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Abstract 

Epoxies of systematically varying crosslink density containing 5% by weight of 

a poly(ethylene oxide)-b-poly(ethylene-alt-propylene) (OP) block copolymer were 

prepared and characterized. The block copolymer self-assembled to form particles with 

diameters ranging from 15 to 100 nm. Transmission electron microscopy of the 

modified epoxies revealed that the block copolymer nanostructure can be altered by 

changing the epoxy crosslink density. The block copolymer structures displayed a 

decrease in surface curvature as the crosslink density was reduced.  

The strain energy release rate, Gc, of the block copolymer-modified epoxies, 

which can be related to fracture resistance, increased dramatically with a decrease in the 

epoxy network crosslink density and plateau at a value 13 times greater than the 

unmodified material. This trend was observed with both high and low molecular weight 

OP additives. The toughening behavior is dependent on the block copolymer 

nanostructure in highly crosslinked system while lightly crosslinked block copolymer-

modified epoxies display similar fracture resistances for each block copolymer additive.  

Scanning electron microscopy of fracture surfaces revealed extensive voiding and 

plastic deformation near the crack tip of the modified epoxies. Addition of the block 

copolymer did not appreciably decrease the Young’s modulus or glass transition 

temperature compared to the unmodified material. 

Epoxies with varying concentrations of block copolymer additive were prepared 

and further demonstrated the role of crosslink density on improving fracture resistance.  

Lightly crosslinked epoxies were able to maintain extraordinary toughness at block 

copolymer concentrations as low as 1 wt%. Increasing crosslink density decreases the 

toughening ability of the block copolymer and a higher concentration is required to 

provide adequate fracture resistance. 
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Chapter 1:  Introduction 

 

 

1.1:  Toughened Epoxies 

 Epoxy networks are typically composed of a resin and a curing agent that react 

to form a crosslinked thermoset.
1, 2

 Epoxy resins are generally derived from the reaction 

of bisphenol-A with epichlorohydrin to form diglycidyl ether of bisphenol-A (DGEBA). 

A wide selection of curing agents are available to react with the epoxide groups to 

crosslink the epoxy, including those containing amines, amides, novolacs, and 

carboxylic acids.
3
 Epoxy networks are known to possess outstanding adhesive 

properties, thermal and dimensional stability, solvent resistance, and high modulus.
2
 

Additionally, the chemical structure of the resin and curing agent or the cure schedule 

can be altered to adjust the use temperature and mechanical properties of the network.
4
 

For example, by altering the chemical structure of an amine curing agent, the glass 

transition temperature (Tg) of the epoxy matrix may be varied from 127 °C to 189 °C.
4
 

This flexibility offered by epoxy systems has led to their use in such areas as 

adhesives,
5, 6

 paints and coatings,
7
 integrated and printed circuit boards,

2
 automotive 

surfaces,
1
 and high performance aircraft components. However, a major flaw in the 

application of epoxies is the intrinsic brittleness of the network structure. Crack 

formation and propagation may occur in epoxies at low stresses. Brittleness in epoxy 

systems has been attributed to restricted mobility of the epoxy network caused by the 

network junction points.
8
 This reduction in chain mobility inhibits deformation 

processes, reducing the amount of energy dissipated prior to crack propagation. 
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 A common method employed in improving the fracture resistance of epoxies is 

the incorporation of rubbery particles into the epoxy matrix through in situ phase 

separation.
9-13

 Carboxyl- or amine-terminated copolymers of butadiene and acrylonitrile 

(CTBN and ATBN, respectively) are soluble in most liquid epoxies. The end groups 

react with the epoxy matrix during the curing process and the rubber separates to form 

discrete particles. Addition of 10-20 volume percent of the rubbery particles may 

increase the fracture resistance, here correlated with the strain energy release rate (Gc), 

by a factor of 10 to 20.
9, 10, 12

 The main toughening mechanism proposed for these 

rubber-modified systems is internal cavitation, or de-bonding, of the rubber particles 

followed by plastic deformation of the epoxy matrix.
14-17

 Additional studies have 

demonstrated shear banding of the epoxy matrix between rubbery particles.
18

 The 

toughening mechanisms occur in a process zone ahead of the crack tip. Crack-tip 

blunting and bridging of stretched rubber particles across the fracture surfaces have also 

been proposed and may make a small contribution to the overall increase in fracture 

energy.
19, 20

 

 Increasing the fracture resistance of epoxies with CBTN or ABTN rubber 

particles does have deficiencies. Incorporation of a low-Tg component often reduces the 

glass transition temperature of the composite material. Bascom demonstrated that 

addition of 20 percent by weight CBTN to a DGEBA/piperidine epoxy decreased the 

glass transition temperature 20 °C.
12

 Similarly, incomplete separation of the rubber 

during cure may plasticize the epoxy network.
21, 22

 Both the tensile modulus and yield 

strength of epoxies may be reduced upon rubber modification.
4
 Processing the rubber-

modified epoxies present challenges as well. Epoxy formulations must be vigorously 
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mixed to ensure the rubbery domains do not macrophase separate upon cure. The 

morphology is also dependent upon cure kinetics, making the behavior of liquid rubbers 

in a host of epoxy networks difficult to predict a priori.
23, 24

 

 Core-shell particles have been developed as an alternative strategy for 

improving the fracture resistance of epoxies.
25-31

 These particles are pre-formed and 

contain a rubbery core within a thin, glassy shell. This design allows for better control 

of the size of the particles (particle diameters may range from tens to hundreds of 

nanometers) and volume fraction of the rubbery domain. Addition of core-shell particles 

generally improves the strain energy release rate of epoxies and has negligible impact 

on thermal properties.
32

 The fracture mechanisms responsible for the toughening of 

these systems are cavitation of the rubbery cores, followed by shear yielding of the 

epoxy network.
29, 31, 33

 Crack deflection has also been observed in samples where the 

particles have aggregated.
34

 Particle clustering is one of the primary disadvantages of 

using core-shell particles. Attractive forces between the particles promote aggregation, 

increasing viscosity or preventing the preparation of a well-dispersed system. 

 A primary challenge in using the toughening strategies outlined thus far is the 

creation of stable, well-dispersed rubbery particles within the epoxy matrix prior to or 

during formation of the network. Time and energy must be expended to understand and 

prevent separation or agglomeration of the toughening additive. Amphiphilic block 

copolymers possess many unique properties and potentially offer an elegant solution for 

creating finely controlled dispersions of particles. The following section will focus on 

the recent advancements in understanding the morphological behavior of block 

copolymers in epoxy systems. 
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1.2:  Block Copolymers as Epoxy Modifiers 

 Block copolymers are molecules that consist of long segments of chemically 

distinct repeat units covalently bonded together. Block copolymers may be synthesized 

using a variety of polymerization techniques and blocks are generally added by 

sequential monomer addition or through use of a macroinitiator.
35

 The copolymers 

produced will retain physical and thermodynamic properties relating to the individual 

components of the blocks.
36

 Phase separation in block copolymers will be necessarily 

different than a mixture of two homopolymers due to the covalent linkages between the 

chemically dissimilar blocks. Block copolymers are not able to macrophase separate to 

reduce the overall free energy and instead microphase separate into distinct domains 5-

100 nm in length.
37

 Microphase separation of the block copolymer occurs in the form of 

ordered microstates. The structure of the microstates is controlled by a number of 

factors, including the relative composition of the block copolymer, degrees of 

polymerization, polydispersity, and associative component interaction parameters. The 

driving force for microphase separation is the chemical dissimilarity between the two 

blocks and the resulting structure is formed by balancing enthalpic penalties for mixing 

the dissimilar blocks and entropic penalties for chain stretching. The morphological 

behavior of a variety of block copolymer architectures (e.g. AB diblock, ABA triblock, 

or ABC triblock terpolymers) have been extensively studied theoretically
38-42

 and 

experimentally
43-48

. Well-ordered structures such as lamellae, hexagonally packed 

cylinders, body-centered cubic spheres, and a gyroid phase are observed in diblock 

systems with even more complex geometries reported when a third chemically distinct 

block is added. 
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 Polymeric amphiphiles may be created by designing a block copolymer with 

polar and non-polar segments. Amphiphilic block copolymers may self-assemble into 

various structures when dispersed in a selective solvent. Hillmyer and Bates synthesized 

a series of monodisperse poly(alkane-b-ethylene oxide) block copolymers and studied 

their morphological behavior in water.
49

 The block copolymers self-assembled into 

micelles at dilute concentrations and transitioned to various ordered states as the block 

copolymer concentration was increased. Numerous studies have subsequently examined 

the dilute behavior of amphiphilic block copolymers in water and report a transition 

from vesicles (spherical curved bilayers) to wormlike micelles (cylinders) to spherical 

micelles as the length of the hydrophilic block is increased.
50-57

 Schematic illustrations 

of these structures are presented in Figure 1.1. 

 

 

Figure 1.1 Schematic representation of vesicles, wormlike micelle, and spherical micelles structures 

formed by diblock copolymers in a selective solvent. 

 

Extensive theoretical work has been undertaken to describe the self-assembly of dilute 

solutions of block copolymers.
58-62

 These theories predict that the structure formed by 

the block copolymer will be dependent on the individual block lengths and the strength 
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of the interaction between the lyophilic block and the solvent. Increasing the size of the 

lyophilic block results in the formation of structures with increased interfacial curvature 

designed to reduce repulsive interactions between the blocks while minimizing chain 

stretching. 

 Lipic investigated the structure of a series of blends containing a poly(ethylene 

oxide)-b-poly(ethylene-alt-propylene) (OP) amphiphilic block copolymer, epoxy resin, 

and curing agent.
63, 64

 The epoxy resin and curing agent selectively swelled the 

poly(ethylene oxide) chains and ordered microstructures were observed at block 

copolymer concentrations greater than 20 wt.%. The microstructures formed persisted 

upon cure of the epoxy network. Transitions between ordered structures did occur 

during cure, but macrophase separation of the block copolymer was not observed. A 

“dry brush”/”wet brush” model was developed to explain the behavior exhibited by the 

blends.
64

 In this model, the epoxy resin and curing agent selectively swell the epoxy-

philic block (PEO) increasing the volume per chain. Interfacial curvature between the 

two blocks is increased to minimize interactions between the two blocks and chain 

stretching. Once curing of the epoxy network begins, the epoxy-philic block is expelled 

from the matrix and the interfacial curvature is decreased as the volume occupied by the 

epoxy-philic block is reduced. 

 During the investigation of blends of epoxy and OP block copolymers, Lipic 

noted the formation of a disordered microstructure in blends with block copolymer 

loadings of 20 and 10 wt.%.
64

 Transmission electron microscopy of the cured samples 

confirmed the formation of block copolymer spherical micelles within the epoxy 

matrix.
65

 Subsequently, Dean investigated the dilute solution behavior of a series of OP 
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and poly(ethylene oxide)-b-poly(1,2-butadiene) (OB) block copolymers in epoxies.
66-69

 

At loadings of 5 wt.% or less, OP and OB block copolymers self-assembled into 

vesicles, wormlike micelles, and spherical micelles. The structures formed were 

dependent on the composition of the diblock. Increasing the length of the PEO block 

favored the formation of structures with increased curvature, similar to studies of 

aqueous dispersions of amphiphilic block copolymers. Representative micrographs of 

vesicles, wormlike micelles, and spherical micelles formed by OP block copolymers in 

an epoxy are shown in Figure 1.2. 

 

   

Figure 1.2 Vesicles (a), wormlike micelles (b), and spherical micelles (c) formed by poly(ethylene 

oxide)-b-poly(ethylene-alt-propylene) in an epoxy. Surface curvature in the structure was altered by 

changing the volume fraction of poly(ethylene oxide) in the block copolymer. The block copolymer 

loading was 5 wt.%. Scale bars correspond to 100 nm. 

 

Further investigations have examined the morphological behavior of a variety of 

block copolymers in epoxies. A series of block copolymers containing epoxy-reactive 

groups were blended with epoxies by Grubbs and Dean.
68

 Reactive epoxide groups 

a b c 
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were placed on the backbone of the polymer chain by selectively epoxidizing the 

poly(isoprene) (PI) block of a PI-PB block copolymer or pendant from the polymer 

chain by synthesizing poly(methyl acrylate-co-glycidyl acrylate)-b-poly(isoprene) block 

copolymers.
70, 71

 Addition of the reactive groups did not prevent the formation of 

micellar structures and a transition from spherical micelles to vesicles was observed 

upon decreasing the size of the epoxy miscible blocks.  

Wu incorporated a commercially viable poly(ethylene oxide)-b-poly(butylene 

oxide) (EOBO) block copolymer into a phenol novolac-cured epoxy.
72

 Again, the block 

copolymers self assembled into vesicles, wormlike micelles, and spherical micelles at a 

block copolymer loading of 5 wt.%. Mixed morphologies with structural features 

similar to those observed in aqueous dispersions of OB block copolymers by Jain
54, 56

 

were reported at intermediate EOBO compositions.  

Thio reported the behavior of poly(ethylene oxide)-b-poly(hexylene oxide) 

(EOHO) diblocks in phenol novolac cured epoxies.
73, 74

 The authors inferred that the 

increased length of the hydrocarbon side chain on the PHO block would lead to strong 

segregation between the two blocks and between the PHO block and the epoxy. This 

increase in segregation strength permitted the self-assembly of micellar structures at 

relatively low molecular weights (overall Mn 2.2-3.6 kg/mol). Additionally, Thio 

demonstrated that binary blends of vesicle and spherical micelle-forming block 

copolymers resulted in the intermediate wormlike micelle structure
73

, behavior similar 

to blends of block copolymers in dilute aqueous dispersions.
56

 

The micellar structures formed by the block copolymers discussed so far have a 

distinct advantaged over liquid rubber-modified epoxies. As illustrated in Figure 1.3, 
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block copolymers spontaneously self-assemble upon blending with the uncured epoxy 

resin. Curing the epoxy network locks in the block copolymer structures.
64, 65, 69

 

 

Figure 1.3 Cure behavior of (a) block copolymer and (b) liquid rubber modified epoxies. Block 

copolymers self-assemble into micellar structures or vesicles in the uncured epoxy resin and the 

structures are locked in upon cure. Liquid rubbers are initially miscible with the epoxy resin and are 

randomly dispersed. Discrete rubbery domains are formed when the liquid rubber phase separates during 

the epoxy curing process. 

 

Increasing the complexity of the block copolymer architecture or reducing the 

amphiphilic nature of the diblock can alter the development of the micellar structures.  

a 

b 
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A number of studies have been conducted on epoxies modified with poly(ethylene 

oxide)-b-poly(propylene oxide) (PEO-PPO) diblocks
75

 and PEO-PPO-PEO triblock 

copolymers.
76-79

 The entire block copolymer is initially miscible with the uncured epoxy 

and separation occurs during the curing reaction. The shape and size of the block 

copolymer domains are determined by the reaction kinetics of the epoxy network.
75, 78

 

Macrophase separation was observed when the epoxy network formed too slowly.
75

 

Reaction-induced microphase segregation was observed by Meng in epoxies modified 

with poly(ε-caprolactone)-b-poly(butadiene)-b-poly(ε-caprolactone) block 

copolymers.
80, 81

 The block copolymer self-assembled into spherical micelles prior to 

cure. The micelles dissolve as the temperature is increased above the upper critical 

solution temperature of poly(butadiene) and the epoxy resin. The poly(butadiene) block 

was expelled during network formation and the triblock reassembled into spherical 

micelles with a reduced diameter. Similar behavior was also reported in epoxies 

containing poly(ethylene oxide)-b-poly(styrene) block copolymers.
82

 Recently, 

Rebizant investigated the behavior of a series ABC triblocks based on poly(styrene-b-

butadiene-b-methyl methacrylate) (SBM) block terpolymers.
83, 84

 Macrophase 

separation was only prevented by using block terpolymers in which reactive carboxylic 

acid or glycidyl groups were incorporated into the methyl methacrylate block.  

 

1.3:  Block Copolymers as Epoxy Toughening Agents 

 The amphiphilic OP block copolymers initially studied by Lipic are attractive as 

an epoxy toughening agent as they self-assemble into particles with rubbery cores in 

epoxies. Spherical micelles formed by an OP block copolymer in a 4,4’-
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methylenedianiline (MDA) cured epoxy initially studied by Lipic were not particularly 

effective in improving fracture resistance.
65

 A follow-up study by Dean produced 

vesicles, wormlike micelles, and spherical micelles with OP and OB block copolymers 

in the MDA-cured epoxy system.
68

 Fracture tests indicated that vesicles improved the 

Gc value of the epoxy more than wormlike or spherical micelles. Modifying the epoxy 

samples with vesicles produced Gc values that were three times larger than the neat 

epoxy. Fracture energy was shown to scale with the ratio of the interparticle distance to 

the particle diameter (Di/Dp); low values of Di/Dp generated the toughest epoxies.
68

 The 

effect of interfacial adhesion was addressed using block copolymers with reactive 

epoxy miscible blocks. Increased interfacial adhesion provided better improvements in 

fracture resistance for vesicles with a high value of Di/Dp. However, the beneficial 

effect of matrix adhesion disappears as the ratio of Di/Dp decreases. At low values of 

Di/Dp, Gc was dependent on the morphology of the block copolymer rather than the 

specific nature of the block copolymer components. 

 Dean continued the study of OP-modified epoxies using a system composed of 

commercially available epoxy resins (DER383 and DER560) and a curing agent 

(phenol novolac).
67

 Vesicles again increased the Gc value three to four times over the 

unmodified epoxy. Surprisingly, wormlike and spherical micelles offered twenty- and 

ten-fold increases in Gc, respectively. The increase in fracture toughness caused by 

addition of the wormlike micelles is remarkable given the small block copolymer 

loading (5 wt.%) and limited decrease in modulus ( < 20% reduction). Wu and Thio 

reported a similar morphological dependence on toughening in the DER383/phenol 

novolac system using EOBO and EOHO block copolymers.
72,73

 Epoxies containing 
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wormlike micelles displayed a significant improvement in fracture resistance over 

epoxies with vesicles or spherical micelles. 

 SBM-based block terpolymers have been investigated in a variety of epoxies by 

Ritzenthaler and Rebizant.
83, 84

 Fracture resistance was observed to increase linearly 

with the weight fraction of polybutadiene in the terpolymer and the amount of 

terpolymer in the composite. Improvements in fracture resistance were influenced by 

the choice of curing agent.
84

 Epoxies cured with an anhydride were much more 

susceptible to toughening than those cured with aromatic amines. A full comparison 

across curing agents is not feasible as only a handful of block terpolymers were 

investigated and the structures of the block terpolymer micelles were not consistent. 

 

1.4:  Thesis Overview 

 This thesis represents a continued investigation into the morphological behavior 

of amphiphilic block copolymers in epoxies and the mechanical and thermal properties 

of the resulting composites. Previous studies have demonstrated the role of network 

architecture (i.e. molecular weight between crosslinks) on neat and rubber-modified 

epoxies.
16, 85-93

 The structure of the epoxy matrix plays a major role in the toughening of 

epoxies through promotion or inhibition of toughening mechanisms such as matrix 

shear yielding. This thesis extends the investigation of network architecture to an epoxy 

system modified with a model amphiphilic block copolymer. 

 Chapter 2 details the experimental techniques utilized in this thesis. A detailed 

procedure for the synthesis of the OP block copolymers used as modifiers is given. 

Blending and curing protocols for neat and block copolymer-modified epoxies are listed 
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along with the governing equations for specifying the epoxy crosslink density. 

Molecular characterization techniques such as size exclusion chromatography, nuclear 

magnetic resonance spectroscopy, and differential scanning calorimetry are discussed. 

Various characterization techniques such as transmission electron microscopy, x-ray 

scattering, dynamic mechanical analysis, compact tension testing, and scanning electron 

microscopy are summarized. Finally, a description of the double-notch four-point 

bending technique used by our collaborators at Texas A&M University is provided. 

 The morphological behavior of the OP-modified epoxies is addressed in Chapter 

3. Block copolymers of varying composition and molecular weights were dispersed into 

a series of epoxies of differing crosslink density. Structures formed by OP polymers in 

tightly crosslinked epoxies were investigated primarily through transmission electron 

microscopy. The effect of the molecular weight between crosslinks on the size and 

structure of the block copolymer micelles is discussed and compared to previous reports 

of block copolymer dispersions. Small angle x-ray scattering data of uncured and cured 

block copolymer modified epoxies are also highlighted. 

