting 10-25% Epon828 with HM68 had little to no effect on the conversion 

of methacrylate, oxirane, and amines. As seen, after AM step, the methacrylate 

functionality is the only component of each IPN that is cured. The methacrylate network 

is formed because of photopolymerization which is initiated by the presence of the photo 

initiator TPO and a light source, which is the visible light laser in the Form2 SLA printer. 

Despite adding varying concentration of the viscosity reducing agent, the methacrylate 

extent of cure after the AM step for all resins is 85-90%. The oxirane conversion after the 

AM step remains unchanged with the addition of HM68 because the method of 

polymerization between the epoxy terminus and the amine require heat to initiate the 

ring-opening mechanism. Despite the requirement of heat to form the epoxy-amine 
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network present in PMEM828 and the subsequent systems, near-IR reveals amine 

conversion of 25-40% between all systems. While the amine conversion is significantly 

higher than the oxirane conversion, the near-IR reveals that the epoxy-amine network has 

not been formed during this step but the primary amine from the Epikure W, present at 

5000 cm-1 has converted to a secondary amine that is shown in the peak at 6600 cm-1. 

Potential explanations for this phenomenon could be attributed to the shelf life of the 

amine curing agent used throughout the study, limitations to near-IR, as well as possible 

interactions between the primary amine on Epikure W and other reactive components of 

the 1P2S synthesized resin.  

 After the FC step, the methacrylate extent of cure increased to 90-94% due to 

the irradiation of the UV/ visible light in the Form Cure for an additional 2 hours after 

print and remained at 90-92% cured after the thermal post cure step. It is safe to assume 

that any decrease in extent of cure for the methacrylate network after the thermal post 

cure step is due to limitations of near-IR and not an actual decrease in methacrylate 

conversion.  

The epoxy-amine network was initiated during the Form Cure step of the curing 

procedure due to the post-processing temperature of 80 ⁰C for 2 hours which is well 

within the range of temperatures required to initiate typical ring-opening polymerization 

mechanisms [68], [101], [102]. Conversion of both the oxirane and primary amine peaks 

agree with one another by showing extents of cure between 75-85% after FC. The final 

curing step of thermal curing at a temperature of 180 ⁰C in attempt to fully convert the 

epoxy-amine network shows 100% conversion of the oxirane peak with 90-95% 
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conversion of the primary amine. DSC measurements were taken to confirm that each 

network was fully cured and representative thermograms are shown in Figure 26. 

 

 

Figure 24 

DSC Thermograms of Cured IPNs With HM68 

 

  

DSC thermograms reveal no appreciable exotherms in any of the IPN networks 

conducted in the study. Lack of exothermic reactions confirm that each polymer tested in 

this section of the study was fully cured. Glass transition temperatures are visible in the 

thermograms but were not reported from DSC but instead are reported from DMA 

results.  
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4.3.4 Polymer Properties 

 All polymers cured during this study were analyzed for thermogravimetric 

properties, viscoelastic properties, and mechanical properties. The thermogravimetric 

properties of each IPN formulation were analyzed via TGA in both inert (N2) and 

oxidative (air) environments. Representative thermograms of each IPN under inert 

conditions are shown in Figure 27. Representative thermograms for each polymer in an 

oxidative atmosphere are displayed in Appendix B. The IDT, T50%, Tmax, and char content 

for each cured polymer is shown in Table 14. 

 

Figure 25 

TGA Thermograms and Respective 1st Derivative of All IPNs With HM68 in N2 
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Table 14 

Thermogravimetric Analysis Data of IPNs With HM68 in N2 

Sample IDT (°C) T
50%

 (°C) T
max

 (°C) T
max2

 (°C) 
Char 

Content (%) 

PMEM828 327 ± 9 417 ± 6 421 ± 5 - 12.1 ± 0.9 

PMEM828 

w/ 10% HM68 
331 ± 2 417 ± 1 423 ± 5 - 12.7 ± 0.5 

PMEM828 

w/ 25% HM68 
324 ± 3 409 ± 1 372 ± 2 435 ± 6 12.0 ± 0.7 

 

Thermogravimetric analysis revealed that the thermal degradation properties of 

the IPNs were not affected with the addition of HM68. All IPNs showed an IDT of 

upward of 330 ⁰C, T50% and Tmax around 420⁰C, and a char yield around 12% in an inert 

atmosphere. The only significant discrepancy across TGA was found in the 1st derivative 

thermogram of the PMEM828 w/ 25% HM68. The first derivative curve of the IPN with 

the higher concentration of HM68 revealed two distinct decomposition rates in the cured 

IPN. The additional decomposition point illustrates the presence of the lower molecular 

weight polymer chain that is present with the addition of HM68. The higher addition of 

HM68 is likely to reduce the amount of crosslinking present in the IPN and it has been 

found that with lighter crosslinked polymers thermal degradation can begin at lower 

temperatures [103]. Similar trends were observed under oxidative conditions with the 

exception of the char content which is due to the char left over being completely 

combusted at higher temperatures [80].  

 The viscoelastic properties of each IPN were quantified using DMA. 

Thermograms shown in Figure 28 display representative storage moduli (E′) and loss 

moduli (E′′) and Figure 29 shows representative tan δ curves for all cured polymers. All 
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measured and calculated values found with DMA are listed in Table 15. Additional DMA 

data can be found in Appendix C. 

 

Figure 26 

DMA Thermograms of E′ and E′′ for All IPNs With HM68 
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Figure 27 

DMA Thermograms of Tan δ for All IPNs With HM68 

 

 

Table 15 

Viscoelastic Data of All IPNs With HM68 

 Sample 
E′ @ 25 °C 

(GPa) 

Peak of E′′ 

(°C) 

Peak of 

Tan δ (°C) 

Mc  

(g mol –1) 

ρ @ 25 °C  

(g cm–3) 

PMEM828 3.1 ± 0.2 99 ± 3 131 ± 3 499 ± 56 1.199 ± 0.001 

PMEM828  

w/ 10% HM68 
3.3 ± 0.2 98 ± 5 129 ± 6 633 ± 34 1.197 ± 0.002 

PMEM828  

w/ 25% HM68 
3.1 ± 0.1 97 ± 1 131 ± 2 735 ± 51 1.186 ± 0.011 

 

 

DMA for IPNs with varying levels of HM68 were showed to have minimal 

change in viscoelastic properties. The storage modulus measured at 25⁰C remained 

around 3 GPA which agreed with what has previously been reported in the literature 
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regarding styrene-diluted VERs [68]. The Tg for these polymers were reported with both 

the peak of the loss modulus and the peak of the tan δ. Both values were used in order to 

provide a conservative estimate as well as a higher limit value for the point where the 

polymer transitions from a glassy to a rubbery state [67]. In general, the Tg for each 

system was reported as 98 ⁰C from E′′ and 130 ⁰C from the peak of the tan δ which 

supports the viscoelastic data reported previously regarding styrene-diluted VERs [68]. 

 The shapes of the DMA curves for the tan δ can draw insight into how the 

structure of each IPN changes with the addition of HM68. The width of the tan δ changes 

with the heterogeneity of the polymer network and the height of the tan δ changes as the 

mobility of the polymer chain increases [104], [105]. From Figure 29, the width of the tan 

δ curve remains constant despite the increasing level of HM68 indicating that the 

heterogeneity of the polymer network does not change. The height of the tan δ curve 

slightly increases at the maximum concentration of HM68. The increased height of the 

tan δ curve suggests that the HM68, at that level of loading, slightly increased the chain 

mobility of the crosslinked network. However, at this level of concentration, the 

difference is statistically insignificant and remains consistent with the original PMEM828 

system. 

The Mc was calculated using the Theory of Rubbery Elasticity. Despite negligible 

differences between extents of cure and thermal degradation, the IPN becomes 

significantly less crosslinked with the addition of HM68. Typically, other studies have 

noticed that with adding a multifunctional aliphatic epoxy with a lower EEW, the cross-
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link density will increase because there is a shorter distance between crosslinks [106]. 