 The mechanical and thermal properties of the OP-modified epoxies are 

discussed in Chapter 4. Specific attention is given to the properties of epoxies 

containing large and small molecular weights between crosslinks. The effect of 

increasing the block copolymer molecular weight on toughening is also addressed. 

Micrographs of the sub-critical damage zone near the crack tip of an epoxy modified 

with spherical micelles were obtained by our collaborators from the double-notch four-

point bending test. A discussion of relevant fracture toughening mechanisms of block 

copolymer-modified epoxies is included. 
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 The concentration dependence of block copolymers on epoxy toughening is 

explored in Chapter 5. Low and high molecular weight OP block copolymers of similar 

composition were blended at varying concentrations in epoxies of differing crosslink 

density. Fracture toughness values were obtained for the modified epoxies and the 

effect of the network crosslink on the ability of the block copolymer to toughen at low 

loadings is discussed. 

 The final chapter summarizes the investigation into the role of the epoxy 

crosslink density in block copolymer-modified epoxies. Potential future research 

avenues are presented and focus on understanding the evolution of block copolymer 

microstructures during cure, the importance of particle cavitation in epoxy toughening 

mechanisms, and effects curing agents may have on block copolymer toughening 

beyond those previously investigated. 
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Chapter 2: Experimental Methods 

 

 

2.1:  Introduction 

 The synthesis and characterization of block copolymer-modified epoxies involve 

a broad spectrum of experimental techniques. The process began with the synthesis of 

an appropriate amphiphilic block copolymer using anionic polymerization techniques 

and subsequent characterization of the block copolymer using size exclusion 

chromatography (SEC), nuclear magnetic resonance (NMR) spectroscopy, and 

differential scanning calorimetry (DSC). The epoxies used were designed to contain 

specific crosslink densities and were prepared through solvent casting. The morphology 

of the modified epoxies were investigated through transmission electron microscopy 

(TEM) and small-angle x-ray scattering (SAXS). The mechanical properties of the 

modified epoxies were further characterized using uniaxial tensile testing of compact 

tension samples and dynamic mechanical analysis (DMA). In-depth fractography 

studies employed the use of scanning electron microscopy (SEM) and the double-notch, 

four-point bending technique. This chapter will detail the experimental methods utilized 

in the production and characterization of a series of controllable epoxy thermosets 

containing poly(ethylene oxide)-b-poly(ethylene-alt-propylene) (OP) block copolymers. 
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2.2:  Controlled Anionic Polymerization 

2.2.1:  General Aspects 

 Controlled anionic polymerization is a technique that has been developed to 

produce polymers with narrow molecular weight distributions and well-defined blocks. 

The term controlled polymerization refers to a reaction scheme in which monomer 

initiation is considered to be instantaneous and all termination and transfer reactions 

rates are minimized with respect to the propagation rate.
1
 Anionic polymerization is an 

example of chain polymerization; monomers add to the growing polymer only at an 

active site, usually at the end of a growing chain.
2
 Polymerization begins with the 

reaction of an initiator (I) with a monomer (M) to form an active reaction site, 

designated as Pi*, where i is the degree of polymerization. Monomer will react with the 

active site, increasing the length of the polymer chain. These general reaction steps
3 

are 

shown in equations 2.1 and 2.2: 

 Initiation:  
*

1MI Pik
  (2.1) 

 Propagation:  
*

1

*

*

2

*

1

M

M
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k

i

k

PP

PP

p

p

 (2.2)

 

If initiation is much faster than propagation (ki » kp), such that at time t = 0 the 

concentration of reactive sites [P1*] is equal to the initial concentration of the initiator 

[I]o, the overall rate of polymerization (Rp) may be expressed
3
 as: 

 Rp = kp[M][I]o (2.3) 
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where [M] is the concentration of the monomer. The number average degree of 

polymerization (N), assuming complete conversion of the monomer, is then calculated 

as: 

 
 
 o

o

I

M
N   (2.4) 

where [M]o is the initial monomer concentration. The molecular weight distribution will 

follow a Poisson distribution under conditions in which initiation is instantaneous and 

termination reactions are absent.
3
 The polydispersity index (PDI) of a Poisson 

distribution decreases as the degree of polymerization increases as follows: 

 
  NN

N
PDI

1
1

1
1

2



  (2.5) 

 Block copolymers may be created through sequential monomer addition or 

through the use of macroprecursors. Block copolymers may be simply formed by 

adding a different monomer species to the reactor once the initial monomer has been 

consumed. This is not always feasible as the added monomer must be amenable to 

anionic polymerization and must have comparable reactivity to the active chain.
1, 3

 

Macroprecursors are simply end-functionalized polymers that may be reinitiated to add 

additional blocks. 

 

2.2.2:  Poly(ethylene oxide)-b-Poly(ethylene-alt-propylene) Synthesis 

 Poly(ethylene oxide)-b-poly(ethylene-alt-propylene) block copolymers have 

been chosen as the primary epoxy toughening agent as they contain an epoxy miscible 

block (PEO) and a rubbery, epoxy immiscible block (PEP). The synthesis of OP block 
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copolymers has been investigated in great detail by Hillmyer and Bates and is 

summarized here.
4
 First, isoprene is subjected to three freeze-pump-thaw cycles to 

remove any oxygen. The isoprene monomer is then twice stirred over n-butyl lithium to 

remove any inhibitors or additional impurities. The purified isoprene is vacuum-

distilled into a thoroughly dried and evacuated burette and stored in a dry 

ice/isopropanol bath. Isoprene has a boiling point of 34.7 °C, so it is important to store 

it at a low temperature to prevent a dangerous buildup of vapor pressure. The isoprene 

monomer is transferred to a reactor containing cyclohexane (CHX) under an inert 

atmosphere. The reaction is initiated using sec-butyl lithium and proceeds at 40 °C for 

eight hours. The solvent and temperature chosen predominantly favor cis 1,4-isoprene 

addition. 

An 8-10 molar excess of ethylene oxide is purified to provide the poly(isoprene) 

homopolymer with a terminal hydroxyl group. The purification of ethylene oxide begins 

by subjecting the monomer to a series of freeze-pump-thaw cycles to remove oxygen. 

Ethylene oxide is then twice stirred over butyl-magnesium chloride to remove any 

residual impurities. The monomer is finally vacuum-distilled into a dry evacuated 

burette and stored in a dry ice/isopropanol bath. Care must be taken when handling 

ethylene oxide as the monomer has a boiling point of 10.7 °C. This poses a problem as 

an explosion caused by a buildup in vapor pressure would not only cause physical 

damage, but could release gaseous ethylene oxide which is toxic. The purified ethylene 

oxide monomer is added to the reactor containing the PI homopolymer via an airlock to 

prevent impurities such as water or oxygen from entering and prematurely terminating 

the polymerization. Ethylene oxide is allowed to react with the PI homopolymer for one 
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hour and the reaction is terminated using acidic methanol to form the terminal hydroxyl 

group. The end-functionalized homopolymer is recovered from cyclohexane using a 

rotary evaporator. 

Hydroxyl end-capped poly(isoprene) is hydrogenated to form the PEP block 

using a Pt/Re catalyst supported on SiO2. Up to twenty grams of the PI homopolymer 

were added to 500 ml of cyclohexane and stirred until complete dissolution. The 

polymer solution was poured into the hydrogenation reactor and catalyst was added at a 

loading of one gram of catalyst per five grams of poly(isoprene). The reactor was sealed 

and argon was purged through the reactor for 10 minutes to remove any oxygen. The 

reactor was then filled with hydrogen pressurized at 500 psi and heated to 100 °C. The 

hydrogenation reaction was run for 14 hours. The reactor was then cooled to room 

temperature and residual hydrogen was carefully vented. Catalyst was removed by 

passing the polymer/cyclohexane/catalyst solution through a filter with an average pore 

size of 0.22 µm. Cyclohexane is again removed using a rotary evaporator to recover the 

PEP homopolymer. 

Addition of the PEO block began with the purification of ethylene oxide as 

outlined above. PEP homopolymer was dissolved in tetrahydrofuran (THF) in a reactor 

under an inert atmosphere. The terminal hydroxyl group of the PEP homopolymer was 

reinitiated through titration of a potassium naphthalenide/THF solution into the rector. 

Titration of the homopolymer was complete when a faint green color persisted for 30 

minutes. After titration, the purified ethylene oxide monomer was added to the reactor 

via an airlock. The reaction proceeded at a temperature of 40 °C and was terminated 
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after 24 hours using acidic methanol. An abbreviated schematic of the block copolymer 

reaction is presented in Figure 2.1. 

 

 

 

The block copolymer was recovered by solvent evaporation once the 

polymerization was complete. OP diblocks were dissolved in chloroform and washed 

three times with distilled water in a separatory funnel to remove any residual salts. 

Purified block copolymer was recovered from the chloroform phase using a rotary 

evaporator and further dried under dynamic vacuum. 

 

2.3:  Polymer Characterization 

2.3.1:  Size Exclusion Chromatography 

 The molecular weight distribution of a polymer is an important tool for 

evaluating the effectiveness of reaction schemes. The distribution is typically 

m
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Figure 2.1 Reaction scheme for the synthesis of poly(ethylene oxide)-b-poly(ethylene-alt-propylene) block 

copolymers. 
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determined by size exclusion chromatography (SEC). SEC is a form of liquid 

chromatography in which polymers are separated by their hydrodynamic volumes, Vh. 

Hydrodynamic volume is a measure of the volume occupied by a polymer in solution 

and is proportional to the cube of the radius of gyration of the polymer. In SEC, a dilute 

solution of polymer (~1 mg/ml) is injected into a solvent stream and passed through a 

column containing porous material. Polymers with smaller hydrodynamic volumes will 

enter the pores, slowing their progress through the column. Larger molecules may not 

enter the pores and pass through the column relatively unperturbed. Multiple columns 

with varying average pore sizes may be placed in series to provide effective separation 

over a range of hydrodynamic volumes. A detector is placed at the end of the column 

and monitors polymer concentration as a function of time. Refractive index, ultraviolet, 

and light scattering detectors have all been employed in SEC devices. 

 The distribution provided by the SEC is analyzed to provide relevant statistical 

properties related to the polymer. Data is typically plotted as concentration versus 

retention volume (VR), where retention volume is the product of time and the solvent 

flow rate. A set of known, monodisperse standards are used to create a calibration curve 

for the SEC. This provides an empirical relation between retention volume and 

molecular weight (M). The number average molecular weight (Mn), weight average 

molecular weight (Mw) and the polydispersity index (PDI) of the polymer may be 

calculated from the distribution using the following equations
3, 5

: 

 






i i

i

i

i

N

M
c

c

M  (2.6) 



29 

 

 

 





i

i

i

ii

W
c

Mc

M  (2.7) 

There exists a fundamental limitation to this approach in that hydrodynamic volume 

varies with molecular weight differently for dissimilar polymer repeat units and 

architecture types. This can be circumvented by assuming VR is only dependent on Vh. 

This assumption provides the means for universal calibration. The Mark-Houwink-

Sakurada equation may be employed to calculate the molecular weight of a material 

other than the standard.
6
 Light scattering detectors placed on a SEC column may 

determine an unambiguous Mw value for any polymer. This does require knowledge of 

additional optical properties, most notably the change in refractive index with a change 

in concentration.
3
 

 The shape of the molecular weight distribution curve provides insight into 

mechanisms occurring during the polymerization reaction. Ideally, the molecular weight 

distribution would be a Poisson distribution centered on Mn for a controlled 

polymerization reaction.
3
 A tailing of the curve towards lower molecular weights may 

indicate transfer reactions or polymer degradation. A bimodal distribution may indicate 

incomplete initiation of a macroinitiator. 

 

2.3.2:  Nuclear Magnetic Resonance Spectroscopy 

 Nuclear magnetic resonance (NMR) spectroscopy is a powerful form of 

spectroscopy that is widely used to determine the structure of organic molecules. This 

technique measures the absorption of electromagnetic radiation of nuclei in a magnetic 

field. Nuclei may be described by their quantum spin number, I. 
1
H, 

13
C, and 

19
F contain 
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nuclei with I = ±½ and uniform charge distribution. In an external magnetic field the 

nuclear magnetic moments will either align parallel (low-energy state) or anti-parallel 

(high-energy state) to the field.
7
 There exists a slight excess of nuclei in the lower 

energy state and this difference follows a Boltzmann distribution. The nuclear magnetic 

moments precess around the axis of the magnetic field with a frequency known as the 

Larmor frequency. An electromagnetic pulse is applied normal to the magnetic field 

causing the net magnetization of the sample to lie within the plane of a detector. The 

nuclei continue to precess at their Larmor frequency while the magnetic moment relaxes 

back to the ground state. The detector measures the oscillating decay of the magnetic 

moment as a function of time and the result is known as the free induction decay (FID).
7
 

The FID is converted into the frequency domain with a Fourier transform for analysis. 

 Fourier transformations of FIDs would produce only one peak if all nuclei were 

equivalent. In reality, the electron cloud shields each nucleus to a small extent. The 

magnitude of the shielding is directly related to the chemical environment of the nuclei. 

Nuclei in close proximity to electron donating groups are shielded and have resonance 

peaks at higher relative frequencies. Conversely, if a nucleus is in close proximity to 

electron withdrawing groups it is de-shielded and has a resonance peak at a lower 

relative frequency. The ratio of this shift in resonance frequency to the frequency of the 

electromagnetic pulse applied is known as the chemical shift (δ) and is a key element in 

structure determination.
8
 Chemical shift is only dependent on the local chemical 

environment and thus will not vary across different pulse frequencies. Fourier 

transforms of FIDs are generally normalized to produce a plot of intensity as a function 

of δ. In 
1
H NMR, the area under each peak of the FID is directly proportional to the 
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number of protons in a certain chemical environment. Further, the type of peak (singlet, 

doublet, triplet, etc.) identifies how many protons are in close proximity. 

 End group analysis is an alternative method for determining the number average 

molecular weight of a polymer. Unlike SEC, end group analysis does not provide a full 

molecular weight distribution. Knowledge of the area under a resonance peak in 
1
H 

NMR is exploited to determine the number of repeat units in a polymer. The number of 

hydrogen atoms must be explicitly known on one end of a polymer. The peak is then 

normalized by the number of protons sharing the same chemical environment (i.e. a 

methyl peak would be divided by three). A peak corresponding to a set of protons on 

the repeat unit is chosen, normalized, and the ratio of this peak to the area of the end 

group protons provides the number of repeat units. In general, any group in the polymer 

could be used. However, end groups are usually easiest to quantify accurately. There 

exists a limitation in end group analysis. As the molecular weight of a polymer 

increases, the concentration of end groups decreases relative to the number of repeat 

units. Peaks corresponding to protons on the end group may lack sufficient intensity to 

quantify accurately. 

 

2.3.3:  Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) is an analytical technique that measures 

the quantity and direction of heat flow into a sample as a function of temperature. The 

sample and a reference material of known heat capacity are placed into identical pans. 

The rate of heat flow is adjusted such that the sample and reference material maintain 

equivalent temperatures over a broad range of scanning temperatures. The rate of heat 
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flow is proportional to the current supplied to an electric heating element and is 

straightforward to measure. Certain key features of a DSC trace indicate differing 

thermal transitions. A pseudo-step increase in heat flow indicates a glass transition and 

the midpoint of the transition is often defined as the glass transition temperature, Tg. An 

exothermic peak indicates that some of the sample has crystallized upon heating and an 

endothermic peak indicates the crystalline portion of the material has melted. 

Integration of the exothermic and endothermic peaks provides the latent heats of 

crystallization and melting. The area under the exothermic peak is proportional to the 

extent of crystallization.
9
 Every polymer will display a glass transition temperature, but 

not all polymers will have crystallization and melting temperatures. DSC scans of block 

copolymers may contain several glass transition, crystallization, and melting 

temperatures corresponding to the individual block components. 

 

2.4:  Epoxy Network Formation 

2.4.1:  Epoxy Network Type 

Epoxies are thermoset networks typically formed by the reaction of a 

difunctional resin with a multifunctional curing agent.
10, 11

 The resin is normally a 

diglycidyl ether of bisphenol-A (DGEBA).
10

 Curing agents generally contain amine, 

phenol, mercaptan, or isocyanate groups and have an average functionality greater than 

two.
12

 Network formation proceeds through a step-growth polymerization and the 

critical extent of reaction necessary for network formation is found using the following 

equation
3
: 

 
 2

1




frr
pc


 (2.8) 
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where r is the molar ratio of the curing agent to the resin, ρ is the fraction of reactive 

groups that come from the multifunctional curing agent (usually one), and f is the 

functionality of the curing agent. 

Previous investigations of block copolymer-modified epoxies have focused on 

using a simple two part epoxy. A three component network has been investigated as a 

tool to establish what effect network architecture has on the thermal and mechanical 

properties of epoxy thermosets. The system can be described as containing an epoxy 

resin, a multifunctional curing agent, and a difunctional chain extender. The resin and 

curing agent react to form network junction points while the resin and chain extender 

react to control the distance between junction points. The crosslink density of the 

resulting network can be controlled by varying the ratio of curing agent to chain 

extender while keeping the stoichiometry of all of the reactants balanced. Equation 2.8 

is still valid for predicting the extent of cure needed for network formation, though 

addition of a chain extending species will cause ρ to be less than one. Assuming 

complete conversion of all reactants, the average molecular weight between crosslinks 

(Mc) and the average crosslink functionality (fc) can be predicted. The equation for 

determining Mc is
13

:
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where Me is the epoxide equivalent weight of the resin, f is the functionality of the 

crosslinker/chain extender, Mf is the molecular weight of the fth functional 

crosslinker/chain extender, and Φf is the mole fraction of reactive sites provided by the 
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fth functional crosslinker/chain extender. The average crosslink functionality is 

determined using the following equation
13

: 


















3
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f

f

f
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c

f

f  (2.10) 

where f is the functionality of the crosslinker and Φf is the mole fraction of reactive sites 

provided by the fth functional crosslinker. 

 

2.4.2:  Sample Preparation 

The epoxy resin used for this study was a diglycidyl ether of bisphenol-A based 

epoxy (D.E.R. 332) provided by the Dow Chemical Company. A trifunctional 

crosslinker, 1,1,1-tris(4-hydroxyphenyl)ethane (THPE, Aldrich), and difunctional 

extender, bisphenol-A (Parabis, Dow Chemical), were used to systematically alter the 

network crosslink density. Ethyltriphenylphosphonium acetate (70 wt.% in methanol) 

was purchased from Alfa Aesar and used as a catalyst to decrease cure time. All 

chemicals were used as received. The chemical structures of the epoxy resin, curing 

agent, and chain extender and provided in Figure 2.2. 

Each neat or block copolymer-modified epoxy sample was produced by solvent 

casting. Block copolymer was placed in a round bottom flask and dissolved in acetone 

(23 ml of acetone for a 40 g batch of epoxy) at room temperature and stirred until 

complete dissolution, followed by addition of THPE, Parabis, and D.E.R. 332. Once all 

of the components were completely dissolved, the solvent was removed by dynamic 

vacuum. The solvent extraction process typically consisted of pulling vacuum for one 
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Figure 2.2 Chemical structures of the components of the epoxy thermoset investigated.  

 

 

hour at room temperature, one hour at 50 °C, one hour at 70 °C, and then gradual 

heating to 130 °C to ensure full removal of the solvent. Catalyst was added to this 

mixture (10 μl of the catalyst solution per 40 g batch solvent free monomer) at 130 °C, 

followed by stirring for two minutes after which the mixture was poured into a mold 

that had been preheated to 130 °C. The epoxy-filled mold was placed into an oven and 

heated to 200 °C for two hours, then slowly cooled to room temperature in the oven. 
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2.5:  Morphological Characterization 

2.5.1:  Transmission Electron Microscopy 

 Transmission electron microscopy (TEM) is a form of electron microscopy that 

provides direct visualization of specimens at the nanometer length scale. High energy 

electrons are generated in a TEM from an electron gun and are focused by 

electromagnets onto the sample surface. Electrons may pass though the sample to the 

detector or are deflected by the electrons of atoms within the sample. Almost all of the 

electron scattering is elastic (the electron does not lose energy when scattered) and the 

probability of scatter from atoms in a specimen with thickness t may be defined
14

 as: 
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where Q is the number of scattering events per unit distance, c is a constant, NA is 

Avogadro’s number, A is the atomic mass, Z is the atomic number, Eo is the electron 

beam energy, θ is the scattering angle, and ρt is a quantity known as mass-thickness. 

Electrons passing through the sample strike a phosphorous viewing screen causing the 

phosphor to luminesce. Differences in local electron density within a TEM sample lead 

to the contrast observed on screen. A charge-coupled device (CCD) camera is used to 

capture the image digitally. 

 TEM samples must be thin (50-150 nm) to allow adequate transmission of 

electrons. The epoxy resin, curing agent, chain extender, and diblock copolymers used 

in this investigation are comprised exclusively of carbon, hydrogen and oxygen atoms. 

These atoms do not deflect a large portion of the incident electrons and there exists little 
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contrast between the epoxy and block copolymer domains. A heavy metal staining 

agent is selectively incorporated into specific domains, improving contrast by 

increasing the electron density. Vapors from a 0.5 weight percent aqueous solution of 

RuO4 were used to stain epoxy samples containing OP block copolymers. RuO4 

preferentially stains PEO, then the epoxy, then PEP for the epoxy system examined.
15

  

 Block copolymer-modified epoxy samples examined by TEM were first 

microtomed at room temperature using a Reichart Ultra Microtome fitted with a 

diamond knife. The epoxy samples were fashioned into a rectangular pyramid with a 

fresh razor blade and the face of the sample was polished by slicing 0.35 μm sections. 

Ultra-thin sections (ca. 70 nm) were then sliced, floated on distilled water, and blotted 

onto 400 mesh copper grids. Copper grids containing the microtomed epoxy samples 

were stained at room temperature with vapor from a 0.5 wt.% aqueous solution of RuO4 

for 8-10 minutes. The stained samples were imaged with a JEOL 1210 TEM using an 

accelerating voltage of 120 kV. Sample that were sliced too thick (200-300 nm) did not 

provide adequate transmittance of electrons and did not offer enough contrast to 

determine the of the block copolymer structure. Similarly, staining the samples much 

longer than 10 minutes will incorporate too much RuO4 into the sample, reducing the 

contrast between the epoxy network and the block copolymer micelles. 

 

2.5.2:  Small Angle X-Ray Scattering 

 Transmission electron microscopy is an excellent tool for developing real space 

images, but it may not be practical in all cases. Epoxy samples that are uncured may 

evaporate under the ultrahigh vacuum found within a TEM, contaminating the column. 
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Additionally, epoxy samples containing a significant portion of block copolymer may 

be too delicate to properly microtome thin samples. To circumvent these problems, 

small angle x-ray scattering (SAXS) has been applied to the study of macromolecules 

and is a well-established technique for determining the ordering of block copolymers in 

the bulk or in solution.
16-22

  

 Incident radiation in the form of x-rays is directed through a sample exciting 

electrons.
23

 The incident radiation, with a wave vector ki, interacts with a scattering 

center with a scattering length bo. The scattered wave, kf, exits at an angle θ to the 

initial wave vector. For the purposes of this study, only elastic scattering events were 

considered; the magnitude of the scattered wave vector is equal to the magnitude of the 

incident wave vector, but there is a momentum change as the direction of the scattered 

wave vector has changed. The momentum transfer vector (q) is then defined as the 

difference between the emitted (kf) and incident (ki) wave vectors: 

 q = ke - ki (2.12) 

The scattering event is illustrated in Figure 2.3 

 

 

Figure 2.3 Vector representation of a scattering event. The scattering wave vector q is defined as the 

difference between the scattered (kf) and the incident (ki) wave vectors. 

ki 

kf 

q 

ki 

θ 
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The incident x-rays have a wavelength λ, thus the magnitudes of kf = ki = 


2
 and the 

magnitude of the momentum transfer vector q is: 

 









2
sin

4 




qq  (2.13) 

 The amplitude of scattered x-ray radiation from an ensemble of scattering 

particles located by vectors ri with scattering length bi is given
23

 by: 

     irqq  ibf i exp   (2.14) 

The scattered intensity I(q) is proportional to the square of the scattering amplitude 

defined in equation 2.14: 

       


N

j

N

k kj ibbI
1 1

exp kj rrqq  (2.15) 

Taking the Fourier transform of equation 2.14 will provide a relation dependent on q.
23

 

For a collection of micelles, it can be shown
23

 that the Fourier transform of the 

scattering function may be split into terms describing intra-micellar correlations (P(q)) 

and inter-micellar correlations (S(q)) and the q-dependent intensity is reduced to: 

        qSqPNqI
2

  (2.16) 

Where N is the number of scattering particles and Δρ is the difference in scattering 

length densities. Expressions for P(q) and S(q) have been developed for a variety of 

geometries and particle interactions and may be found elsewhere.
23-25

  

 In this thesis, SAXS data were collected from a series of block copolymer-

modified epoxies before and after cure. SAXS experiments were conducted at the 
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Argonne National Laboratory using equipment maintained by the DuPont-

Northwestern-Dow Collaborative Access Team. Experiments were conducted with an 

x-ray wavelength of 0.7293 Å and a sample-to-detector distance of 6.53 m. Data were 

acquired at room temperature using a Mar CCD area detector. Block copolymer-

modified epoxy samples were tested in cured or uncured states without any further 

thermal treatment. 

 

2.6:  Mechanical Properties 

2.6.1:  Compact Tension Testing 

 Fracture toughness of an epoxy is an important material property and is a key 

factor in determining which applications may be suitable for the material. Two 

measures of fracture toughness are the critical stress intensity factor, Kc, and the critical 

strain energy release rate, Gc. Kc is a measure how much stress can be concentrated at a 

crack tip prior to crack propagation and Gc measures how much energy is required to 

create new surface area during crack propagation. The three general modes of crack 

surface displacement are depicted in Figure 2.4. 

In this thesis, Kc and Gc were determined using Mode I testing via plane strain 

fracture of samples machined into a compact tension geometry. The method for testing 

compact tension samples has been adapted from ASTM Standard D5045 and will be 

presently summarized. Samples of the block copolymer-modified epoxy were machined 

into the geometry demonstrated in Figure 2.5. 
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Figure 2.4 The three principle modes of fracture for a material. Stress is applied normal to the crack 

plane (Mode I), parallel to the plane of the crack and perpendicular to the crack front (Mode II), or 

parallel to the plane of the crack and parallel to the crack front (Mode III). Reproduced from [26]. 

 

  

Figure 2.5 Schematic of the compact tension geometry employed in fracture toughness tests.  

Compact tension samples typically had a thickness (B) of ca. 4 mm, a width (W) 

of ca. 12.00 mm, and a pre-crack notch length (a) of ca. 4 mm. Sample dimensions were 

chosen to place the crack tip in a state of plane-strain.
27

 This ensures that the peak loads 

observed at failure will represent the minimum force required for fracture.
28

 A sharp 

crack is initiated into each sample by tapping a fresh liquid nitrogen-cooled razor blade 
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with a mallet into the notch. A new razor blade should be used to initiate each crack to 

prevent crack tip blunting. Care must be taken when making the pre-crack; if the ratio 

of a/W is greater than 0.55 or less than 0.45, conditions for plane strain testing are not 

met and the test results are not valid.
27

 Samples were loaded into an Instron Testing 

System (model 1001). The crack was propagated through the sample by applying force 

uniaxially to maintain a constant strain rate of 10 mm/min. A voltage output was 

converted into an applied load and a plot of load as a function of displacement was 

generated. The load vs. displacement curve must be linear for the equations applied 

below to be valid. 

 The critical stress intensity factor and the critical strain energy release rate are 

functions of material properties and test geometries that must be precisely measured. 

The critical stress intensity is calculated
28

 using equation 2.17: 

 )/(
2

1
Waf

BW

P
K

Q

Ic   (2.17) 

where a, B, and W are the dimensions shown in Figure 2.5, PQ is the peak load in the 

displacement vs. load curve, and f(a/W) is defined
27

 as: 
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where x has replaced the ratio of a/W for simplicity. The critical strain energy release 

rate is calculated
28

 using Equation 2.19: 
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where ν is Poisson’s ratio (taken to be 0.34
28

) and E is elastic modulus determined from 

dynamic mechanical analysis. Compact tension tests were conducted at room 

temperature and at least five samples from each epoxy plaque were tested. 

 

2.6.2:  Dynamic Mechanical Analysis 

Dynamic mechanical analysis (DMA) measures the molecular motion of 

polymers and provides a method for characterizing viscoelastic properties as a function 

of temperature. A small sinusoidally varying stress is impressed upon a test sample and 

the resulting strain is measured over a range of temperature or frequencies.
29

 The 

resulting behavior is resolved into the in-phase elastic-like behavior and the out-of-

phase viscous-like behavior. The storage modulus (G’) governs elastic behavior while 

the loss modulus (G’) governs viscous behavior. Viscoelastic response may also be 

resolved into the flexural elastic modulus (E’) and flexural viscous modulus (E”), 

depending on the test geometry employed. The loss tangent is defined as: 

 '/"tan EE  (2.20) 

A peak in tan δ occurs when the impressed frequency matches the frequency of 

molecular relaxation through thermally activated processes.
29

 The polymer chains 

contain enough thermal energy that they are able to respond and relax to the 

deformation at the same frequency of the deformation. This peak is linked to the glass 

transition temperature through the relation: 

   max,TTg  (2.21) 
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where β is approximately 20 °C.
30, 31

  

 A three-point bending geometry was the preferred testing geometry for this 

study and the test is briefly depicted in Figure 2.6. Epoxy test samples were loaded into 

a Rheometrics Scientific Mark IV Dynamic Mechanical Testing Apparatus. The two 

ends of the sample were placed on parallel beams while the center of the sample was 

deflected by an oscillating third point. 

 

Figure 2.6 Diagram of the three point bending test used in DMA measurements. 

 

Epoxy samples were cut into 28 mm x 4 mm x 2 mm rectangular bars for three-point 

bending tests. Tests were performed at room temperature using a frequency of 10 rad/s 

and a strain of 0.01%.
 

 

2.7:  Fractography 

2.7.1:  Scanning Electron Microscopy 

 Scanning electron microscopy (SEM) is a form of electron microscopy used to 

obtain high-resolution images of the fracture surface of epoxy samples. The images 

obtained were used in post-mortem analysis of the fracture mechanics of the epoxy 

samples.
32

 SEM utilizes short wavelength electrons to probe surface dimensions and 

provides a means of direct imaging at the nanometer length scale. High energy electrons 
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(5 keV) are generated from an electron gun and pass through a series of electromagnetic 

lenses that condense, align, and focus the electron beam onto the sample. The electron 

beam is scanned across the sample surface in a raster and induces phenomena such as 

secondary electrons, backscattered electrons, x-rays, and auger electrons. Secondary 

electrons have low kinetic energy and only a small proportion of the electrons formed 

are available for detection. The electrons available for collection are generated very near 

the sample surface.
33

 The shallow penetration depth results in an electron signal that 

varies over topology. Secondary electrons provide the most effective method for 

obtaining high contrast surface images and are the preferred SEM operational mode 

used in this thesis. Sample resolution is related to the raster produced by the SEM and 

can be adjusted by controlling the electron beam spot size, scanning rate, and working 

distance (the distance between the sample and the final lens). It is important to note that 

as the working distance is increased, the thickness of the specimen that remains in 

acceptable focus decreases.  

Epoxy fracture surfaces were coated with 50 Å of platinum to prevent charging 

by the electron beam. The surfaces were imaged with a JEOL 6500 FEG-SEM using a 5 

kV accelerating voltage and a working distance of 10 mm. The process zone just ahead 

of the crack tip was located at low magnification (100-500X) and images were obtained 

at a magnification of 20k to 40k times. An Everhart-Thornley detector was employed to 

collect and analyze the secondary electron signal. 
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2.7.1:  Double-Notch Four-Point Bending Test 

The study of fracture mechanics in block copolymer modified epoxies typically 

has been confined to post-mortem analysis of fracture surfaces using various 

microscopy techniques.
30, 34, 35

 These techniques have been beneficial in proposing the 

types of mechanisms that may occur in the modified epoxy, but have not clearly 

established which mechanisms are dominant and which mechanisms may only be of 

secondary importance. The double-notch four-point bending (DN-4PB) technique has 

been developed to provide insight into what fracture mechanisms are occur near the 

crack tip by providing a means to directly visualize the crack tip just prior to crack 

propagation through a variety of microscopic techniques.
36-40

 Block copolymer-

modified thermoset samples are machined into rectangular bars and two nearly identical 

cracks are placed on the same edge of the bar equidistant from the center of the sample. 

The bar is loaded into a four-point testing apparatus as diagramed in Figure 2.7, such 

that the two cracks are subjected to a nearly similar stress state.  

 

 

 

 

Force Force 

Force Force 

Notches 

Figure 2.7 Schematic of the double-notch four point bending test. Modified-epoxy samples are machined 

into rectangular bars and two notches are placed equidistant from the center of the sample. Force is 

applied at four points until one of the cracks propagates through the material. 
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Figure 2.8 shows a cross-polarized, transmitted-light optical micrograph of the 

notches in a rubber-toughened polycarbonate DN-4PB sample.
39

  

 

 

Figure 2.8 Optical micrograph of a rubber-toughened polycarbonate sample viewed using cross-polarized 

lenses. The nearly symmetric birefringent bands indicate the stress states near the crack tips are nearly 

identical. Reproduced from [39]. 

 

The stress introduced by the four bending points induces birefringence in the material 

and the resulting birefringence patterns in the material indicate the two notches 

experience a nearly identical stresses. Process zones will begin to be form ahead of the 

crack tips as force is applied to the four bending points. Since completely identical 

cracks cannot be made, one crack will propagate through the material leaving the 

second crack arrested in a near critical state. A cartoon of the completed test is 

diagramed in Figure 2.9. 
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Figure 2.9 Illustration of a completed double-notch four point bend test. The initial pre-crack on top has 

propagated through the material while the bottom pre-crack has been arrested just prior to propagation. 

The fracture surface may be probed using SEM while the material around the arrested crack may be 

examined using optical microscopy or TEM. Reproduced from [41]. 

 

The fracture surface in Figure 2.9 may be analyzed by SEM as described previously. 

More important information is gained by examining the sub-critical fracture zone 

around the crack that has not yet propagated. Sue, et al has reported DN-4PB studies of 

core-shell rubber-modified epoxy.
42, 43

 Representative optical and transmission electron 

micrographs of the sub-critical fracture zone are shown in Figures 2.10 and 2.11, 

respectively. The application of the DN-4PD technique helped establish that the 

dominant toughening mechanisms in the core-shell rubber-toughened epoxy are 

cavitation of the rubber particle followed by yielding of the matrix. 

Double-notch four-point bending tests and the associated optical and 

transmission electron microscopy experiments of the block copolymer-modified epoxies 

synthesized in this work were performed and interpreted by Jia (Daniel) Liu at Texas 

A&M University. Rectangular bars with dimensions of 75 mm x 12.7 mm x 3.5 mm  
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Figure 2.10 Optical micrograph of the subcritical damage zone of an epoxy modified with core-shell 

particles. The crack was arrested prior to propagation through the double-notch four-point bending test. 

Reproduced from [42]. 

 

 

 

Figure 2.11 TEM micrograph of the subcritical damage zone of an epoxy modified with core-shell 

particles. The crack was arrested prior to propagation through the double-notch four-point bending test. 

Reproduced from [43]. 
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were machined from the block copolymer-modified epoxy plaques. Cracks were 

initiated by tapping the rectangular bars with a fresh liquid nitrogen-cooled razor blade. 

testing rate of 0.02 in/min. The sub-critical fracture zone was isolated following 

procedures outlined by Holik, et al.
44

 Sections with thickness of ca. 40 μm were 

examined using an Olympus BX60 optical microscope in bright field and cross 

polarized modes. TEM samples were prepared by embedding a section containing the 

crack tip and the damage zone in Epo-Fix embedding resin for ultramicrotoming use 

(Electron Microscopy Sciences). The epoxy resin was allowed to cure and the resulting 

sample was trimmed to have surface dimensions of approximately 0.3 mm x 0.3 mm. 

The surface was polished using a diamond knife and an Ultracut E microtome. Samples 

with thickness of ca. 80 nm were collected on carbon-coated copper grids. TEM 

samples were vapor stained for 10 minutes at room temperature using a fresh 0.5 wt.% 

aqueous solution of RuO4. The TEM micrographs were obtained on a JEOL 1200 EX 

microscope using an accelerating voltage of 100 kV. 
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Chapter 3:  Morphological Behavior of OP-Modified 

Epoxies of Varying Crosslink Density 

 

 

3.1:  Introduction 

 Amphiphilic block copolymers display interesting morphological behavior when 

dispersed in dilute concentrations in a solvent
1-26

 or homopolymer
27-33

 that is miscible 

with only one block. The covalent bond connecting the two blocks inhibits macrophase 

separation of the immiscible block and leads the block copolymer to self-assemble into 

distinct, well dispersed structures. This behavior closely resembles that of low 

molecular weight amphiphiles such as soaps, lipids, or surfactants.
34, 35

 The size and 

shape of these structures is strongly dependent on the molecular weight, composition, 

architecture, and concentration of the dispersed block copolymer. In a strongly selective 

solvent such as water
15-20

 or an ionic liquid
2-4

, the block copolymer will self-assemble to 

form a variety of micellar structures such as vesicles (curved bilayers), wormlike 

micelles (cylinders), or spherical micelles. Regions of coexistence marking the 

transition from vesicles to cylinders, or cylinders to spheres have been observed in 

aqueous dispersions of block copolymers.
15, 16, 20

 

Recent work has been undertaken in the study of block copolymer behavior in 

epoxy resins.
36-58

 In these systems, the epoxy resin acts as a low molecular weight 

diluent and selectively solvates one block. Multifunctional curing agents can be added 

and the resulting composite system is cured to create block copolymer-modified epoxy. 
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However, curing an epoxy containing a block copolymer complicates analysis of the 

micellar structure when compared to other block copolymer/solvent or block 

copolymer/homopolymer systems. Lipic et al. posited that the curing process causes a 

partial de-wetting of the miscible block from the epoxy network.
38, 59

 Sun studied the 

cure behavior of an epoxy modified with a poly(ethylene oxide)-b-poly(propylene 

oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymer.
51

 Portions of the 

epoxy-philic block (PEO) were expelled from the epoxy matrix during cure and formed 

a shell around the PPO core. Sun estimated the dimensions of the PEO shell to be 

between 0.4 and 0.6 nm. The size of the shell was independent of the length of the PEO 

block while the overall size and shape of the micelle remained dependent on the length 

and composition of the PEO-PPO-PEO block copolymer. 

 Typical studies on the morphology of block copolymer-modified epoxy have 

been conducted in systems containing only an epoxy resin and a multifunctional curing 

agent.
60

 A variety of micellar morphologies were observed by changing the overall 

molecular size of the block copolymer
43, 61

, the length of the epoxy miscible block
46, 47, 

52, 56, 62
, or the concentration

42, 43
 of the block copolymer in the epoxy network. Micellar 

structures other than vesicles, wormlike micelles, or spherical micelles were produced 

by adding a third epoxy immiscible block.
45, 49

 Previous work has demonstrated that a 

change in curing agent may bring about a change in microphase structure
63

, or even 

cause macrophase separation
48, 50

, but there has been no systematic work on 

understanding the morphological behavior of amphiphilic block copolymers in epoxies 

of systematically varying crosslink density. This chapter examines the morphological 

behavior of a series of poly(ethylene oxide)-b-poly(ethylene-alt-propylene) (OP) block 
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copolymers dispersed in a series of epoxy networks with molecular weight between 

crosslinks (Mc) varying from 600 g/mol to 5,700 g/mol. This allowed for the 

investigation of the morphological behavior of the block copolymers as a function of 

the length of the PEO block and the structure of the epoxy network. The crosslink 

density of each epoxy was controlled by varying the relative amount of crosslinking and 

chain extending molecules that react with the epoxy resin. Block copolymer-modified 

epoxies were directly visualized using transmission electron microscopy (TEM) and 

pre-cured and post-cured samples of select block copolymer-modified epoxies were 

investigated using small angle x-ray scattering (SAXS). 

 

3.2:  Experimental 

 The OP block copolymers investigated in this studied were prepared using 

anionic synthesis techniques developed by Hillmyer and Bates described in Chapter 2.
64

 

Two master batches of hydroxy-terminated poly(ethylene-alt-propylene) (PEP) were 

synthesized to create block copolymers of differing molecular size. Increasing amounts 

of poly(ethylene oxide) were grown from the PEP master batches to produce OP block 

copolymers with varying lengths of the epoxy miscible block. Additionally, the use of 

large master batches permitted the production of multiple block copolymers on scales in 

excess of 40 grams. This is advantageous as the modified epoxies were produced in 40 

gram batches with a block copolymer loading of 5 percent by weight. Molecular 

characteristics of the block copolymers investigated in this study are listed in Table 3.1. 