However, these past studies were only conducted on strictly epoxy-amine networks. This 

study offers an additional variable to consider with the presence of the methacrylate 

network formed with the phenyl methacrylate and the methacrylate functionality of the 

di-functional epoxies. During the AM step, the methacrylate network is formed via free-

radical polymerization. The epoxy-amine network does not form until the subsequent 

post processing steps where heat is applied to the system. Therefore, the pre-existing 

methacrylate network affects the imbibement of the secondary network which can greatly 

reduce the degree of crosslinking [25]. While we would expect to see reduced extents of 

cure to support this claim, we do not. This can be explained by the inability to predict the 

distribution of products formed in the 2nd step of 1P2S synthesis of PMEM828. While we 

assume full conversion to EM828, there is unreacted Epon828, EM828, and vinyl 

ester828 (VE828), where both epoxies have been converted to methacrylate 

functionalities. This becomes more complex with the addition of HM68. Due to the 

differences in reactivities between methacrylates and epoxies on different monomers, the 

formation of IPNs can vary greatly. This variance, along with the sequential curing 

procedure, contributes to the reduction of crosslink density with increasing concentration 

HM68. Conversely, the densities of the IPN systems decrease with increasing 

concentrations of HM68. This trend, while statistically insignificant, can be explained by 

introducing a diluent of lower molecular weight into the IPN, which directly reduces the 

density of the cured polymer.   
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Mechanical properties of all IPNs were evaluated based on compressive strength 

and fracture toughness. Representative stress-strain curves from compression testing for 

all IPN resins are displayed in Figure 30. The maximum strength reached at compressive 

failure and compressive modulus were evaluated and listed in Table 16.  

 

Figure 28 

Stress-Strain Curves for All IPNs With HM68 

 

 

Table 16 

Compression Testing Values for All IPNs With HM68 

Sample 

Compressive Strength 

(MPa) 

Compressive Modulus 

(MPa)  

PMEM828 128 ± 5 2191 ± 461 

PMEM828 w/ 10% HM68 123 ± 3 1887 ± 380 

PMEM828 w/ 25% HM68 106 ± 5 1697 ± 236 
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Compressive strength and compressive modulus decrease as more HM68 is 

introduced into the system. This is consistent with what has been reported in literature 

where compressive modulus decreases with the addition of diluents by Zhang et al [107]. 

PMEM828 exhibited maximum compressive strength of 128 MPa with an average 

compressive modulus of 2191 MPa. When adding 10% HM68, the compressive strength 

of the IPN lowered to 123 MPa and the compressive modulus followed the same trend by 

decreasing to 1887 MPa. While 10 wt% of the aliphatic epoxy co-polymer reduced the 

compressive properties of the IPN, the changes were not statistically significant. 

However, adding 25 wt% HM68 reduced the compressive strength of the IPN to 106 

MPa and the compressive modulus to 1697 MPa. At this loading of HM68, the change in 

compressive properties was statistically significant. In previous studies, lower 

concentration of diluent (<5%) into neat epoxy-amine systems have no effect on 

compressive modulus, or the stiffness of a material. However, at more significant 

additions of diluent (50-100%), modulus as well as maximum yield stress decreases [99]. 

Urbanczewski- Espuche et al. conducted a study on blends of bisphenol A diglycidyl 

ether with aliphatic diepoxy diluents that were crosslinked with cycloaliphatic diamines 

exhibited similar behavior to the trends discerned in this study. Ultimately, they found 

that chain flexibility was the primary parameter to effect yield behavior of polymers and 

chain flexibility was found to increase with the addition of aliphatic diepoxy diluent [99].  

These findings were consistent PMEM828 and increasing amounts of HM68. Due to the 

flexibility of the aliphatic diluent, the introduction of HM68 to PMEM828 promotes the 

mechanism of plastic deformation and the ability of defects to propagate. 
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 Further structural analysis was performed through fracture toughness 

experiments. Representative load-displacement curves are displayed in Figure 31. Critical 

strain energy release rate, G1C, and plane-strain fracture toughness, K1C, were also 

evaluated for all IPN formulations and displayed in Table 17. 