The naming convention employed for block copolymers used in this thesis is as follows: 

the two letters designate the type of block copolymer, the first number in parentheses 
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refers to the molecular weight of the first block (in kg/mol) and the second number 

refers to the molecular weight of the second block (in kg/mol). Thus, a PEO-PEP block 

copolymer with a 3.3 kg/mol PEO block and a 5.0 kg/mol PEP block reduces to OP(3.3-

5.0). 

Table 3.1 Molecular Characteristics of OP Polymers. 

 

Block Copolymer 
 

Composition
a
 

 
Mn

b
 

(g/mole) 
PDI

c
 

 
wEO

d
 

 

fEO
e
 

 

OP(1.9-5.0) PEO39PEP72 6,900 1.05 0.28 0.20 

OP(2.3-5.0) PEO 53 PEP 72 7,300 1.06 0.32 0.25 

OP(2.7-5.0) PEO 62 PEP 72 7,700 1.08 0.35 0.29 

OP(3.3-5.0) PEO 75 PEP 72 8,300 1.08 0.40 0.33 

OP(20-36) PEO 455 PEP 515 56,000 1.09 0.36 0.29 

OP(28-36) PEO 637 PEP 515 64,000 1.07 0.44 0.37 

 

a
 Number of PEO and PEP repeat units as determined by 

1
H NMR spectroscopy 

b
 Total polymer number average molecular weight 

c
 Polydispersity index from SEC using polystyrene standards 

d
 Weight fraction of the EO block as determined by 

1
H NMR spectroscopy 

e
 Volume fraction of the EO block at room temperature calculated using ρEO = 1.065 

g/cm
3
 and ρEP = 0.79 g/cm

3
 

  

The epoxy resin used for this study was a diglycidyl ether of bisphenol-A based 

epoxy (D.E.R. 332) provided by the Dow Chemical Company. The trifunctional 

crosslinker 1,1,1-tris(4-hydroxyphenyl)ethane (THPE, Aldrich) and difunctional 

extender bisphenol-A (Parabis, Dow Chemical) were used to systematically alter the 

network crosslink density. Ethyltriphenylphosphonium acetate (70 wt.% in methanol) 

was purchased from Alfa Aesar and used as a catalyst to decrease cure time. All 

chemicals were used as received. 
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Block copolymer loading in each epoxy specimen discussed in this chapter was 

5% by weight. The epoxy formulations were designed based on the theoretical 

molecular weight between crosslinks (Mc), calculated from the stoichiometry of the 

reactants assuming full conversion. The equation for predicting
65

 Mc is:
 































3

2

2

f

f

f

f

f

e

c

f

M
M

M  (3.1) 

where Me is the epoxide equivalent weight of the resin, f is the functionality of the 

crosslinker/chain extender, Mf is the molecular weight of the fth functional 

crosslinker/chain extender, and Φf is the mole fraction of hydroxyl groups provided by 

the fth functional crosslinker/chain extender. 

Each epoxy plaque was prepared by solvent casting. The block copolymer was 

placed in a round bottom flask and completely dissolved in acetone, followed by 

addition of THPE, Parabis, and D.E.R. 332. Solvent was removed under dynamic 

vacuum (P = 60 mtorr) first at room temperature, then while gradually heating to 130 °C 

to ensure full removal of the solvent. The catalyst was added to this mixture (10 μl of 

the catalyst solution per 40 g batch solvent free monomer) at 130 °C, followed by 

stirring for two minutes after which the mixture was poured into a mold that had been 

preheated to 130 °C. The epoxy filled mold was placed into an oven and heated to 200 

°C for two hours, then slowly cooled to room temperature.  

Pre-cured samples of block copolymer-modified epoxy used in SAXS 

experiments followed the solvent blending and removal protocols outlined above. Block 

copolymer, THPE, Parabis, and D.E.R 332 were sequentially dissolved in acetone in a 
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round bottom flask. The flask was attached to a dynamic vacuum while being slowly 

heated to 130 °C. Once the solvent had been fully removed, the pre-cured epoxy sample 

was poured into a vial and stored in a refrigerator maintained at 4 °C until the 

preparation of the SAXS samples. 

Morphologies of cured block copolymer-modified epoxies were established 

using TEM. A representative portion of the plaque was microtomed at room 

temperature using a Reichart Ultra Microtome fitted with a diamond knife. Thin 

sections (ca. 70 nm) were floated on water, transferred to a copper grid, then stained 

with vapor from a 0.5 wt.% aqueous solution of RuO4 for 8-10 minutes. RuO4 

preferentially stains PEO, then the epoxy, then PEP for the system examined.
66

 Stained 

samples were imaged with a JEOL 1210 TEM using an accelerating voltage of 120 kV.  

TEM images were analyzed using JMicroVision (ver. 1.3.2) image analysis 

software. At least three TEM micrographs were analyzed from each block copolymer-

modified epoxy. Line intensity profiles were placed across the block copolymer 

structures using the JMicroVision software. Line intensity profiles show a clear 

decrease in intensity across the epoxy/PEO interface. As shown in equation 2.9, the 

probability of electron scattering from an atom in thin TEM sample is proportional to 

the square of the atomic number of the atom.
67

 RuO4 preferentially stains the PEO 

chains and the decrease in intensity results from ruthenium scattering a large number of 

electrons from the TEM electron beam. Representative line profiles across a block 

copolymer vesicle, wormlike micelle and spherical micelle are shown in Figure 3.1. The 

line profiles were used to measure the diameters of the spherical and cylindrical 

micelles and the overall diameter of vesicles. Ellipsoidal structures were observed in 
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some lightly crosslinked block copolymer-modified epoxies. Measurements of the 

major axis of these structures are reported. At least 60 micelles were analyzed from the 

TEM micrographs to determine the size of the structures in each block copolymer-

modified epoxy. Uncertainty values reported are the standard deviation of the micelle 

lengths measured using the image analysis software. 

   

Figure 3.1 Illustration of a typical line profile across a block copolymer structure. The distinct drop in 

intensity can be used determine the block copolymer/epoxy interface 

 

SAXS experiments of pre-cured and post-cured samples of block copolymer-

modified epoxy were performed at the Argonne National Laboratory using equipment 

maintained by the DuPont-Northwestern-Dow Collaborative Access Team. Experiments 

were conducted with an x-ray wavelength of 0.7293 Å and a sample-to-detector 

distance of 6.53 m. The block copolymer modified epoxy samples were examined in 

their uncured and cured states without any additional thermal treatment. 
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3.3:  Results and Analysis 

TEM micrographs of cured epoxies containing 5 wt.% of OP(3.3-5.0) block 

copolymer are presented in Figure 3.2. The block copolymer was dispersed in a series 

of epoxies with Mc values ranging from 600 g/mol to 5,700 g/mol. The block copolymer 

has self-assembled to form spherical micelles with diameters ranging from 15-20 nm. 

The diameters of the spherical micelles are plotted as a function of molecular weight 

between crosslinks of the epoxy in Figure 3.3. The diameters of the micelles are similar 

to OP spherical micelles in phenol novolac (PN) or 4,4’-methylenedianiline (MDA) 

cured epoxies reported by Dean et al.
46, 47, 62

 The size and shape of the self-assembled 

block copolymer micelles do not vary statistically as the molecular weight between 

crosslinks changes. 

More complicated morphological behavior arising from the addition of 5 wt.% 

of OP(2.7-5.0) block copolymer to epoxies of varying crosslink density is presented in 

Figure 3.4. OP(2.7-5.0) has a poly(ethylene oxide) volume fraction of 0.29 and forms 

spherical micelles in an epoxy with an Mc value of 600 g/mol. Decreasing the length of 

the PEO block did not alter the size of the spherical micelles. The average diameter of 

the spherical micelles is 16.4 nm, nearly identical to the epoxies containing 5 wt.% of 

the OP(3.3-5.0) block copolymer. 
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Figure 3.2 TEM micrographs of epoxies containing 5 wt.% OP(3.3-5.0) block copolymer. The 

micrographs are of epoxies with Mc values of (a) 600 g/mol, (b) 900 g/mol, (c) 1,600 g/mol, (d) 2,900 

g/mol, (e) 3,700 g/mol, and (f) 5,700 g/mol. Scale bars represent 100 nm. 

a b 

c d 

e f 
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Figure 3.3 Diameters of the OP(3.3-5.0) spherical micelles as a function of the molecular weight between 

crosslinks (Mc) of the epoxy. There is no statistical change in size or shape of the micelles as the epoxy 

Mc increases. Error bars represent the standard deviation of the diameters measured by image analysis. 

 

 

Similarities between the morphological behavior of the OP(2.7-5.0) and the 

OP(3.3-5.0) modified epoxies end once the epoxy crosslink density is reduced, i.e. Mc is 

increased. OP(2.7-5.0) block copolymer formed elongated structures as the epoxy Mc 

value is increased from 900 g/mol to 2,900 g/mol. The micelles formed increase in 

length with a reduction in the epoxy crosslink density. The block copolymer forms what 

appear to be flattened vesicles or disk-like structures with a further reduction in the 

epoxy crosslink density. TEM micrographs taken at different locations of an OP(2.7-

5.0)-modified epoxy with an Mc of 3,700 g/mol are shown in Figure 3.5. 
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Figure 3.4 TEM micrographs of epoxies containing 5 wt.% OP(2.7-5.0) block copolymer. The 

micrographs are of epoxies with Mc values of (a) 600 g/mol, (b) 900 g/mol, (c) 1,600 g/mol, (d) 2,900 

g/mol, (e) 3,700 g/mol, and (f) 5,700 g/mol. Scale bars represent 100 nm. 

c d 

e f 

b a 
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Figure 3.5 TEM micrographs of epoxies containing 5 wt.% OP(2.7-5.0) block copolymer. The 

micrographs are of epoxies with a Mc value of 3,700 g/mol and were obtained at different locations within 

the same TEM grid. Scale bars represent 100 nm. 

 

Further reduction of the epoxy crosslink density favors the formation of smaller, 

circular particles. TEM micrographs of OP(2.7-5.0) modified epoxies with an Mc value 

of 5,700 g/mol could not conclusively prove whether these particles are spherical or 

disk shaped. Figure 3.4 demonstrates how the epoxy network may impact the structure 

of the dispersed block copolymer. A single block copolymer could assemble into a 

variety of structures with differing length scales depending on the crosslink density 

chosen. 

Diameters of the micelles formed by the OP(2.7-5.0) block copolymer in each  

epoxy were measured using image analysis software. The average diameters of the 

micelles are plotted in Figure 3.6. The size of the micelles increases steadily as the 

epoxy Mc is raised to 3,700 g/mol. Most notably, the length of the major axis of the 

elongated micelles increased with a reduction of epoxy crosslink density. Micelles 

formed at an epoxy Mc of 3,700 g/mol were the largest structures observed.   

a b 
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Figure 3.6 Diameters of the OP(2.7-5.0) micelles as a function of the molecular weight between 

crosslinks (Mc) of the epoxy. The major length of the micelles increases as the epoxy Mc increases to 

3,700 g/mol. Error bars represent the standard deviation of the diameters measured by image analysis. 

 

The average length of the micelles was 60 nm and there was a large variance in size.
38

  

TEM micrographs of epoxies containing 5 wt.% of OP(2.3-5.0) block copolymer are 

presented in Figure 3.7. The block copolymer self-assembles into long cylindrical 

micelles with an average diameter of 12.1 nm in an epoxy with a Mc of 600 g/mol. Low 

and high magnification micrographs of the wormlike micelles are presented in Figure 

3.8. The block copolymer composition required for wormlike micelles (fEO = 0.25) is 

similar to those reported by Dean for OP block copolymers in PN-cured epoxies.
47, 63

 

The wormlike micelles formed by the OP(2.3-5.0) diblock had contour lengths 

hundreds of nanometers long, though it is difficult to determine an average length of the 

cylinders.  
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Figure 3.7 TEM micrographs of epoxies containing 5 wt.% OP(2.3-5.0) block copolymer. The 

micrographs are of epoxies with Mc values of (a) 600 g/mol, (b) 1,600 g/mol, (c) 2,000 g/mol, (d) 2,400 

g/mol, (e) 2800 g/mol, and (f) 3,700 g/mol. Scale bars represent 100 nm. 

c d 

e f 
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Figure 3.8 TEM micrographs of epoxies containing 5 wt.% OP(2.3-5.0) block copolymer. The 

micrographs are of epoxies with a Mc value of 600 g/mol. The block copolymer self-assembled 

to form wormlike micelles with lengths spanning hundreds of nanometers. Scale bars represent 

(a) 200 nm and (b) 50 nm. 

 

The images in Figure 3.8 capture the block copolymer micelles as they existed in the 

thin slice of epoxy used for TEM. 

A striking change in the block copolymer morphological behavior becomes 

evident as the crosslink density of the OP(2.3-5.0) modified epoxies is decreased. The 

block copolymer interface appears to flatten and the OP diblock assembles into a 

bilayer or vesicle structure. A coexistence of these structures and wormlike micelles is 

evident in modified epoxies with Mc values of 1,600 and 2,000 g/mol. Further reduction 

of the crosslink density suppresses the formation of wormlike micelles and instead 

favors a flattened vesicle or disk-like structure, similar to those observed in OP(2.7-5.0) 

modified epoxies with Mc values of 3,700 g/mol. The OP(2.3-5.0) block copolymer 

assembled into cylinders hundreds of nanometers long in a highly crosslinked system, 

while it formed circular structures with diameters approximately 60 nm long in less 
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densely crosslinked networks. Diameters of the bilayer or disk-like structures are 

plotted in Figure 3.9. The standard deviation of the structure diameter was greater than 

10 nm for each epoxy investigated. Broad distributions in vesicle sizes have been 

observed in previous block copolymer-modified epoxy systems.
15-17, 20

 The size and 

standard deviation of the diameters does not appear to be greatly affected by the 

crosslink density of the epoxy. 
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Figure 3.9 Vesicle diameters of OP(2.3-5.0) micelles as a function of the epoxy Mc. Error bars represent 

the standard deviation of the diameters measured by image analysis. 

 

 TEM micrographs of epoxies containing 5 wt.% of OP(1.9-5.0) block 

copolymer are displayed in Figure 3.10. The length of the poly(ethylene oxide) block 

has been reduced to the point that vesicles with diameters ranging from 30 to 100 nm 

are formed in highly crosslinked epoxies. 
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Figure 3.10 TEM micrographs of epoxies containing 5 wt.% OP(1.9-5.0) block copolymer. The 

micrographs are of epoxies with Mc values of (a) 600 g/mol, (b) 900 g/mol, (c) 1,600 g/mol, (d) 2,900 

g/mol, (e) 3,700 g/mol, and (f) 5,700 g/mol. Scale bars represent 100 nm. 

c d 
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Vesicles persist until an epoxy Mc value of about 2,900 g/mol. At some crosslink 

density between 1,600 and 2,900 g/mol vesicles coexist with smaller micellar structures. 

A further decrease in the crosslink density leads the block copolymer to assemble 

exclusively into ellipsoidal-shaped structures. Vesicle diameters and the length of the 

major axis for the ellipsoidal shaped structures are plotted in Figure 3.11. 
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Figure 3.11 Vesicle and ellipsoidal diameters of OP(2.3-5.0) structures as a function of the epoxy Mc. 

The block copolymer structure transitions from vesicles to ellipsoids at an epoxy Mc between 1,600 and 

2,900 g/mol. The major axis of the ellipsoids was used for measurements. Error bars represent the 

standard deviation of the diameters measured by image analysis. 

 

 

There is a distinct decrease in the structure length when the transition from vesicles to 

ellipsoidal micelles occurs. The vesicles had an average diameter of approximately 67 

nm while the major axis of the ellipsoidal micelles is approximately 38 nm. 

Additionally, the structure change reduced the standard deviation from 19 nm to 11 nm. 
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The transition from vesicles to ellipsoids may be subtle on a microscopic level, 

but it is readily noticeable to the naked eye. Epoxy plaques containing OP(3.3-5.0), 

OP(2.7-5.0), or OP(2.3-5.0) block copolymers are translucent to visible light at each of  

the epoxy crosslink densities investigated. Some structures such as wormlike micelles 

were large enough to cause the plaque to appear hazy. The vesicles formed by the 

OP(1.9-5.0) are sufficiently large to scatter light rendering the plaques an opaque, white 

color. Decreasing the crosslink density of epoxies containing the OP(1.9-5.0) block 

copolymer decreased the size of the block copolymer micelles, returning the plaques to 

a translucent state. 

OP(28-36) and OP(20-36) block copolymers were synthesized to assess the 

effect of block copolymer molecular weight on morphological behavior and toughening. 

TEM micrographs of OP(28-36) modified epoxies of varying molecular weight between 

crosslinks are presented in Figure 3.12. OP(28-36) has a poly(ethylene oxide) volume 

fraction of 0.37 and self-assembled to form spherical micelles in an epoxy with a Mc 

value of 600 g/mol. Coexistence of short cylindrical micelles and spherical micelles was 

observed in an epoxy with an Mc value of 900 g/mol and both structures persisted as the 

epoxy Mc was increased further.  

The sizes of these structures are plotted versus the molecular weight between 

crosslinks of the epoxy in Figure 3.13. Spherical micelles formed in an epoxy with a Mc 

of 600 g/mol had an average diameter of 34.9 nm. The average diameter of the micelles 

is reduced as the block copolymer forms short cylindrical micelles. 
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Figure 3.12 TEM micrographs of epoxies containing 5 wt.% OP(28-36) block copolymer. The 

micrographs are of epoxies with Mc values of (a) 600 g/mol, (b) 900 g/mol, (c) 2,900 g/mol, (d) 3,700 

g/mol, and (e) 5,700 g/mol. Scale bars represent 100 nm. 

c d 
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Figure 3.13 Spherical and cylindrical micelle diameters of OP(28-36) structures as a function of the 

epoxy Mc. The block copolymer begins to self-assemble into short cylindrical micelles at an epoxy Mc 

between 600 and 900 g/mol. Error bars represent the standard deviation of the diameters measured by 

image analysis. 

 

The core block does not have to stretch as much to maintain constant density when the 

interfacial curvature is reduced. The standard deviation of particle sizes narrowed as the 

molecular weight between crosslinks of the epoxy increased and was ultimately reduced 

by a factor of two at the highest Mc value. 

 Reducing the length of the epoxy miscible PEO block again introduces more 

interesting morphological behavior when the block copolymer is incorporated into 

epoxies of varying crosslink density. Figure 3.14 displays TEM micrographs of epoxies 

containing 5 wt.% of the OP(20-36) diblock. The block copolymer self-assembled into 

cylindrical micelles in tightly crosslinked epoxies with Mc values of 600 and 900 g/mol.   
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Figure 3.14 TEM micrographs of epoxies containing 5 wt.% OP(20-36) block copolymer. The 

micrographs are of epoxies with Mc values of (a) 600 g/mol, (b) 900 g/mol, (c) 1,600 g/mol, (d) 2,900 

g/mol, (e) 3,700 g/mol, and (f) 5,700 g/mol. Scale bars represent 100 nm. 
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A lower magnification micrograph of the wormlike micelles formed by addition 

of the OP(20-36) block copolymer in an epoxy with a Mc value of 600 g/mol is shown 

in Figure 3.15. 

 

 

Figure 3.15 Lower magnification TEM micrograph of an epoxy containing 5 wt.% OP(20-36) block 

copolymer. The modified epoxy had a Mc value of 600 g/mol. The scale bar represents 200 nm. 

 

 

OP(20-36) has a poly(ethylene oxide) volume fraction of 0.29. Wormlike micelles are 

observed at higher poly(ethylene oxide) content when the overall molecular weight of 

the diblock was increased. This trend is contrary to results observed by Jain and Bates 

in a dilute aqueous dispersion of poly(ethylene oxide)-b-poly(1,2 butadiene) (OB) block 

copolymers.
16

 Additionally the cylinders formed by the OP(20-36) block copolymer 

contain Y-junctions and loops. These structures were reported by Jain and Bates in 

aqueous dispersions of OB block copolymers
16, 18, 25

 and later demonstrated in cured 
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epoxies containing a poly(ethylene oxide)-b-poly(butylene oxide) block copolymer by 

Wu
52

. Representative micrographs of Y-junctions and loops are provided in Figure 3.16.  

 

   

Figure 3.16 TEM micrographs of epoxies containing 5 wt.% OP(20-36) block copolymer. The 

micrographs are of epoxies with a Mc value of 600 g/mol. The block copolymer self-assembled to form 

branched cylindrical micelles that contain (a) Y-junctions and (b) loops. Scale bars represent 100 nm. 

 

The wormlike micelles coexist with smaller spherical particles at a Mc value 

between 900 and 1,600 g/mol. Average diameters of the wormlike and spherical 

micelles are plotted as a function of the epoxy Mc in Figure 3.17. The spherical particles 

become the preferred packing structure as the epoxy crosslink density is further 

reduced. Short cylindrical structures may be observed, but their formation is quite 

infrequent. The average diameter of the spherical structures (22 nm) is smaller than the 

average diameter of the cylindrical micelles (34 nm), but they lie within a standard 

deviation of each other. The disparity in sizes between the spherical particles (average 

diameter of 11 nm) and wormlike micelles (contour lengths of hundreds of nanometers) 

will be addressed in the next section. 
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Figure 3.17 Cylindrical and ellipsoidal diameters of OP(28-36) structures as a function of the epoxy Mc. 

Coexistence of cylinders and ellipsoids was observed at an epoxy Mc of 1,600 g/mol. Spherical  micelles 

were the predominant structure in epoxies with a Mc greater than 1,600 g/mol. Error bars represent the 

standard deviation of the diameters measured by image analysis. 

 

 

Small angle x-ray scatting experiments were performed on both pre-cured and 

cured samples of epoxies containing 5 wt.% OP(2.7-5.0) block copolymer. Scattering 

data were collected from unmodified pre-cured and post-cured epoxies and subtracted 

from the block copolymer-modified epoxy SAXS data. Scattering profiles of the 

uncured blends are shown in Figure 3.18.  The data have been shifted vertically for 

clarity. 
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Figure 3.18 SAXS profiles of pre-cured mixtures of epoxies containing 5 wt.% OP(2.7-5.0) block 

copolymer. The epoxy blends were formulated to have a post-cure Mc of () 600 g/mol, () 2,900 

g/mol, () 3,700 g/mol, and () 5,700 g/mol. Scattering patterns were obtained from representative 

portions of quenched pre-cured epoxy mixtures at room temperature without additional thermal 

processing. Scattering data have been sequentially shifted vertically two orders of magnitude for clarity. 

 

Quantitative information from the SAXS profiles was obtained by fitting the 

data to an appropriate model. The intensity of the scattered radiation at a given 

wavevector (I(q)) is proportional to the square of the contrast difference (Δρ), number 

of scattering particles (N), the size and shape of the particle as described by a form 

factor (P(q)), and interparticle correlations accounted for by the structure factor 

(S(q)).
68-70

  The intensity may then be modeled as: 

        qSqPNqI 
2

  (3.2) 

The data were fit using SANS analysis software package for Igor Pro 6.11 provided by 

the NIST Center for Neutron Research.
71

 Pre-cured blends were fit using a model for 
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spheres with a Gaussian size distribution.
69, 71

 The Gaussian distribution of particle sizes 

is: 

     









2

22

1
exp

2

1
avgRRRf


 (3.3) 

Where R is the radius of the scattering particle, Ravg is the average radius of the 

scattering particles, and σ is the standard deviation in the size of the scattering particles. 

The scattering amplitude for a hard sphere
69

 is: 

  
    

 2

cossin

qR

qRqRqR
qRF


  (3.4) 

Combining, equations 3.3 and 3.4, the form factor for spheres with a Gaussian size 

distribution
71

 is: 

      



0

26 dRqRFRRfqP  (3.5) 

The model used did not consider interparticle correlations (S(q) = 1). The intensity of 

the scattering particles can thus be expressed as: 

        



0

262
dRqRFRRfNqI   (3.6) 

The model in equation 3.6 has four adjustable parameters: N, Δρ, Ravg, and σ. Contrast 

(Δρ) was fixed using the x-ray scattering length densities of the epoxy and block 

copolymer and N, Ravg, and σ were determined using the Igor Pro software. Equation 3.6 

was fit to the SAXS data in Figure 3.18 and the simulated scattering data from the 
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Gaussian sphere model are plotted in Figure 3.19. The average and standard deviation 

of the particle radius obtained from the Gaussian sphere model are listed in Table 3.2.  
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Figure 3.19 SAXS profiles of uncured epoxy blends containing 5 wt.% OP(2.7-5.0). The epoxy blends 

were formulated to have a post-cure Mc of () 600 g/mol, () 2,900 g/mol, () 3,700 g/mol, and () 

5,700 g/mol. The lines are simulated scattering using a Gaussian sphere model. Scattering data have been 

continuously shifted vertically by a factor of 100 for clarity. 

 

Table 3.2 Core radius values for pre-cured epoxy mixtures containing 5wt.% OP(2.7-5.0) block 

copolymer. Radii values were determined by spherical form factor analysis of SAXS data. 

 

Epoxy Mc 
(g/mol) 

Ravg 
(nm) 

σ 
(nm) 

600 8.6 0.28 

2,900 8.4 0.59 

3,700 8.4 0.25 

5,700 8.3 0.78 
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SAXS data for the pre-cured blends were nearly identical as the epoxy molecular 

weight between crosslinks was varied. The micellar structures formed in each sample 

have similar shapes and sizes.
69

 Average radius values obtained from the Gaussian 

sphere model lie within a standard deviation of each other and are equivalent to the 

radius value of 8.2 ± 1.6 nm determined by analysis of TEM micrographs of OP(2.7-

5.0) spherical micelles in a cured epoxy with a Mc of 600 g/mol. 

SAXS data of OP(2.7-5.0)-modified epoxy with a Mc of 600 g/mol were fit 

using equation 3.6. SAXS data and the simulated scattering data from the Gaussian 

sphere model of uncured and cured block copolymer-modified epoxy with a Mc of 600 

g/mol are plotted in Figure 3.20. 
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Figure 3.20 SAXS profiles of uncured and cured epoxies containing 5 wt.% OP(2.7-5.0).  The epoxy Mc 

was 600 g/mol. The smoothed lines through the scattering data are simulated scattering using the 

Gaussian sphere form factor. Uncured data were shifted vertically three orders of magnitude for clarity. 
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The average radius obtained using the Gaussian sphere fit of the cured data was 8.3 ± 

0.5 nm. The block copolymer assembled into spherical micelles prior to cure and these 

structures were locked in during network formation. 

 TEM micrographs of OP(2.7-5.0)-modified epoxies showed a distinct change in 

the structure of the block copolymer particles as the epoxy Mc was increased. This 

change in structure is also reflected in the SAXS profiles of the cured epoxies. The first 

minimum in the data shifted to a higher value of q in the cured blends. SAXS data of 

the cured epoxies were first fit to a model using a monodisperse disk form factor. The 

form factor
70

 for a disk with radius R and thickness L is: 
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Where B1(x) is the first order Bessel function of the first kind. The intensity was then 

modeled assuming no interparticle interactions as: 
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Values of N, R, and L were obtained by a nonlinear least squares fit of the cured SAXS 

data using equation 3.8. SAXS and simulated scattering data of uncured and cured 

OP(2.7-5.0)-modified epoxies with Mc values of 2,900, 3,700, and 5,700 g/mol are 

plotted in Figures 3.21-3.23. 

Disk radius and thickness values obtained from by fitting equation 3.8 to the 

SAXS data are listed in Table 3.3. Radius values established from fitting the cured 
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SAXS data are within the uncertainty limits determined from image analysis of TEM 

micrographs of cured epoxies in Figure 3.6. 
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Figure 3.21 SAXS profiles of uncured and cured epoxies containing 5 wt.% OP(2.7-5.0).  The epoxy Mc 

was 2,900 g/mol. The smoothed lines through the scattering data are simulated scattering using a 

Gaussian sphere form factor (uncured epoxy) or disk form factor (cured epoxy). Uncured data were 

shifted three orders of magnitude vertically for clarity. 
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Figure 3.22 SAXS profiles of uncured and cured epoxies containing 5 wt.% OP(2.7-5.0).  The epoxy Mc 

was 3,700 g/mol. The smoothed lines through the scattering data are simulated scattering using a 

Gaussian sphere form factor (uncured epoxy) or disk form factor (cured epoxy). Uncured data were 

shifted three orders of magnitude vertically for clarity. 
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Figure 3.23 SAXS profiles of uncured and cured epoxies containing 5 wt.% OP(2.7-5.0).  The epoxy Mc 

was 5,700 g/mol. The smoothed lines through the scattering data are simulated scattering using a 

Gaussian sphere form factor (uncured epoxy) or disk form factor (cured epoxy). Uncured data were 

shifted three orders of magnitude vertically for clarity. 
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Table 3.3 Disk core radius and thickness values for cured epoxy mixtures containing 5wt.% OP(2.7-5.0) 

block copolymer. Radius and length values were determined by fitting a monodisperse disk form factor to 

the SAXS data of cured epoxies. 

 

Epoxy Mc 
(g/mol) 

R 
(nm) 

L 
(nm) 

2,900 20 8.9 

3,700 32 8.7 

5,700 20 8.5 

 

The TEM micrographs of cured epoxies containing OP(2.7-5.0) could not 

conclusively be identified as disks. Also, disk-like structures have not been identified in 

previous block copolymer/epoxy blends. To account for this, the cured SAXS data were 

also fit to a hollow sphere model to approximate a vesicle structure.  The form factor 

used assumes a polydisperse inner radius (Rin) and a constant shell thickness (D).  

Scattering from a hollow sphere
70, 72

 is given by: 

      ininoutoutinout qRVqRVRRqF ,,   (3.9) 

Where Vout is the volume of a sphere with radius Rout, Vin is the volume of a sphere with 

radius Rin, Rout = Rin + D, and Φ(x) is the hard sphere form factor defined as: 
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   (3.10) 

Polydispersity of the inner radius is accounted for by assuming the size of the inner 

radius follows a Schulz distribution.
73

 The normalized Schulz distribution is defined as: 
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where Ravg is the average radius of the distribution, z = Ravg
2
/σ

2
 – 1,  σ

2
 is the variance of 

the distribution, x is Rin/Ravg, and Γ is the gamma function. The form factor for a 

polydisperse hollow sphere may be calculated by combining equations 3.9-3.11 and 

integrating over all values of Rin as follows: 

       ininoutin dRRRqFRRinfqP ,,2

0

6




  (3.12) 

Assuming no interparticle interactions between hollow spheres, equation 3.12 is 

substituted into equation 3.2 and the intensity may be modeled
71, 72

 as: 

        



0

262
dRqRFRRfNqI   (3.13) 

Equation 3.13 has four parameters that were fit using the Igor Pro software package: N, 

Rin, D, and σ. SAXS and simulated scattering data of uncured and cured OP(2.7-5.0)-

modified epoxies with Mc values of 2,900, 3,700, and 5,700 g/mol are plotted in Figures 

3.24-3.26. 
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Figure 3.24 SAXS profiles of uncured and cured epoxies containing 5 wt.% OP(2.7-5.0).  The epoxy Mc 

was 2,900 g/mol. The smoothed lines through the scattering data are simulated scattering using a form 

factor assuming a sphere with a Gaussian size distribution (uncured) or a hollow sphere with a constant 

wall thickness and a Schulz distribution of the inner radius (cured). Uncured data were shifted vertically 

three orders of magnitude for clarity. 
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Figure 3.25 SAXS profiles of uncured and cured epoxies containing 5 wt.% OP(2.7-5.0).  The epoxy Mc 

was 3,700 g/mol. The smoothed lines through the scattering data are simulated scattering using a form 

factor assuming a sphere with a Gaussian size distribution (uncured) or a hollow sphere with a constant 

wall thickness and a Schulz distribution of the inner radius (cured). Uncured data were shifted vertically 

three orders of magnitude for clarity. 



90 

 

 

0.1 0.2

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

 Uncured Epoxy

 Cured Epoxy

In
te

n
s

it
y

 (
A

.U
.)

q (1/Å)  
Figure 3.26 SAXS profiles of uncured and cured epoxies containing 5 wt.% OP(2.7-5.0).  The epoxy Mc 

was 5,700 g/mol. The smoothed lines through the scattering data are simulated scattering using a form 

factor assuming a sphere with a Gaussian size distribution (uncured) or a hollow sphere with a constant 

wall thickness and a Schulz distribution of the inner radius (cured). Uncured data were shifted vertically 

three orders of magnitude for clarity. 

 

Values of the wall thickness and the average and standard deviation of the inner 

radius obtained by fitting the hollow sphere model to the post-cured SAXS data are 

listed in Table 3.4. The overall size of the vesicles obtained from fitting the cured 

SAXS data are within the uncertainty limits obtained from software analysis of TEM 

micrographs of cured epoxies in Figure 3.6. The validity of the two form factor models 

to represent the structures of the cured block copolymer-modified epoxies will be 

addressed in the next section. 
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Table 3.4 Wall thickness and inner radius values for cured epoxy mixtures containing 5 wt.% OP(2.7-

5.0) block copolymer. Radius and wall thickness values were determined by fitting a polydisperse hollow 

sphere form factor to the SAXS data of cured epoxies. 

 

Epoxy Mc 
(g/mol) 

D 
(nm) 

Rin 
(nm) 

σ 
(nm) 

2,900 8.6 9.0 3.7 

3,700 7.6 19.2 11.1 

5,700 8.7 8.8 4.3 

 

 

3.3:  Discussion 

 Figures 3.2a, 3.4a, 3.7a, and 3.10a demonstrate micellar structures formed by a 

series of low molecular weight OP block copolymers in epoxies with a molecular 

weight between crosslinks of 600 g/mol. The micrographs show transitions from 

spheres (Figures 3.2a and 3.4a) to wormlike micelles (Figure 3.7a) to vesicles (Figure 

3.10a). In these blends, the pre-cured epoxy resin, crosslinker, and chain extender 

selectively solvate the PEO block, increasing the effective volume of the PEO chains.
38, 

51
 The interfacial curvature between the two blocks increases to minimize unfavorable 

interactions between the PEO and PEP blocks under the constraint of constant density 

and minimization of PEO and PEP chain stretching.
38

 OP(3.3-5.0) and OP(2.7-5.0) 

block copolymers form spherical micelles as the asymmetry between the volumes 

occupied by the epoxy-swelled PEO chains and the core PEP chains is large enough to 

induce a high degree of interfacial curvature. Reduction of the volume fraction of the 

poly(ethylene oxide) block leads to a decrease in the asymmetry between the volume 

per chain occupied by the two blocks and results in the formation of structures with 
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reduced interfacial curvature.
46, 52, 56

  An illustration of this change in surface curvature 

is given in Figure 3.27. 

 

 

Figure 3.27 Illustration of the change in surface curvature with a decrease in the length of the epoxy–

philic block. The asymmetry in the volume occupied by the chains of the two blocks decreases and the 

surface curvature is reduced to minimize unfavorable interactions and chain stretching. 

 

Previous studies have shown that the composition window for the formation of 

wormlike micelles is quite narrow.
15, 16, 46, 52

 This study did not include a full range of 

PEO volume fractions and the exact position of the morphological boundaries is 

unknown. The block copolymer compositions for wormlike micelles and spherical 

micelles in the OP/D.E.R332/THPE/Parabis systems are very similar to those reported 

by Dean for OP polymers in a phenol novolac-cured epoxy.
47, 63

 An OP block 

copolymer with a fEO of 0.25 formed wormlike micelles in the PN-cured epoxy and 

spherical micelles were observed in blends with OP diblocks having a fEO > 0.30. Dean 

examined the morphological behavior of OB modified epoxies cured with either PN or 

MDA and noted a shift in the micellar composition window to higher fEO for OB 

diblocks in epoxies cured with MDA.
63

 This was attributed to a reduction in the 

swelling of the PEO chains, indicating MDA is a poorer solvent than the phenol 
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novolac curing agent. Previous reports have demonstrated hydrogen bonding between 

PEO and the hydroxyl groups of phenol novolacs.
74, 75

 These favorable interactions are 

expected between PEO and the hydroxyl groups found in THPE and Parabis and could 

explain the similarities in the composition windows between the phenol novolac-cured 

epoxies and the highly crosslinked epoxies addressed in this study. 

Previous investigations of the morphological behavior of block copolymer-

modified epoxies have been limited to structures formed in tightly crosslinked 

networks.
60

 The systems investigated have been comprised of an epoxy resin, a 

multifunctional curing agent, and the block copolymer modifier. Control of the block 

copolymer nanostructure was achieved by tuning the length
38, 46, 47, 52, 56

 or solubility
48-50, 

53, 54, 57
 of the epoxy miscible block. The bulk of the work in this study has been to 

assess the influence of the epoxy network structure (i.e. the molecular weight between 

crosslinks) on the micellar structure of block copolymers. Striking examples of 

structural change have been demonstrated when a single block copolymer is used to 

modify epoxies of varying crosslink density. Transitions from spherical micelles to 

elongated micelles or vesicles/disks (Figures 3.4, Figure 3.12), wormlike micelles to 

vesicles (Figure 3.7), vesicles to ellipsoidal micelles (Figure 3.10), and wormlike 

micelles to small spherical micelles (Figure 3.14) have been documented.  

The sequence of morphological transitions shown in Figures 3.4, 3.7 and 3.10 

demonstrate a tendency towards decreased interfacial curvature as the molecular weight 

between crosslinks is increased. A schematic of this structural change is illustrated in 

Figure 3.28.  
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Figure 3.28 Illustration of the change in block copolymer surface curvature with a change in epoxy 

crosslink density. The epoxy-philic block is increasingly expelled from the network as the epoxy 

crosslink density is reduced. The block copolymer interfacial curvature is reduced to account for the 

decrease in asymmetry of the volumes occupied by chains of the two blocks 

 

OP(3.3-5.0) block copolymer formed spherical micelles at every epoxy crosslink 

density studied, but the three other low molecular weight OP block copolymers 

displayed at least one structural change as the network crosslink density was reduced. 

SAXS data for blends of pre-cured epoxies containing 5 wt.% of the OP(2.7-5.0) block 

copolymer show nearly identical scattering profiles prior to cure. The ratio of the epoxy 

cross-linker (THPE) to chain extender (Parabis) does not seem to alter the size or shape 

of the block copolymer micelles in the uncured blends.
37, 38, 62, 63

 SAXS data of the cured 

blends show a distinct change in the scattering behavior as the epoxy crosslink density 

is altered, indicating the morphological transitions observed in the TEM micrographs 

occur during the formation of the epoxy network. 

Order-order transitions during the formation of the epoxy network in 

concentrated block copolymer/epoxy blends have been well established in previous 

work.
38, 55, 57, 58

 In these systems, the epoxy resin and curing agent selectively swell the 

epoxy-philic block, leading to an increase in block copolymer interfacial curvature. 
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Increasing the extent of cure leads to an expulsion of the epoxy-philic block from the 

epoxy network, decreasing the interfacial curvature. A cartoon depicting this process is 

presented in Figure 3.29.  

 

Figure 3.29 "Wet Brush/Dry Brush" model developed by Lipic et al. for inclusion of block copolymers in 

an epoxy network. As epoxy is added, the epoxy-philic block is swelled by the epoxy resin and the 

curvature increases to minimize chain distortions. As the epoxy cures, the epoxy-philic chains are 

selectively expelled from the epoxy matrix reducing the asymmetry in the volumes occupied by the two 

blocks and the need for interfacial curvature. 

 

An increase in the expulsion of PEO from the epoxy matrix as the crosslink 

density decreases would account for the morphological transitions observed. Increasing 

the molecular weight between crosslinks of the epoxy requires a greater extent of cure 

to reach the network gel point.
68, 76

 OP(3.3-5.0) micelles did not exhibit a change in 

structure as the Mc of the epoxy was increased. The volume occupied by the PEO chains 

was apparently not significantly reduced during the curing process to alter the 

interfacial curvature. Decreasing the length of the poly(ethylene oxide) block may 

permit geometrical rearrangements of the block copolymer micellar structure to lower 

the overall free energy of the system as PEO chains are expelled from the epoxy matrix 

during network formation.
38

 The most striking change in interfacial curvature occurs in 
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OP(2.3-5.0) modified epoxies. This block copolymer forms long cylindrical micelles in 

a highly crosslinked epoxy and transitions to vesicles as the epoxy crosslink density is 

reduced. This transition is conceptually similar to a transition from a gyroid structure to 

lamellae observed by Lipic
38, 59

 and mirrors the change in micellar structure that occurs 

as the length of the epoxy miscible block is decreased at constant epoxy crosslink 

density (Figures 3.4a, 3.7a, 3.10a). A coexistence of wormlike micelles and vesicles 

was captured at an epoxy Mc value of 1,600 g/mol (Figure 3.7b). Elongated bilayer 

structures are found in epoxy with Mc values of 1,600 g/mol and 2,000 g/mol. This may 

be a transitional structure between cylinders and vesicles kinetically trapped during the 

curing process.  