 

Figure 29 

Load-Displacement Curves for All IPNs With HM68 

 

 

 

Table 17 

Fracture Toughness K1C and G1C Values for All IPNs With HM68 

Sample 
G

1C
 

(J/m
2
) 

K
1C

 

(MPa m
1/2

) 

PMEM828 171 ± 30 1.00 ± 0.09 

PMEM828 w/ 10% HM68 170 ± 49 0.67 ± 0.1 

PMEM828 w/ 25% HM68 282 ± 111 1.10 ± 0.44 
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The 10 wt% addition of HM68 did not statistically impact the G1C of the 

unmodified PMEM828 polymer which is consistent with previous studies that have 

added low amounts of diepoxy diluents [99]. However, with 25 wt% of HM68 the G1C of 

PMEM828 increased from 171 J/m2 to 282 J/m2 which is an increase of approximately 

65% in critical strain energy release rate to compare to G1C of conventional styrene-

diluted VERs (255 J m-2) [68]. Despite such a large difference in G1C, the K1C remained 

unaffected with the addition of 25 wt% HM68 and decreased with 10 wt% HM68. 

Adding small amounts of diepoxy diluents such as HM68 can limit the ability of a 

polymer to plastically deform but when added in larger quantities can significantly aid in 

the ability of the polymer to plastically deform. It has been shown in many studies that 

the toughness of a material is not dependent on the crosslinks of the polymer network but 

the flexibility of the polymer chain [99], [108], [109]. In the case of PMEM828, the 

crosslink density decreases as more HM68 is introduced into the IPN, but the flexibility 

of the chain is not optimized until larger amounts of aliphatic character are present within 

the network. 
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Chapter 5 

Conclusions and Future Work 

5.1 Conclusions 

 This thesis aimed to change components in the 1P2S synthesis of PMEM828 to 

make different IPNs with a higher degree of aliphatic character. By adding more aliphatic 

character to the IPN, this work hypothesized that mechanical performance and processing 

would be improved while maintaining thermal stability. This thesis also accomplished 

removing discontinued chromium-based catalyst AMC-2 from the second step of the 

1P2S synthesis without changing the shelf life of the resin or the final measured 

properties of the cured polymer. 

Phenol in step 1 was replaced with 4-tertbutylphenol to produce tertbutyl 

methacrylate and methacrylic acid. Methacrylic acid would then partially methacrylate 

di-epoxy Epon828 in step 2 to form the dual functional monomer, EM828. This dual 

functional monomer would participate with the tertbutyl methacrylate in step 1 and amine 

curing agent Epikure W to form an IPN manufactured by SLA and subsequently post 

processed. Adding the tertbutyl substituent to the methacrylate network of the IPN 

resulted in an increased resin viscosity, a higher Tg, larger Mc, a lower density, and lower 

fracture toughness while exhibiting the same degree of cure. All final values for the 

methacrylate network resulted in extents of cure above 90% for both IPNs with epoxy 

functionality reaching full conversion. DSC thermograms further supported extents of 

cure values with no significant exotherms. The viscosity of PMEM828 doubled from 
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1082 cP to over 2442 cP with the addition of the tertbutyl substituent in the methacrylate 

network. Changing phenol to tertbutyl phenol also changed the properties of the cured 

polymer. DMA revealed that BPMEM828 had a Tg over 10⁰C higher than PMEM828. 

DMA showed an increase in Mc from 499 g mol-1 to 818 g mol-1 with the addition of the 

tertbutyl substituent. Comparing mechanical properties of the two IPNs resulted in no 

significant change to compressive modulus of around 2100 MPa and a slightly higher 

strength at yield for BPMEM828. Despite the marginal increase in compressive strength 

from 128 MPa to 132 MPa, the fracture toughness found for BPMEM828 decreased with 

the additional aliphatic substituent. PMEM828 exhibited G1C and K1C values of 171 J m-2 

and 1.00 MPa m1/2 respectively while BPMEM828 showed G1C and K1C values of 107 J 

m-2 and 0.53 MPa m1/2, indicating that the addition of the tertbutyl substituent imparted a 

significant amount of rigidity to the initially formed polymer chain. 