 The morphological behavior of epoxies modified with OP(2.7-5.0) were 

examined using TEM and SAXS. TEM micrographs of cured epoxies show a transition 

from spherical micelles with diameters ca. 16 nm to increasingly elongated structures as 

the epoxy crosslink density is reduced. The block copolymer assembled into circular 

particles in epoxies with Mc values of 2,900, 3,700, and 5,700 g/mol. TEM micrographs 

shown in Figure 3.5 suggested that the structures may be flat disks, which would be the 

first reported instance of disk-like micelles formed by a block copolymer in an epoxy. 

Interfacial curvature is only found at the edges of disks. The block copolymer forms a 

disk, rather than a curved bilayer, as a means of reducing coronal chain crowding as the 

edges of the disk provide a location to relieve congestion of the corona block.
77

 Disk 

shaped micelles have been observed in a select few examples of block copolymer 

systems.
21, 77-81

 These systems typically require strong interfacial interactions or 

additional structure directing forces to drive the formation of disk. For example, 
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octadecyl vinyl ether-poly(2-hydroxyethyl vinyl ether) formed disk shaped micelles in 

room temperature aqueous solutions resulting from crystallization of the octadecyl vinyl 

ether block into lamellar sheets.
79

 Increasing the temperature of the solution above the 

melting temperature of the core block induced a transition to spherical micelles. Disks 

of poly(1-2 butadiene)-b-poly(hexafluoro propylene oxide) were observed in a solution 

of bis(2-ethylhexyl)phthalate.
77

 Disk formation in this system is driven by the large 

interfacial tension between the core block, poly(hexafluoro propylene oxide), and the 

swollen corona block. Additional examples of disks formed by block copolymers in 

which one of the blocks is composed of a polypeptide have also been reported.
80, 81

 

 It is unlikely that the formation of disks would be caused by a strong repulsion 

between the core PEP block and the swollen PEO block.
21, 82

 SAXS profiles of pre-

cured epoxies containing OP(2.7-5.0) block copolymer indicate no change in the 

micellar structure as the ratio of epoxy crosslinker to chain extender is varied. 

Additionally, limited studies show no significant change in the solubility parameter of 

an epoxy resin as the length of the epoxy resin is increased through pre-

polymerization.
83, 84

 Additionally, the core PEP block does crystallize and does not 

contain ionic groups that could direct structure as in the case of polypeptides. Given the 

lack of a significant interfacial or structural driving force, it is unlikely the structures 

formed in Figure 3.4(d,e,f) are disks.  

A hollow-sphere model fit the post-cured SAXS data well and the overall sphere 

radius values obtained are within the uncertainty limits of radius values measured using 

TEM micrographs. The formation of vesicles coincides with a reduction of interfacial 

curvature and the thin structures observed in Figure 3.5b may be short cylindrical 
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micelles. The transition from spherical micelles (Figure 3.4a) to a coexistence of 

spheres and short wormlike micelles (3.4b,c), to a coexistence of short wormlike 

micelles and vesicles (3.4d,e), to finally vesicles (3.4f) is consistent with the 

illustrations in Figures 3.24 and 3.25. The block copolymer forms spherical micelles in 

the uncured epoxy, regardless of the ratio of epoxy crosslinker to chain extender. PEO 

chains are expelled from the epoxy network during cure and the spherical micelles 

coalesce to form structures with decreased interfacial curvature, i.e. cylinders or 

vesicles.
38, 76

 The block copolymer interfacial curvature in cured epoxies is continually 

decreased as the epoxy crosslink density is reduced until at an epoxy Mc of 5,700 g/mol 

only vesicles are observed. Epoxies containing OP(2.3-5.0) follow a similar transition, 

only the PEO block is too short to support a spherical surface curvature. In previous 

block copolymer-modified epoxies, the composition of the block copolymer additive 

was varied to alter the structure of the micelle.
46, 47, 52, 56

 Here, we demonstrate that a 

single block copolymer may form spherical micelles, cylindrical micelles, or vesicles 

depending on the epoxy crosslink density chosen. 

Extensive experimental and theoretical work has been conducted exploring the 

morphological behavior of block copolymers dispersed in a homopolymer that is 

compatible with only one block.
27-33

 The molecular weight ratio of the homopolymer 

and the compatible block was found to be a critical parameter for preventing phase 

separation in the blends.
92-97

 The homopolymer will swell the compatible block when 

the molecular weight ratio is approximately equal to or less than one. If the size of the 

homopolymer is too large, it will not interpenetrate the chains of the compatible block 

of the copolymer and the two components may de-mix. This is similar to the wet-
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brush/dry-brush model outlined in Figure 3.29. Increasing the molecular weight 

between crosslinks in the epoxy system investigated in this study effectively pre-

polymerizes the epoxy resin during the initial stages of the curing reaction. Increasing 

size of the epoxy resin could cause a de-wetting of the PEO chains, which would 

account for the change in interfacial curvature observed.  

Increasing the molecular weight of the core block produced some interesting 

morphological behavior in epoxies with Mc values of 600 g/mol. The PEO volume 

fraction of the OP(28-36) block copolymer is large enough to induce formation of 

spherical micelles (Figure 3.7a). The size of the spherical micelles has increased to 

accommodate the larger PEP block. This result is not unexpected as previous work has 

demonstrated the effect of increasing the block size of dilute solutions of spherical 

micelles.
5, 85-87

 The micellar structure of the OP(20-36) (fEO = 0.29) block copolymer is 

more noteworthy. This block copolymer formed cylindrical micelles (Figure 3.14a) 

whereas the lower molecular weight OP(2.7-5.0) (fEO = 0.29) formed spherical micelles 

(Figure 3.4a). Studies on the block copolymer molecular weight dependence of micelle 

formation in epoxies have been limited so far.
46, 88

 It is unclear if the wormlike micelle 

composition window has been expanded, or simply shifted to higher PEO content. Of 

particular note in Figures 3.14a and 3.16 are the formation of Y-junctions in the 

wormlike micelles. Previous investigations have demonstrated the formation of Y-

junctions in surfactant/oil/water ternary systems
89, 90

, aqueous dispersions of block 

copolymers
16, 18

, and in a phenol novolac-cured epoxy containing a poly(butylene 

oxide)-b-poly(ethylene oxide) block copolymer
52

. Cylindrical micelles with Y-junctions 
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formed by block copolymers were found in a coexistence window situated between 

wormlike micelles and vesicles.  

Y-junctions contain elements of surface curvature found in both cylinders and 

bilayers. Relatively high block copolymer molecular weights were required for the 

formation of Y-junctions. Jain and Bates speculated that the increased degree of 

conformational freedom in the core block allows for the packing of chains into more 

complex geometries.
16

 Increasing the molecular size of OP diblock in the highly 

crosslinked epoxy has provided a greater degree of spatial arrangements for the core 

block.
68

 As the PEO block is expelled from the epoxy matrix, the block copolymer 

interface is forced to decrease curvature to minimize unfavorable interactions and now 

has a core block long enough to realize geometries more complex than cylinders or 

curved sheets.  

The wormlike micelles formed by the OP(20-36) block copolymer begin to 

coexist with small micelles at an epoxy Mc of 1,600 g/mol. The formation of these 

smaller micelles is puzzling as they appear to have greater surface curvature than the 

cylindrical micelles. Additionally, there have been no reports of an elliptical or 

spherical transitional structure between cylindrical micelles and vesicles in block 

copolymer modified epoxies.
60

 The radius of gyration of the higher molecular weight 

PEP block is approximately 7 nm and the decrease in the micellar diameter between the 

cylindrical micelles (34 nm) and the spherical particles (22 nm) indicate a reduction in 

core block stretching.
91

 A reduction in core dimensions is typical for a transition from 

sphere to cylinders to bilayers as the core chains do not have to fill as much volume to 

maintain constant density.
16

 The block copolymer presumably forms cylindrical 
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micelles prior to cure at each crosslink density investigated and transition to spherical 

micelles at some point during cure. In-situ SAXS experiments would be beneficial in 

determining whether this structural transition occurs before or after the network gel 

point.
38

 If the transition occurs after the gel point, the epoxy matrix may restrict the 

formation of vesicles, restricting the block copolymer to form small, circular bilayers. 

 

3.4:  Summary 

 Epoxies of systematically varying crosslink density were modified with 5 wt.% 

of an OP block copolymer to assess the effect of network structure on the phase 

behavior of block copolymers. Block copolymers dispersed in tightly crosslinked 

epoxies (epoxy Mc = 600 g/mol) demonstrated a decrease in interfacial curvature from 

spherical micelles to wormlike micelles to vesicles as the volume fraction of the 

poly(ethylene oxide) block was decreased. Increasing the molecular weight between 

crosslinks of the epoxy network produced a similar effect. An increasing amount of 

PEO chains were excluded from the epoxy network as the crosslink density was 

reduced. The excluded PEO chains decrease the asymmetry in the volume occupied by 

the core and corona chains, leading to a decrease in interfacial curvature. SAXS profiles 

of uncured and cured block copolymer-modified epoxies indicated that this structural 

transition occurred during the curing process. The block copolymer formed identical 

structures prior to cure at each epoxy crosslink density investigated. These findings lend 

further insight into the behavior of block copolymer micelles during epoxy network 

formation and provide an additional tool for controlling the block copolymer 

nanostructure. 
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Chapter 4: Mechanical and Thermal Properties of 

Block Copolymer Modified Epoxy: Role of Epoxy 

Crosslink Density 

 

 

4.1: Introduction 

 Epoxy resins and their associated curing agents form a class of thermosetting 

polymers produced on scales of hundreds of thousands of tons globally per year.
1
 These 

materials find uses in a diverse set of applications such as structural adhesives, coatings, 

electrical potting and insulation, and high performance aerospace or marine 

components.
2
 There exists a wide variety of epoxy resins and curing agents

3
 and 

appropriate combinations can provide materials with a range of stiffnesses, chemical 

resistivities, use temperatures, adhesion attributes, and abrasive resistance.
4
 The highly 

crosslinked structure of the epoxy network typically imparts a high glass transition 

temperature and Young’s modulus. However, it leaves the material prone to fracture at 

relatively low stresses.
5
 A considerable amount of work over the past 40 years has been 

undertaken in an attempt to improve the fracture resistance of epoxies while retaining 

desirable features such as high use temperature and stiffness.
6
 These studies have 

focused on the inclusion of a secondary toughening phase such as liquid rubber,
7-10

 

core-shell particles,
11-14

 or thermoplastic homopolymers.
15-18

 These modifiers typically 

form micron-scale inclusions before or during formation of the epoxy network.
10
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Loadings of 15-30% by volume are often required to provide adequate fracture 

resistance in the composite material.
2, 17-19

 Addition of this amount of the secondary 

phase usually leads to undesirable side effects, such as a reduction in the use 

temperature and the elastic modulus.
20

 Additional factors, including processing or 

appearance, may be negatively affected by incorporation of the modifier. 

 Epoxies have been modified with block copolymers in an attempt to exploit the 

low critical micelle concentration and desirable self-assembly behavior of block 

copolymers.
21-41

 In an appropriate solvent, amphiphilic block copolymers spontaneously 

self-assemble into a variety of structures with feature sizes determined by the length of 

the blocks. A block copolymer containing a block displaying affinity towards the epoxy 

resin may self-assemble to form vesicles, wormlike micelles, or spherical micelles. The 

structures formed are dependent on the miscibility of the epoxy-philic block with the 

epoxy resin, the degree of incompatibility between the two blocks, and the degree of 

chain stretching required by the structure.
28, 29, 42

 Typical studies have been conducted in 

systems in which the block copolymer self-assembles prior to cure and these structures 

persisted upon network formation.
42

 Judicious selection of the block copolymer 

components and block lengths enables the incorporation of nanometer-scale particles 

with rubbery cores into the epoxy. 

 Typical studies of block copolymer-modified epoxies have focused on the 

formation of nanostructures in the composite, with limited investigation into mechanical 

and thermal properties. 4,4’-methylenedianiline (MDA) cured epoxies modified with 1-

5 wt.% of poly(ethylene oxide)-b-poly(ethylene-alt-propylene) (OP) or poly(ethylene 

oxide)-b-poly(1,2-butadiene) (OB) block copolymers displayed only modest 
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enhancements in fracture resistance.
23,28

 Addition of vesicles increased the strain energy 

release rate (Gc) by a factor of three to four times over the unmodified epoxy while 

epoxies containing spherical or wormlike micelles offered less significant 

improvements in Gc.
28, 42

 Epoxies containing a phenol novolac (PN) curing agent 

displayed much improved fracture resistances upon addition of 5 wt.% of an OP block 

copolymer.
29

 Vesicles again increased the Gc value three to four times over the 

unmodified epoxy while wormlike and spherical micelles offered twenty and ten-fold 

increases in Gc, respectively. The same epoxy system showed similar results upon 

addition of a poly(ethylene oxide)-b-poly(butylene oxide) (PEO-PBO) block 

copolymer.
34

 Epoxies containing PEO-PBO wormlike micelles displayed the largest 

increase in Gc, with spherical micelles and vesicles offering modest improvements. Low 

molecular weight poly(ethylene oxide)-b-poly(hexylene oxide) (PEO-PHO) block 

copolymers were synthesized and self-assembled into vesicles and spherical micelles in 

a phenol novolac-cured epoxy.
38

 Vesicles imparted a tenfold improvement in Gc while 

the behavior of spherical micelles is a bit unclear. Strain energy release rate values of 

160 J/m
2
 and 1,160 J/m

2
 (neat epoxy Gc = 42 J/m

2
) were reported for epoxies containing 

spherical micelles formed from two different PEO-PHO block copolymers.
38, 41

 PEO-

PHO wormlike micelles were formed by blending a vesicle-forming block copolymer 

and a spherical micelle-forming block copolymer. Again, a morphological dependence 

on the improvement in epoxy fracture resistance was observed. Epoxies modified with 

the wormlike micelles had a Gc value of 1,840 J/m
2
.
38

 

 The previous examples of block copolymer-modified epoxies focused on the 

ability of the block copolymer to increase the fracture resistance of the epoxy. Block 
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copolymers of varying molecular size, composition, and rubbery block type were used 

to modify a two-part epoxy cured with either MDA or phenol novolac. These studies 

have been conducted in highly crosslinked epoxy systems. Epoxies cured with MDA 

have a theoretical molecular weight between crosslinks (Mc) value of 450 g/mol and 

epoxies cured with phenol novolac have a theoretical Mc value of 590 g/mol. So far, 

little work has been conducted investigating what role the epoxy matrix has in 

determining the fracture resistance of the block copolymer-modified composite. 

Previous studies have demonstrated the role of network architecture on neat and rubber 

modified epoxies.
9, 19, 43-54

 The fracture resistance improved only slightly (Gc increased 

~100-200 J/m
2
) as the crosslink density was reduced in unmodified epoxies.

9, 45
 Pearson 

and Yee have shown a linear dependence between epoxy fracture resistance and the 

molecular weight between crosslinks for a carboxyl terminated copolymer of butadiene 

and acrylonitrile (CBTN) toughened epoxy.
9
 Fracture resistance in rubber-modified 

epoxies was increased through the formation of shear bands near the crack tip, 

facilitated by cavitation of the rubber particles. Increasing the ductility of the epoxy 

matrix further promoted the formation of shear bands. 

This chapter examines the effect of the epoxy crosslink density on the 

mechanical and thermal properties of a series of epoxies modified with a model OP 

block copolymer. A series of low and high molecular weight OP block copolymers were 

dispersed in epoxies with Mc values ranging from 600 g/mol to 5,700 g/mol. The 

crosslink density of each epoxy was controlled by varying the relative amount of 

crosslinking and chain extending molecules added to the formulation. Representative 

compact tension, DMA, and DSC samples were cut from 40 gram plaques of the block 
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copolymer-modified epoxy and used to determine fracture resistance, modulus, and 

glass transition values. 

 

4.2: Experimental Methods 

 The block copolymers used in this study were synthesized using the procedure 

developed by Hillmyer and Bates outlined in Chapter 2. The block copolymers were 

synthesized from two master batches of PEP homopolymer. Block copolymer batch 

sizes were in excess of 35 g to meet the demand of producing multiple 40 gram plaques 

at 5 wt% block copolymer loading. Molecular characteristics of the block copolymers 

investigated in this study may be found in Table 3.1. 

The epoxy used in this study was comprised of a resin (D.E.R 332), a 

crosslinking agent (THPE), and a chain extender (Parabis). Chemical structures of 

epoxy components are given in Chapter 2. A catalyst (ethyltriphenylphosphonium 

acetate) was used to decrease cure time. Block copolymer loading in each modified 

epoxy investigated in this study was 5% by weight. Neat and block copolymer-modified 

epoxies were prepared by solvent casting as outlined in Chapter 2. The epoxy 

formulations were designed based on the theoretical molecular weight between 

crosslinks (Mc), calculated from the stoichiometry of the reactants assuming full 

conversion. The equation for predicting Mc may be found in Chapter 3 (equation 3.1)
 

 Compact tension samples were machined to the geometric specifications 

outlined in ASTM standard D5045 for fracture under plane-strain conditions. Typical 

compact tension samples had a thickness (B) of 3.76 mm, a width (W) of 11.86 mm, and 
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a pre-crack length (a) of ca. 6 mm. The critical stress intensity factor (KIC) of the block 

copolymer-modified epoxies was calculated
55

 using the following equation:  

)/(
2

1

max Waf
BW

P
K IC   (4.1) 

where Pmax is the peak load at failure and f(a/W) is a geometrical factor found in the 

ASTM standard and reproduced in Chapter 2.
56

 Compact tension samples were run on 

an Instron Testing System (model 1011) at room temperature using a crosshead speed 

of 10 mm/min. At least six specimens were fractured for each calculation. The strain 

energy release rate was then computed
55

 from:  

 
E

K
G IC

C

221 
  (4.2) 

where E is the Young’s modulus and ν is Poisson’s ratio, taken to be 0.34.
55

 

 The Young’s modulus of neat and block copolymer-modified epoxies was 

determined using dynamical mechanical analysis using a Rheometrics Scientific Mark 

IV Dynamic Mechanical Testing Apparatus. Rectangular bars having dimensions 28 

mm x 4 mm x 2 mm were cut from the epoxy plaques and loaded into the DMA, which 

was configured for three point bending tests. The three-point bending tests were 

performed at room temperature using a frequency of 10 rad/s and a strain of 0.01%.  

 DSC experiments were performed on a TA Instruments Q1000 DSC. Small 

portions (6 ± 1 mg) taken from the modified or unmodified epoxy plaques were used in 

the DSC experiments. Samples were heated from 20 °C to 200 °C at a heating rate of 10 

°C/minute. Two heating cycles were conducted on each sample to confirm the epoxy 

network was fully cured. There were no exothermic peaks during the first or second 

heating cycles, indicating network formation had gone to completion.
57
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 Direct visualization of the fracture surface was performed using scanning 

electron microscopy (SEM). The fracture surfaces were coated with 50 Å of platinum to 

prevent charging. Surfaces were imaged using a JEOL 6500 FEG-SEM at a 5 kV 

accelerating voltage and a working distance of 10 mm. Visualization of the crack 

damage zone and the resulting analysis using the double-notch, four-point bend 

technique was conducted by Jia (Daniel) Liu at Texas A&M University. A detailed 

description of this technique is provided in Chapter 2. 

 

4.3: Results and Analysis 

Mechanical and Thermal Properties of Unmodified Epoxies 

The Young’s moduli of the neat epoxies are plotted in Figure 4.1. Differences in 

the molecular weight between crosslinks had little effect on the stiffness of the material. 

Modulus values for the unmodified epoxies ranged from 3.0 to 3.9 GPa. Studies 

examining the effect of network architecture on epoxies cured with aliphatic and 

aromatic amine curing agents have shown similar behavior.
45

 Modulus values of these 

epoxies were relatively independent of the average crosslink functionality, molecular 

weight between crosslinks, and the chain stiffness. 