The second part of this study focused on replacing various amounts of Epon828 in 

the second step of the 1P2S synthesis with viscosity reducing agent HM68. This 

substitution was performed at 10 and 25% based on the weight of Epon828. With the 

addition of HM68 to the IPN PMEM828, thermal properties were maintained while 

mechanical performance properties were improved. This was shown through consistent 

extents of cure across methacrylate, epoxy, and amine functionalities. Methacrylate 

extents of cure after post processing steps were 90% or greater with complimenting full 

conversion of epoxy. These findings were further supported by DSC thermograms which 

displayed no residual exotherms suggesting a fully cured polymer network. DMA 

revealed storage moduli above 3.0 GPa for all formulations in this study and a Tg of 
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approximately 130 ⁰C signified by the peak of the tan δ. While DMA showed that the 

thermal properties of each network were unchanged with the inclusion of HM68, the Mc 

steadily increased as a function of added HM68. A calculated Mc for PMEM828 was 

found to be 499 g mol-1, however the crosslink density of the IPN decreased with added 

HM68 content. An addition of 10 wt% HM68 increased the Mc to 633 g mol-1 while an 

added 25 wt% HM68 increased the Mc to 735 g mol-1 indicating a reduction in crosslink 

density. This decrease in crosslink density can be explained by the predetermination of 

the polymer structure from the initially formed methacrylate network as well as the 

inability to determine the distribution of methacrylated functionalities in the second step. 

This unknown does not deplete the mechanical performance of the final cured polymer 

properties. Compression testing revealed that compressive modulus decreased with the 

addition of HM68 from about 2100 MPa to nearly 1700 MPa. This reduction in 

compressive properties was echoed by the decreasing compressive stress at yield with the 

addition of HM68. PMEM828 yielded at 128 MPa while 10 wt% HM68 and 25 wt% 

HM68 lowered the compressive stress at yield to 123 and 106 MPa respectively. A 

decrease in compressive properties can be explained by introducing a greater degree of 

plastic deformation within the network with the addition of HM68 but it still hindered by 

the aromaticity associated with PMEM828. Fracture toughness showed an increase in 

polymer performance by increasing the G1C and K1C from 171 J m-2 and 1.00 MPa m1/2 to 

282 J m-2 and 1.10 MPa m1/2, respectively, with an addition of 25 wt% HM68. Adding 10 

wt% HM68 showed no statistical change in fracture toughness with G1C and K1C from 

170 J m-2 and 0.69 MPa m1/2. 
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What we can gather from this data is that adding more aliphatic character to the 

IPN produced with 1P2S methodology can enhance mechanical properties while 

maintaining thermal stability if done strategically. Due to the sequential curing procedure 

inherent to the IPN formulations made with the 1P2S reaction schema, the methacrylate 

network is known to form 1st, followed by the formation of the epoxy-amine network. 

Therefore, the methacrylate network structure formed during SLA will greatly impact the 

structural integrity of the secondary network by hindering the mobility of the epoxy 

terminus of the dual functional monomer. This strategy suggests that if aliphatic character 

is added to the firstly formed methacrylate network, the additional substituent can inhibit 

the ability of the epoxy link with the amine due to steric hindrance. However, if aliphatic 

character is strategically added to the secondary network of the IPN, mechanical 

performance can be improved without affecting thermal properties to rival mechanical 

properties of conventional styrene-diluted VERs which cannot be manufactured through 

SLA due to the volatility of styrene as a hazardous air pollutant [68]. 

5.2 Future Work 

5.2.1 Changing 1P2S 

 IPNs have proven to be an asset to many different industries for their high-

performance capabilities. The 1P2S synthesis of PMEM828 and other IPNs is an 

attractive methodology because there are no required washing steps to isolate the final 

product and the procedure is easy to scale up for industry. Unfortunately, there are still 

many unknowns that exist within this reaction that would be valuable to investigate 
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further and perhaps improve to be a more viable option for commercial and military 

applications.  

 A short shelf-life study was performed in this work to evaluate the effectiveness 

in AMC-2 catalyst in the second step of the 1P2S synthesis. While successfully ruling out 

the need for the chromium-based catalyst, other concerns were identified during this 

study. The tertiary amine DMAP used in the first step also causes epoxy 

homopolymerization when Epon828 is introduced into the system. Despite partially 

methacrylating Epon828 to form EM828, an unreacted epoxy still exists within the 

system which will readily homopolymerize under ambient conditions due to the presence 

of DMAP. While epoxy-homopolymerization can be delayed by storing at 0 ⁰C for a 

reasonable amount of time, this problem could ultimately be avoided with the use of 

another catalyst to preserve the 1P2S methodology. In recent studies, iodine has been 

found to promote the acetylation of alcohols at room temperature regardless of 

orientation on phenolic [110], [111]. Perhaps, iodine could promote the esterification of 

phenol with methacrylic anhydride at elevated temperatures of 50⁰C or even higher 

before promoting polymerization. Alternative reagents could be considered in place of 

methacrylic anhydride to promote reactivity in exchange for a longer shelf life. This 

could potentially introduce more hazards when synthesizing the resin due to the volatility 

of methacryloyl chloride but completely prevent epoxy homopolymerization to occur 

within the resin system. Another alternative to increase the shelf life of the final 

formulated IPN resin would be to forgo the 1P2S synthesis scheme and adapt a one-pot-

one-step synthesis. This would involve combining Epon828 and methacrylic acid 
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together at elevated temperatures in the presence of an alternate catalyst that would 

effectively facilitate the epoxy-carboxyl reaction to partially methacrylate Epon828 

without risk of encouraging epoxy homopolymerization. Possible alternative catalysts to 

consider are triphenyl phosphine in a combination with triphenyl antimony, metal 

chelates such as zinc chelate or magnesium chelate, and metal salts [77], [112]. Once the 

dual functional monomer is synthesized, reactive diluents such as phenyl methacrylate 

can be purchased and mixed in at a stoichiometric ratio. Alternative reactive diluents can 

also be combined to achieve enhanced mechanical properties such as cardanol 

methacrylate (GX-7201) or benzyl methacrylate as pictured in Figure 32. This would 

make the synthesis and shelf life of such IPNs more viable for military and industrial 

applications.  

 

Figure 30 

Manufactured Reactive Diluents for Potential Use in Future IPNs 
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5.2.2 Additional Analysis to Further Understand 1P2S 

Additionally, this work was performed in a systematic order to determine 

structure relationships between chemical reagents and final polymer properties. A final 

extension of the work could be to combine all additional aliphatic components to find the 

final capabilities of the cured IPN. This was preliminarily done by synthesizing 

BPMEM828 w/ 25 wt% HM68 via 1P2S methodology. Each resin was evaluated for 

viscosity at 25 ⁰C using a shear rate that was ramped logarithmically increasing from 1 to 

100 s-1 and decreasing from 100 to 1 s-1. Viscosity values were displayed in Table 18.  

 

Table 18 

Viscosities of BPMEM828 and BPMEM828 w/ 25 wt% HM68 Resins at 25 ⁰C 

Sample Viscosity at 25 ⁰C (cP) 

BPMEM828 2442 ± 39 

BPMEM828 w/ 25 wt% HM68 544 ± 18 

 

 

Incorporating 25 wt% HM68 revealed a dramatic decrease in viscosity from 2442 

cp to 544 cp. The reduction in viscosity will aid in processing BPMEM828 w/ HM68 via 

SLA and also reduce manufacturing costs with the inclusion of HM68. Each resin was 

sequentially cured with SLA and 2 post processing steps as mentioned in Chapter 3 in 

efforts to improve mechanical performance while maintaining thermal properties. The 

resulting polymers were evaluated for fracture toughness by calculating G1C and K1C. 