Unmodified epoxies with Mc values ranging from 600 to 5,700 g/mol were 

synthesized and the resulting plaques were very brittle. The strain energy release rate 

for each epoxy is plotted as a function of the molecular weight between crosslinks in 

Figure 4.2. Fracture resistance of the neat epoxies gradually rose as the epoxy Mc was 

increased. Overall, Gc values were below 250 J/m
2
 and the epoxy samples were brittle 

enough to be broken by hand. 
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Figure 4.1 Young’s Modulus (E) of unmodified epoxies plotted as a function of the molecular weight 

between crosslinks (Mc). At least four DMA samples were tested and the error bars represent the standard 

deviation of the data. 
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Figure 4.2 Strain energy release rate (Gc) of unmodified epoxies as a function of the molecular weight 

between crosslinks (Mc). At least five compact tension samples were tested and the error bars represent 

the standard deviation of the data. 
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Glass transition temperatures of the unmodified epoxies were determined by 

DSC.  Representative DSC traces of epoxies with four different Mc values are shown in 

Figure 4.3. Glass transition temperatures of the unmodified epoxies are plotted in Figure 

4.4. The epoxy networks show a decrease in Tg as the epoxy Mc was increased. The 

epoxy with the highest crosslink density examined had a Tg ≈ 150 °C. while decreasing 

the crosslink density reduced the Tg to around 100 °C.   
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Figure 4.3 DSC traces of unmodified epoxies. The Mc of the epoxies were (a) 600 g/mol, (b) 1,600 

g/mol, (c) 2,900 g/mol, and (d) 5,700 g/mol. Exotherms associated with additional curing of the epoxy 

network were observed. 
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Figure 4.4 Glass transition temperatures (Tg) of unmodified epoxies as a function of the molecular weight 

between crosslinks (Mc). 

 

A linear relationship between Tg and 1/Mc was first observed by Fox and 

Loshaek.
58

 Banks and Ellis proposed that this relationship was based on the addition 

and redistribution of network free volume.
43

 The glass transition temperature for a 

network of varying crosslink density is predicted in this model through the following 

equation: 

c

gg
M

TT


   (4.3) 

where Tg∞ is the glass transition temperature of the linear polymer backbone at infinite 

molecular weight and ζ is proportional to the molecular weight of the unreacted resin 

and to the ratio of incremental free volume contributions from the resin and the curing 
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agent.
44

 The Tg values of the unmodified epoxies are plotted against 1/Mc in Figure 4.5. 

Linear regression of the data in Figure 4.5 provides Tg∞ of 93 °C and ζ = 32 kg∙K/mol. 
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Figure 4.5 Glass transition temperature (Tg) of unmodified epoxy plotted as function of the inverse of the 

molecular weight between crosslinks (1/Mc). Linear regression of the data provides a glass transition 

temperature of the linear epoxy backbone at infinite molecular weight (Tg∞) of 93 °C. 

 

Glass Transition Temperatures of OP-Modified Epoxies 

 DSC samples of the block-copolymer modified epoxy were taken from the bulk 

plaques. Representative DSC scans of epoxies modified with 5 wt.% OP(2.7-5.0) are 

plotted in Figure 4.6. Exothermic peaks were not observed upon heating, indicating the 

networks had reacted to completion.
57

 The glass transition temperature of epoxies 

modified with 5 wt.% of low or high molecular weight OP block copolymer are plotted 

against the epoxy molecular weight between crosslinks in Figures 4.7 and 4.8, 

respectively. Addition of low or high molecular weight modifiers did not lead to  
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Figure 4.6 DSC traces of epoxies containing 5 wt.% OP(2.7-5.0). The Mc of the epoxies were (a) 600 

g/mol, (b) 1,600 g/mol, (c) 2,900 g/mol, and (d) 5,700 g/mol. Exotherms associated with additional 

curing of the epoxy network were observed. 
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Figure 4.7 Glass transition temperatures of neat and low molecular weight OP block copolymer-modified 

epoxies as a function of the epoxy molecular weight between crosslinks. Block copolymer loading was 5 

wt.%. 
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Figure 4.8 Glass transition temperatures of neat and high molecular weight OP block copolymer-

modified epoxies as a function of the epoxy molecular weight between crosslinks. Block copolymer 

loading was 5 wt.%. 

 

significant changes in the glass transition temperature of the composite. Addition of OP 

block copolymers decreased the Tg of epoxies with a Mc value of 600 g/mol by the 

largest amount. The difference in Tg values between OP-modified and unmodified 

epoxies decreased as the epoxy was increased. Addition of rubbery particles often leads 

to a reduction in the Tg of the composite.
4, 20

 Previous studies of phenol novolac-cured 

epoxies containing OP or PEO-PBO block copolymers demonstrated an increase in Tg 

of tens of degrees upon addition of the block copolymer, with wormlike micelles 

offering the largest increase in Tg.
29, 34

 This increase in Tg was not observed in the epoxy 

system used in this study. 
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Young’s Modulus of Epoxies Modified with OP Block Copolymers 

 Modulus values of neat epoxies and epoxies modified with the low molecular 

weight OP block copolymers are plotted as a function of the molecular weight between 

crosslinks in Figure 4.9. Modulus values of epoxies modified with OP(3.3-5.0), OP(2.7-

5.0), and OP(2.3-5.0) do not deviate from modulus values of the corresponding neat 

material, with one exception. The modulus values of block copolymer-modified epoxies 

with a Mc value of 2,900 g/mol are statistically lower than the neat material, but are 

comparable to neat and OP-modified epoxies of differing crosslink densities. Addition 

of the OP(1-9-5.0) block copolymer does lead to a decrease in the modulus at crosslink 

densities where vesicles are formed (epoxy Mc = 600, 900,and 1,600 g/mol). Modulus 

values of epoxies containing vesicles are 10-15% less than the unmodified material. 

This decrease is not negligible, but smaller than the values reported for differing block 

copolymer-modified epoxies containing vesicles.
28, 34, 38

 

Modulus values of neat and high molecular weight OP-modified epoxies are 

plotted in Figure 4.10. Addition of the high molecular weight block copolymer did not 

lead to a reduction in the modulus of the composite. Adding 5 wt.% of the low or high 

molecular weight block copolymers did not compromise the high modulus values of the 

neat epoxy. 
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Figure 4.9 Young’s Modulus (E) of neat and low molecular weight OP-modified epoxies plotted as a 

function of the molecular weight between crosslinks (Mc). At least four DMA samples were tested and the 

error bars represent the standard deviation of the data. 
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Figure 4.10 Young’s Modulus (E) of neat and high molecular weight OP modified epoxies plotted as a 

function of the molecular weight between crosslinks (Mc). At least four samples were tested and the error 

bars represent the standard deviation of the data. 
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Fracture Resistance of Epoxies Modified with Low-Mn OP Block Copolymers 

 Plots comparing the strain energy release rate values of epoxies modified with 

OP(3.3-5.0), OP(2.7-5.0), OP(2.3-5.0), and OP(1.9-5.0) block copolymers to the 

unmodified epoxy values are presented in Figures 4.11-4.14.  
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Figure 4.11 Strain energy release rate (Gc) of neat and OP(3.3-5.0)-modified epoxies as a function of 

epoxy molecular weight between crosslinks (Mc). Block copolymer loading was 5% by weight. At least 

five compact tension samples were tested and the error bars represent the standard deviation of the data. 
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Figure 4.12 Strain energy release rate (Gc) of neat and OP(2.7-5.0)-modified epoxies as a function of 

epoxy molecular weight between crosslinks (Mc). Block copolymer loading was 5% by weight. At least 

five compact tension samples were tested and the error bars represent the standard deviation of the data. 
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Figure 4.13 Strain energy release rate (Gc) of neat and OP(2.3-5.0)-modified epoxies as a function of 

epoxy molecular weight between crosslinks (Mc). Block copolymer loading was 5% by weight. At least 

five compact tension samples were tested and the error bars represent the standard deviation of the data. 
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Figure 4.14 Strain energy release rate (Gc) of neat and OP(1.9-5.0)-modified epoxies as a function of 

epoxy molecular weight between crosslinks (Mc). Block copolymer loading was 5% by weight. At least 

five compact tension samples were tested and the error bars represent the standard deviation of the data. 

 

Gc values of epoxies containing the four low molecular weight OP block 

copolymers are summarized in Figure 4.15. Addition of the OP block copolymer 

provided moderate improvements in Gc in epoxies with low Mc values. Improvements in 

toughening were dependent on the nanostructure of the block copolymer; epoxies 

containing OP(1.9-5.0) (vesicles) or OP(2.3-5.0) (wormlike micelles) demonstrated a 

greater increase in fracture resistance compared to epoxies modified with OP(2.7-5.0) 

or OP(3.3-5.0) (spherical micelles). The fracture resistance of the modified epoxies was 

greatly enhanced as the molecular weight between crosslinks of the epoxy was 

increased. Strain energy release rate values rose to over 2,700 J/m
2
 as the network 

crosslink density was reduced. Epoxies modified with OP(1.9-5.0) or OP(2.3-5.0)  
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Figure 4.15 Strain energy release rate (Gc) of neat and low molecular weight OP-modified epoxies as a 

function of epoxy molecular weight between crosslinks (Mc). Block copolymer loading was 5% by 

weight. At least five compact tension samples were tested and the error bars represent the standard 

deviation of the data. 

 

displayed a sharper increase in Gc as Mc was increased when compared to epoxies 

containing OP(2.7-5.0) or OP(3.3-5.0). Figure 4.15 shows an abrupt leveling of Gc 

around an Mc value of 1,600 g/mol, while the ultimate Gc values reached in epoxies 

modified with OP(2.7-5.0) or OP(3.3-5.0) occur at a higher epoxy molecular weight 

between crosslinks. However, at an epoxy Mc value of 2,900 g/mol the fracture 

toughness values converge and there was little variation in the fracture resistance as the 

composition of the block copolymer was changed. 

The fracture resistance profiles shown in Figure 4.15 are quite remarkable. The 

Gc values of block copolymer-modified epoxies with Mc values 2,900 g/mol or greater 
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exhibited more than a 13-fold increase over the neat material and are over 1,000 J/m
2
 

larger than Gc values reported for previous block copolymer-modified epoxies.
29,34,38

 

The maximum Gc values achieved by epoxies modified with only 5 wt.% block 

copolymer are comparable to commercially available rubber-toughened epoxies that 

contain up to 20 wt% of additive.
2
 Improvements in fracture resistance in epoxies with 

high values of Mc were not dependent on the block copolymer nanostructure. Spherical 

micelles, vesicles, and ellipsoidal micelles with sizes ranging from 15-80 nm improved 

Gc to a similar extent when the epoxy Mc was 2,900 g/mol or greater. 

 

Fracture Resistance of Epoxies Modified with High-Mn OP Block Copolymers 

 OP(20-36) and OP(28-36) block copolymers were synthesized to establish the 

effect block copolymer molecular size has on the fracture resistance of modified 

epoxies. These diblocks self-assembled into wormlike or spherical micelles, 

respectively, with dimensions greater than corresponding lower molecular weight block 

copolymers. The strain energy release rate for epoxies modified with OP(20-36) and 

OP(28-36) are plotted in Figure 4.16 and 4.17. A comparison of the fracture resistance 

values of epoxies containing the two high molecular weight additives is plotted in 

Figure 4.18.  
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Figure 4.16 Strain energy release rate (Gc) of neat and OP(20-36)-modified epoxies as a function of 

epoxy molecular weight between crosslinks (Mc). Block copolymer loading was 5% by weight. At least 

five compact tension samples were tested and the error bars represent the standard deviation of the data. 
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Figure 4.17 Strain energy release rate (Gc) of neat and OP(28-36)-modified epoxies as a function of 

epoxy molecular weight between crosslinks (Mc). Block copolymer loading was 5% by weight. At least 

five compact tension samples were tested and the error bars represent the standard deviation of the data. 
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Figure 4.18 Strain energy release rate (Gc) of neat high molecular weight OP-modified epoxies as a 

function of epoxy molecular weight between crosslinks (Mc). Block copolymer loading was 5% by 

weight. At least five compact tension samples were tested and the error bars represent the standard 

deviation of the data. 

 

Addition of the higher molecular weight OP additive resulted in an 

improvements in Gc similar to those reported in Figure 4.15. Epoxies with low Mc 

values continued to display fracture resistance values that were dependent on the block 

copolymer morphology. Wormlike micelles (OP(20-36)) provided greater improvement 

/in Gc when compared to similar epoxies containing spherical micelles (OP(28-36)). 

Increasing the epoxy Mc continued to enhance the fracture resistance of the composite 

material. A steady increase in Gc was observed as the epoxy Mc was increased and there 

again existed a point at which reduction of the epoxy crosslink density offered little 

further improvement in Gc. The maximum value of Gc obtained by the high molecular 

weight OP-modified epoxies was over ten-fold greater than the neat material. 
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 The toughening behavior of epoxies modified with the high molecular weight 

block copolymers was similar to epoxies modified with analogous low molecular 

weight OP block copolymers. Strain energy release rates of epoxies containing 

wormlike micelles (OP(2.3-5.0), OP(20-36)) or spherical micelles (OP(3.3-5.0), OP(28-

36)) formed by low and high molecular weight block copolymers are plotted in Figure 

4.19.  
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Figure 4.19 A comparison of strain energy release rates (Gc) as a function of epoxy molecular weight 

between crosslinks for epoxies modified with high and low molecular weight OP block copolymers. The 

block copolymers self-assembled into wormlike micelles (closed squares) or spherical micelles (triangles) 

in epoxies with a low value of Mc. The block copolymer loading was 5 wt.%. 

 

Gc values of epoxies containing similar morphologies are in agreement, within 

experimental precision. Improvements in the fracture resistance of the block copolymer-

modified epoxies were not dependent on the overall size of the block copolymer and 
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only dependent on structure of the block copolymer at low epoxy Mc values. 

Considerable improvements in the fracture resistance of block copolymer-modified 

epoxies need not require precise control of the block copolymer nanostructure. As 

shown in Figures 4.15 and 4.18, commercially relevant epoxies can be produced by 

simply lowering the epoxy crosslink density and adding a block copolymer that self-

assembles into well dispersed particles with rubbery cores. This alleviates the difficulty 

of synthesizing block copolymers that form wormlike micelles, as the composition 

window for this structure is typically narrow.
29, 34, 38, 59, 60

 

 

Block Copolymer-Modified Epoxy Fractography 

 Fracture surfaces of compact tension samples were imaged using a scanning 

electron microscope. Representative images of the fracture zone just ahead of the initial 

pre-crack in epoxies with a Mc of 600 g/mol modified with low molecular weight OP 

additives are presented in Figure 4.20. The images reveal distinct fracture patterns 

dependent on the nanostructure of the block copolymer modifier. Fracture surfaces of 

epoxies containing spherical micelles are relatively smooth and nearly featureless. The 

damage zone of epoxies modified with wormlike micelles display a leaf-like pattern and 

contains holes where the cylinders have possibly cavitated or have been pulled out 

during crack propagation. Examination of the fracture surface of an epoxy containing 

vesicles revealed a highly three-dimensional surface containing craters where the 

vesicles had been popped or pulled out. Macroscopically, the appearance of the damage 

zone ahead of the initial pre-crack was affected by the structure of the block copolymer. 

The area ahead of the crack tip of epoxies containing vesicles was significantly  
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Figure 4.20 Secondary electron microscopy images of the facture surface of epoxies modified with (a) 

OP(3.3-5.0), (b) OP(2.7-5.0), (c) OP(2.3-5.0), and (d) OP(1.9-5.0). The block copolymer structure in each 

epoxy was (a) spherical micelles (b) spherical micelles, (c) wormlike micelles, and (d) vesicles. Each 

epoxy formulation had a molecular weight between crosslinks of 600 g/mol and the block copolymer 

loading was 5 wt%. The scale bars represent 500 nm. 

 

whitened and this plastic zone extended into the compact tension sample. Fracture of 

the compact tension sample generated a very rough, highly irregular surface. Fracture 

surfaces of spherical micelle-modified epoxies, by contrast, were flat, smooth, and 

resembled the fracture surface of the unmodified epoxy. The fracture surface of epoxies 

containing wormlike micelles usually contained a thin (ca. 1 mm) white band near the 

crack tip, indicating macroscopic plastic deformation. 

(c) (d) 

(a) (b) 
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The effect of the block copolymer morphology on the fracture surfaces shown in 

Figure 4.20 are similar to those reported in previous block copolymer-modified 

epoxies.
34, 61

 Fracture surfaces of epoxies containing wormlike micelles or vesicles 

show an increased degree of texturing compared to spherical micelle-modified epoxies. 

In Figure 4.15, epoxies with low values of Mc modified with wormlike micelles or 

vesicles demonstrated improved fracture resistance over epoxies containing spherical 

micelles. However, as the epoxy Mc was increased, the fracture resistance values of 

epoxies modified with OP block copolymers converged and the block copolymer size 

and composition had no discernable effect on toughening. The fracture surfaces of 

epoxies containing OP(2.7-5.0) were imaged and the effect of the epoxy crosslink 

density on the damage zone was startling. Fracture surface images of OP(2.7-5.0)-

modified epoxies with Mc values of 600, 1,600, and 2,900 g/mol are presented in Figure 

4.21. Voids and epoxy network deformation are increasingly evident as the crosslink 

density was reduced. Macroscopic plastic deformation became visible near the crack tip 

and the deformation zone expanded as the epoxy Mc was increased.  

Fracture surfaces of neat and OP(2.7-5.0)-modified epoxies with Mc values of 

2,900 g/mol are shown in Figure 4.22. Increasing the epoxy Mc did not significantly 

improve the fracture resistance of unmodified epoxies and fracture of compact tension 

specimens produced clean, flat surfaces. Figure 4.22 highlights the importance of 

adding the block copolymer modifier. The rubbery particles are necessary for the 

development of large scale yielding of the epoxy network. Increasing the ductility of the 

epoxy matrix through a reduction of the network crosslink is not sufficient to promote 

yielding of the network without the rubbery particles. 
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Figure 4.21 Scanning electron micrographs of the fracture surfaces of epoxies containing 5 wt.% OP(2.7-

5.0). Epoxy Mc values were (a) 600 g/mol, (b) 1,600 g/mol, and (c) 2,900 g/mol. Scale bars correspond to 

500 nm. 

(c) 

(b) 

(a) 
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Figure 4.22 Secondary electron microscopy images of (a) neat and (b) OP(2.7-5.0)-modified epoxies. 

Each epoxy formulation had a molecular weight between crosslinks of 2,900 g/mol and the block 

copolymer loading was 5 wt.%. The scale bars represent 500 nm. 

 

The sub-critical damage zone of OP(3.3-5.0)-modified epoxies with a Mc of 

1,600 g/mol was examined and analyzed by Jia (Daniel) Liu using the double-notch 

four-point bending test. Optical micrographs in bright field and cross-polarized modes 

of the sub-critical crack tip are shown in Figure 4.23. Small cracks were observed 

emanating from the initial pre-crack in Figure 4.23a and a small birefingent zone is 

detected under cross-polarized light in Figure 4.23b. The cracks found in Figure 4.23a 

may result from the presence of dilation bands or microcracks in the epoxy network.
62-67

 

The birefringence zone revealed the presence of shear banding of the epoxy matrix near 

the crack tip. However, the size of the shear banding zone was quite small. These results 

are consistent with the fracture surfaces of OP(3.3-5.0)-modified epoxies (Figure 

4.20a). Large scale plastic deformation was not observed near the crack tip in samples 

imaged with the SEM. 

 

(a) (b) 
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 Optical microscopy did not offer sufficient resolution to view the behavior of the 

block copolymer particles near the crack tip. Thin sections of the crack were carefully 

removed and subsequently microtomed for imaging using a TEM. Micrographs of the 

block copolymer-modified epoxy taken by our collaborator at varying distances from 

the sub-critical crack are presented in Figure 4.24. Cavitation and deformation of the  

Figure 4.23 Optical micrographs of the sub-critical crack damage zone of an OP(3.3-5.0)-modified epoxy with 

a Mc of 1,600 g/mol. Images were taken with (a) bright field and (b) cross-polarized light modes. Crack 

propagation was from left to right and the images were taken at the same location. The DN-4PB tests and the 

resulting microscopy were conducted by Jia (Daniel) Liu. 