Representative load displacement curves for BPMEM828 and BPMEM828 w/ 25 wt% 
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HM68 are presented in Figure 33. The corresponding G1C and K1C values are reported in 

Table 18. 

 

Figure 31 

Load-Displacement Curves for BPMEM828 and BPMEM828 with 25 wt% HM68 

 

 

Table 19 

Fracture Toughness K1C and G1C Values for BPMEM828 and BPMEM828 with 25% 

HM68 

Sample 
G1C 

(J/m2) 

K1C  

(MPa m1/2) 

BPMEM828 107 ± 37 0.53 ± 0.11 

BPMEM828 w/ 25 wt% HM68 155 ± 29 0.63 ± 0.08 
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Fracture analysis of BPMEM828 and BPMEM828 with 25 wt% HM68 revealed a 

similar trend that was identified with PMEM828 and HM68. With higher content of 

aliphatic viscosity reducing agent HM68, the fracture toughness of BPEM828 increased 

and viscosity decreased to a more appropriate viscosity for SLA applications. This was 

not to the same degree that was observed for PMEM828 with 25% HM68, hence the need 

for additional analysis. We can assume that the bulky tertbutyl substituent on tertbutyl 

methacrylate could impose the same steric hindrance with the HM68 as with neat 

EM828, leading to a less significant change than PMEM828. However, additional 

analysis of how the network forms during cure, could frame a more definitive narrative 

for what is happening structurally within the IPN. 

 Kinetic studies for polymers have been an area of interest since the late 1800s 

when Musculus and Meyers studied the diffusion rates of the polymeric forms of simple 

sugars [74]. Fortunately, kinetic studies have evolved to incorporate many different 

instruments and analytical methods to determine reaction rates of forming polymers to 

study structure development as well as phase morphology of various polymer networks. 

Araujo and colleagues used DMA and modulated temperature DSC to assess the effect of 

reaction conditions on the formation of IPNs consisting of acrylate and epoxy 

functionalities and respective polymer properties [113]. Other teams have used FTIR, 

DSC, and gel time determine to discern the kinetics of network formation to better 

understand the a different epoxy-acrylate system [114]. Reaction kinetics has also been 

successfully evaluated by photodifferential scanning calorimetry to specifically observe 

the epoxy functionality and polymerization behavior of select IPN systems [24], [115]. 
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These types of analytical techniques can also be nicely complimented with the addition of 

phase morphology study which can heavily influence the physical and mechanical 

properties because of the dual crosslinked nature of IPNs [25]. IPN morphology can be 

studied by different microscopy techniques like optical microscopy and transfer electron 

microscopy to observe the compatibility and dispersity of phase domains [25]. While 

phase separation was not observed in this work, phase separation might be occurring at 

the microscale or nanoscale which would be observed with different techniques. Other 

approaches have been used in the past to also evaluate the phase domains and 

microheterogeneity of IPNs through small-angle X-ray scattering and small-angle 

neutron scattering [116], [117].  Finding major discrepancies in phase domains can lead 

to phase separation which is a common occurrence in sequentially cured IPNs.  
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Appendix A 

Values for t-Distribution 

Table A1 

Values of the t-distribution [64] 
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Appendix B 

1H-NMR Spectra 

Figure B1 

1H-NMR spectrum of PMEM828 Week 2 of Stability Study at Room Temperature 
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Figure B2 

1H-NMR spectrum of PMEM828 Week 4 of Stability Study at Room Temperature
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Figure B3 

1H-NMR spectrum of PMEM828 Without AMC-2 Week 2 of Stability Study at Room 

Temperature 
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Figure B4 

1H-NMR spectrum of PMEM828 Without AMC-2 Week 4 of Stability Study at Room 

Temperature 
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Appendix C 

TGA Thermograms  

 

Figure C1 

TGA Thermograms and Respective 1st Derivative of PMEM828 Catalyzed With and 

Without AMC-2 in Air 

 

 

Table C1 

Thermogravimetric Analysis Data of PMEM828 Catalyzed With and Without AMC-2 in 

Air 

Sample IDT (°C) T
50%

 (°C) T
max

 (°C) 
Char 

Content (%) 

PMEM828 330 ± 1 431 428 ± 1 0.27 ± 0.02 

PMEM828 w/o AMC-2 329 ± 3 427 ± 1 427 ± 1 0.33 ± 0.01 
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Figure C2 

TGA Thermograms and Respective 1st Derivative of PMEM828 and BPMEM828 in Air 

 

 

 

 Table C2 

Thermogravimetric Analysis Data of PMEM828 and BPMEM828 in Air 

Sample IDT (°C) T
50%

 (°C) T
max

 (°C) Char Content (%) 

PMEM828 324 ± 8 424 ± 8 422 ± 7 0.4 ± 0.2 

BPMEM828 317 ± 4 410 ± 2 412 ± 5 0.7 ± 0.8 
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Figure C3 

TGA Thermograms and Respective 1st Derivative of All IPNs With HM68 in Air 

 

 

 

Table C3 

Thermogravimetric Analysis Data of IPNs With HM68 in Air 

Sample IDT (°C) T
50%

 (°C) T
max

 (°C) T
max2

 (°C) 
Char 

Content (%) 

PMEM828 324 ± 8 424 ± 8 422 ± 7 - 0.4 ± 0.2 

PMEM828 

w/ 10% HM68 
319 ± 5 423 ± 1 373 ± 2 428 ± 3 0.1 ± 0.1 

PMEM828 

w/ 25% HM68 
311 ± 8 416 ± 1 365 ± 4 430 ± 3 0.3 ± 0.1 
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Appendix D 

Additional DMA Data 

 

Table D1 

Additional Viscoelastic Data of PMEM828 With and Without AMC-2 

Sample 
Rubbery E′ 

(MPa) 

Rubbery T 

(⁰C) 

PMEM828 29.8 ± 0.8 171 ± 1 

PMEM828 w/o AMC-2 23.2 ± 0.6 169 ± 2 

 

Table D2 

Additional Viscoelastic Data of PMEM828 and BPMEM828 

Sample 
Rubbery E′ 

(MPa) 

Rubbery T 

(⁰C) 

PMEM828 26.8 ± 3.0 169 ± 5 

BPMEM828 16.0 ± 1.0 178 ± 1 

 

Table D3 

Additional Viscoelastic Data of All IPNs With HM68 

Sample 
Rubbery E′ 

(MPa) 
Rubbery T (⁰C) 

PMEM828 26.8 ± 3.0 169 ± 5 

PMEM828 w/ 10% HM68 20.5 ± 0.9 160 ± 7 

PMEM828 w/ 25% HM68 17.5 ± 1.3 163 ± 10 
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Appendix E 

List of Acronyms, Abbreviations, and Symbols 

3D printing Three-dimensional printing 

AM Additive manufacturing 

BPM Tertbutyl Methacrylate 

CT  Compact Tension 

DMA Dynamic mechanical analysis 

DMAP 4-dimethylaminopyridine 

DSC Differential scanning calorimetry 

E′ Storage Modulus 

E′′ Loss Modulus 

EM828 Partially methacrylate diglycidyl ether of bisphenol A 

Epon828 Diglycidyl ether of bisphenol A 

FC Form cure 

FTIR Fourier transform infrared 

G1C Critical strain energy release rate 

GMA Glycidyl methacrylate 

HM HELOXYTM modifier   

IDT Initial decomposition temperature at 5% weight loss 

IPA Isopropyl Alcohol 

IPN Interpenetrating polymer network 

K1C Critical-stress-intensity factor 
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Mc Molecular weight between crosslinks 

N2 Nitrogen 

NMR Nuclear magnetic resonance 

PC Post-cured 

SENB Single edge notched bend 

SLA Stereolithography 

Tg Glass transition temperature 

Tan δ Tan delta 

TGA Thermogravimetric Analysis 

TMS Tetramethylsilane 

TPO Diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide 

VPP Vat photopolymerization 

ρ density 
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