(a) 

(b) 
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(c) 

(b) 

(a) 

Figure 4.24 TEM micrographs of a DN-4PB specimen containing 5 wt.% OP(3.3-5.0). The molecular weight 

between crosslinks of the epoxy is 1,600 g/mol. Micrographs were taken (a) adjacent to the crack wake, (b) some 

distance (0.8-1.6 µm) from the crack wake, and (c) far (> 1.6µm) from the crack wake. The direction of crack 

propagation was from left to right in each of the micrographs. Arrows point to spherical micelles that have cavitated 

as force was applied to the DN-4PB specimen. The DN-4PB tests and the resulting microscopy were conducted by Jia 

(Daniel) Liu. 
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block copolymer particles, as evidenced by the white holes in the epoxy, occurred near 

the crack tip (Figure 4.24a). The spherical micelles have become elongated and there is 

evidence of a preferred orientation. Moving away the crack tip, cavitation and 

elongation of the block copolymer still existed, though the particles do not appear to be 

strongly oriented. The structure of the block copolymer was unaffected by the presence 

of the crack at a distance greater than 1.6 microns from the crack tip. No cavitation or 

elongation of the spherical micelles was observed. Detailed inspection of micrographs 

near the crack tip suggested that cavitation occurs inside the rubbery core of the micelle, 

rather than at the epoxy-PEO interface. Large deformations in the shape of the cavitated 

block copolymer imply significant shear deformation of the epoxy network surrounding 

the block copolymer. Thus, cavitation-induced shear banding has been proposed to 

account for some effective toughening of the OP-modified epoxy. 

 

Summary 

 The glass transition temperature, Young’s modulus, and strain energy release 

rate of unmodified epoxies, epoxies containing 5 wt.% high molecular weight OP block 

copolymer, and epoxies containing 5 wt.% low molecular weight OP block copolymer 

are summarized in Tables 4.1 – 4.3. 
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Table 4.1 Thermal and mechanical properties of unmodified epoxies of varying crosslink density. 

Epoxy Mc 

(g/mol) 

Tg 

(° C) 

E 

(GPa) 

Gc 

(J/m
2
) 

600 149 3.05 ± 0.05 140 ± 22 

900 123 3.33 ± 0.09 110 ± 30 

1,600 107 3.49 ± 0.18 150 ± 40 

2,900 99 3.88 ± 0.12 190 ± 30 

3,700 102 3.20 ± 0.35 210 ± 40 

5,700 100 3.32 ± 0.10 200 ± 30 

 

Table 4.2 Thermal and mechanical properties of epoxies of varying crosslink density modified with 5 

wt.% of a high molecular weight OP block copolymer. 

Block 

Copolymer 

Epoxy Mc 

(g/mol) 

Tg 

(° C) 

E 

(GPa) 

Gc 

(J/m
2
) 

OP(28-36) 600 140 3.06 ± 0.08 530 ± 60 

 900 120 3.28 ± 0.09 1,050 ± 100 

 2,900 98 3.39 ± 0.09 2,150 ± 540 

 3,700 96 3.12 ± 0.05 2,230 ± 490 

 5,700 93 3.47 ± 0.08 2,670 ± 390 

OP(20-36) 600 141 3.22 ± 0.10 810 ± 80 

 900 127 3.25 ± 0.12 1,610 ± 210 

 1,600 112 3.47 ± 0.05 2,400 ± 110 

 2,900 102 3.60 ± 0.10 2,400 ± 250 

 3,700 98 3.45 ± 0.06 2,420 ± 150 

 5,700 96 3.60 ± 0.22 2,800 ± 520 
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Table 4.3 Thermal and mechanical properties of epoxies of varying crosslink density modified with 5 

wt.% of a low molecular weight block copolymer. 

Block 

Copolymer 

Epoxy Mc 

(g/mol) 

Tg 

(° C) 

E 

(GPa) 

Gc 

(J/m
2
) 

OP(3.3-5.0) 600 140 3.85 ± 0.05 510 ± 70 

 900 120 3.32 ± 0.09 1,090 ± 230 

 1,600 107 3.50 ± 0.24 1,580 ± 100 

 2,900 97 3.39 ± 0.27 2,690 ± 290 

 3,700 99 3.62 ± 0.24 2,280 ± 340 

 5,700 96 3.27 ± 0.49 2,670 ± 420 

OP(2.7-5.0) 600 137 3.12 ± 0.09 430 ± 90 

 900 114 3.23 ± 0.10 1,210 ± 190 

 1,600 105 3.18 ± 0.10 1,860 ± 270 

 2,900 96 3.14 ± 0.08 2,550 ± 170 

 3,300 98 2.97 ± 0.08 2,530 ± 90 

 3,700 98 3.00 ± 0.10 2,870 ± 300 

 5,700 94 3.10 ± 0.10 2,760 ± 300 

OP(2.3-5.0) 600 149 2.94 ± 0.05 720 ± 70 

 900 122 3.01 ± 0.12 1,770 ± 190 

 2,000 105 3.11 ± 0.10 3,650 ± 190 

 2,880 102 3.19 ± 0.23 3,430 ± 450 

 3,700 96 3.61 ± 0.24 2,750 ± 260 

 5,700 100 3.20 ± 0.06 2,830 ± 230 

OP(1.9-5.0) 600 137 2.85 ± 0.09 950 ± 60 

 900 126 2.87 ± 0.08 1,870 ± 200 

 1,550 111 2.89 ± 0.12 2,880 ± 290 

 2,880 100 3.16 ± 0.36 3,120 ± 160 

 3,700 100 2.96 ± 0.05 3,140 ± 150 

 5,700 99 3.20 ± 0.16 3,000 ± 120 
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4.4: Discussion 

Thermal Properties 

 Addition of 5 wt.% of the OP block copolymers did not result in a significant 

change in the glass transition temperature of the epoxy. The largest shift in Tg occurred 

in epoxies with a Mc of 600 g/mol, where Tg may be reduced by as much as 10-15 °C. 

Vesicles, wormlike micelles, and spherical micelles were observed as the composition 

of the block copolymer and crosslink densities of the epoxies were changed. The 

nanostructure of the block copolymer does not appear to affect the thermal properties of 

the modified epoxy. Additionally, the overall molecular weight of the block copolymer 

does not appear to alter the Tg of the modified epoxies. OP(20-36) and OP(28-36) 

modified epoxies display a similar reduction of Tg at a Mc value of 600 g/mol, with no 

major differences in Tg as the network crosslink density was reduced.  

Changes in the Tg of epoxies upon addition of the block copolymer are similar to 

those exhibited by MDA-cured epoxies containing various reactive and non-reactive 

block copolymers.
28

 The critical micelle concentration of the block copolymer in the 

epoxy blends is small
68, 69

 and the PEP block should be completely separated from the 

epoxy network.
70, 71

 The Tg of the epoxy should be relatively unchanged as the amount 

of block copolymer dissolved is low. It is interesting to note that the thermal behavior of 

the epoxies modified with OP block copolymer was not similar to the behavior of 

phenol novolac-cured epoxies. Addition of three different block copolymers (PEO-PEP, 

PEO-PBO, and PBO-PHO) to PN-cured epoxies could increase the Tg of the composite 

as much as 30 °C.
29, 34, 38

 The rise in Tg was found to be the greatest in epoxies modified 

with wormlike micelles and there appeared to be a correlation between an increase in Gc 
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and Tg. This increase in Tg has been speculated to be the result of a modified local 

network structure brought about by the presence of the block copolymer micelles, 

though the exact cause still remains unknown.
60, 61

 THPE and Parabis used in this study 

contain novolac reactive groups, however the location of the reactive groups differ from 

the phenol novolac curing agent used in previous work. The structure of the phenol 

novolac curing agent is shown in Figure 4.25. 

 

Figure 4.25 Chemical structure of the phenol novolac curing agent. The value of m is 2.5. 

 

The glass transition temperature of the neat epoxy resin/PN system is around 90 °C.
29, 34

 

This value seems low for an epoxy with a theoretical Mc of 590 g/mol, considering the 

chemical similarities with the system investigated in this chapter.
4, 45

 It may be that the 

neat PN-cured epoxy has an actual Mc value much higher than 590 g/mol and that 

addition of the block copolymer increases the crosslink density of the epoxy network 

closer to the theoretical value. A decrease in the crosslink density of the unmodified 

material would increase the network segment mobility and reduce the glass transition 

temperature.
72

 

 

Mechanical Properties 

 The modulus of unmodified epoxies displayed little variation with a change in 

the epoxy Mc, peaking at a value of 3.9 GPa at Mc value of 2,900 g/mol. Addition of the 
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OP diblock did not result in a noticeable change in modulus when the block copolymer 

self-assembled into structures other than vesicles. The addition of vesicles leads to a 10-

15% decrease in the modulus of the material. The block copolymer vesicles are filled 

with cured epoxy. Though the epoxy core inside the vesicle is fully cured, it is separated 

from the bulk network and cannot fully participate in mechanical processes, reducing 

the load bearing capacity of the composite. Spherical or wormlike micelles contain 

cores comprised of only the rubbery PEP block. These rubbery domains do not possess 

the same stiffness of the epoxy network. However, block copolymer loading in the 

composites was small enough that the block copolymer structures do not adversely 

affect the stiffness of the epoxy network and the modulus of the material was not 

degraded. It is important to note any change in modulus when discussing strain energy 

release rate values. From Equation 4.2, the strain energy release rate is proportional to 

the square of the stress intensity factor (KIc) and inversely proportional to the modulus, 

both material properties. The majority of block copolymer epoxies examined did not 

observe a reduction in modulus. Thus, any increase in Gc resulted from an increase in 

KIc. Gc values for epoxies modified with vesicles were somewhat inflated due to the 

corresponding decrease in modulus. 

 The fracture resistance values of the block copolymer-modified epoxies 

highlighted in Figures 4.15 and 4.18 show remarkably similar behavior. The fracture 

resistance of tightly crosslinked epoxies was dependent on the composition of the block 

copolymer additive. Block copolymers that self-assembled into more extended 

structures such as vesicles or wormlike micelles provided greater improvements in Gc 

than epoxies containing spherical micelles. While not entirely consistent with previous 
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block copolymer/epoxy systems,
28, 29, 34, 38, 42

 these results highlight the importance of 

the block copolymer nanostructure on toughening tightly crosslinked thermosets. 

Epoxies that contained vesicles showed an almost seven-fold increase in Gc over the 

neat epoxy, while wormlike micelles (~5x) and spherical micelles (~3.5x) provided 

more modest improvements. Improvements in Gc were similar to those reported for OP-

modified epoxy/PN systems,
29

 however, wormlike micelles did not provide the largest 

increase in Gc. The current results, coupled with those of OP-modified epoxy/PN
29

 and 

epoxy/MDA systems,
28, 42

 demonstrate that OP block copolymers are effective in 

toughening highly crosslinked thermosets. Further work is still necessary to evaluate 

which dispersed block copolymer morphology offers the greatest increase in fracture 

resistance. 

Previous investigations of the fracture mechanisms involved in block copolymer 

toughening of epoxies have been limited to post-mortem examinations of fracture 

samples using SEM and optical microscopy.
28, 34, 38, 42, 59

 Micrographs of the fracture 

surfaces near the initial crack tip exhibit vastly different surface features depending on 

the structure of the block copolymer. Fracture surfaces of epoxies containing vesicles 

show a highly three dimensional structure with craters and holes dotting the surfaces. 

Macroscopic plastic deformation was visible along the fracture surface. Dean proposed 

that the fracture mechanisms of vesicles are similar to those of classical rubber modified 

epoxies.
59

 The vesicles are able to toughen much more efficiently than liquid rubber-

modified systems as they are able to encapsulate some of the epoxy network, increasing 

the effective volume of the block copolymer structures. Energy is dissipated through de-

bonding of the vesicles ahead of the crack tip. The vesicles that de-bond alter the stress 
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state from plane-strain to plane-stress, facilitating shear yielding of the epoxy 

network.
55, 73

 Craters, some including the epoxy core of the vesicles, are widespread 

throughout the fracture surface and were observed in Figure 4.20d. These sites show 

where the vesicles have been removed from the epoxy matrix during fracture. Further, 

optical micrographs by Dean using cross-polarized light demonstrated a birefingent 

zone near the crack tip in epoxy/MDA systems modified with OP vesicles, indicating 

shear banding of the epoxy network.
28

 The highly terraced nature of the fracture surface 

suggests that crack deflection may also serve as a secondary toughening mechanism. 

Bridging of vesicles across the crack tip is unlikely to be a contributing fracture 

mechanism in this system. Yee demonstrated that particles must be comparable in size 

to the Irwin plastic zone of the unmodified epoxy to act as a bridging site.
10

 The Irwin 

plastic zone is defined
55

 as: 
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 (4.4) 

where σy is the yield stress. The Irwin plastic zone was approximately 2-3 µm for the 

neat epoxy systems investigated in this chapter. OP vesicles observed in Chapter 3 were 

approximately 60-100 nm in diameter and, thus, too small to effectively serve as 

bridging particles. 

 A combination of SEM, TEM, and optical microscopy was used to probe the 

fracture mechanisms utilized to toughened epoxies containing spherical micelles. SEM 

micrographs of the fracture surfaces of these epoxies (Figure 4.20a,b) revealed a flat 

surface with little texturing. Block copolymer particle cavities were not evident and 

there was little to suggest a difference in fracture behavior when compared to the neat 
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epoxy. The double-notch four-point bend test was conducted on epoxy samples 

modified with 5 wt% OP(3.3-5.0) and the resulting damage zones were analyzed by Jia 

(Daniel) Liu. TEM images of the epoxy at varying lengths from the sub-critical crack 

tip revealed that the spherical micelles near the tip had cavitated. Hydrostatic tension 

builds within the liquid rubber core as force is applied to the DN-4PB samples, 

ultimately dilating and then rupturing the rubbery domain of the spherical micelles. 

Cavitation of rubbery particles 100 nm in size has been reported for modified 

thermosets.
62-65

 Additionally, cavitation of butadiene domains on the scale of tens of 

nanometers has been implicated in the crazing of poly(styrene)-b-poly(butadiene) block 

copolymers.
74-76

 The images near the crack tip shown in Figure 4.24 are the first direct 

evidence of cavitation of spherical particles on this length scale. The cavitated particles 

nearest the crack tip were elongated and showed some degree of alignment in the 

vicinity nearest to the crack tip. Cavitation occurred within the rubbery PEP domain and 

the considerable size change of the cavity suggests that the epoxy network has 

undergone deformation. The extent of elongation and alignment decreased further from 

the crack tip and at a distance of about 1.6 µm from the tip the spherical micelles 

remained intact. Optical microscopy of the sub-critical crack tip using cross polarized 

light indicated a birefringent zone surrounding the crack tip. Images of the sub-critical 

crack suggest that the dominant toughening mechanism for spherical micelle-modified 

epoxy is shear yielding of the epoxy network facilitated by cavitation of the spherical 

particles. As with vesicles, crack bridging of spherical particles is not expected to be an 

active fracture mechanism. Additionally, the fracture surface of the spherical modified 

epoxy is fairly level, indicating little crack deflection. 
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 The underlying fracture mechanisms of epoxies modified with wormlike 

micelles are still not well understood.
29, 34, 38

 The increase in Gc that accompanies a 

transition from spherical micelles to cylindrical micelles is appealing from a viewpoint 

of the block copolymer structures involved. Both spherical micelles and wormlike 

micelles have similar diameters (ca. 15 nm), yet wormlike micelles are free to extend 

distances of hundreds of nanometers throughout the epoxy. Examination of the fracture 

surface in Figure 4.20c reveals a distinct patterning and the presence of holes and 

troughs. The patterning on the surface suggests that the epoxy network has undergone 

plastic deformation. Optical microscopy of the fracture surface of the epoxy/PN system 

containing OP wormlike micelles by Dean displayed a large birefringent zone.
59

 The 

exact cause of the deformation is not completely known. There is now evidence of 

cavitation of spherical micelles with diameters comparable to the wormlike micelles. 

The holes and troughs observed on the fracture surface may be from cavitated cylinders. 

Further, the extended cylindrical structure may alter the network structure of the epoxy 

reducing the local yield stress. Additional holes may be the result of chain pullout by 

bridged cylinders. It was difficult to determine the precise length of the wormlike 

micelles from TEM because of the microtoming process. It is possible that the wormlike 

micelles formed by the OP block copolymer in the epoxy would be long enough to 

bridge across an opening crack. However, crack bridging of OP diblocks will not likely 

improve the fracture resistance of epoxies. An explicit measure of toughening by 

bridging particles was derived by Evans et al.
77

 and is expressed as: 

 
f

c
E

RfS
G

6

2

    (4.5) 
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where S is the tensile strength of the particle, R is the radius of the particle, f is the area 

fraction bridging particles in the crack plane, τ is the shear resistance of the interface, 

and Ef is the Young’s modulus of the bridging particle. Given the diameter of the 

cylinders formed by the block copolymer, cylindrical micelles formed by the OP block 

copolymer will not improve the epoxy fracture energy as bridging particles. 

The dominant fracture mechanism proposed for the block copolymer-modified 

epoxies examined in this chapter is shear yielding of the epoxy network facilitated by 

cavitation of the rubbery domains of the block copolymer micelles. A cartoon of this 

process is presented in Figure 4.26. It has been proposed that increasing the molecular 

weight between crosslinks of an epoxy network improves the main-chain mobility, 

which results in increased ductility.
2,9

 Gc values plotted in Figures 4.15 and 4.18 reveal 

the ability of the block copolymer to toughen was enhanced as the crosslink density of 

the epoxy was reduced. Examination of the fracture surface using SEM further 

highlighted the change in network deformation brought about by a decrease in the 

epoxy crosslink density. Figure 4.21 show the remarkable change in the fracture surface 

as the epoxy crosslink density was reduced. Voids and shear deformation of the epoxy 

network became more prevalent as the epoxy Mc value was increased to 2,900 g/mol.  

Enhanced deformation of the epoxy could not be accomplished without the 

presence of the block copolymer particles. The strain energy release rate of unmodified 

epoxies was only weakly dependent on Mc and the maximum Gc values observed was 

210 J/m
2
. The fracture surfaces in Figure 4.22 demonstrate that the block copolymer is 

needed to promote deformation of the epoxy network. The block copolymer is 

necessary to cavitate and form voids. The voids alter the stress state near the crack,  
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Figure 4.26 Schematic of cavitation-induced shear banding around a crack tip in a block copolymer 

modified epoxy. The process involves (a) initiation of a crack, (b) cavitation of the block copolymer 

particles within a cavitation zone when the crack is placed under load, and (c) shear banding of the epoxy 

network inside the cavitation zone. The sizes of the crack, block copolymer particles, cavitation zone, and 

shear banding are not drawn to scale. 

(a) 

(b) 

(c) 
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promoting yielding of the network.
7-10, 78, 79

 Improving the ductility of the epoxy 

network by extending the molecular weight between crosslinks improves the ability of 

the network to yield and, thus, absorb more energy prior to fracture.
9
 This is reflected in 

the improvements in Gc observed as the epoxy Mc was increased. 

Improvements in the fracture resistance of OP-modified epoxies were not 

dependent on the structure of the block copolymer at high value of the epoxy Mc. 

Epoxies containing spherical micelles, vesicles, or ellipsoidal micelles increased the 

epoxy Gc to ~2,700 J/m
2
 at Mc values of 2,900 g/mol or greater. This highlights the 

importance of network yielding as an energy absorption mechanism. At low epoxy Mc 

values, the network is rigid and improvements in fracture resistance were dependent on 

the structure of the dispersed block copolymer. Extended structures such as vesicles or 

wormlike micelles may be able to cavitate over a larger distance near the crack tip, 

increasing the volume of the epoxy network that can be deformed, however little that 

may be. The size or structure of the block copolymer becomes less important as the 

ability of the epoxy network to yield is improved, i.e. the epoxy Mc increases. The 

plateau in the block copolymer-modified epoxy fracture resistance observed at Mc 

values of 2,900 g/mol or greater is interesting. Previous work demonstrated a linear 

dependence between fracture resistance and the molecular weight between crosslinks 

for a CBTN-toughened epoxies.
9
 DN-4PB tests would be useful in assessing whether 

the damage zone near the crack tip has reached a finite limit at a Mc of 2,900 g/mol and 

how the size of the damage zone is influenced by the block copolymer micelle shape 

and size across a range of epoxy Mc values. 
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4.5: Summary 

 Epoxies of varying molecular weight between crosslinks were modified with 5 

wt.% of OP block copolymers of differing compositions and overall molecular weights. 

Reducing the epoxy crosslink density increased the efficacy of the block copolymer 

particles in promoting fracture resistance. The strain energy release rate may be 

improved by a factor greater than thirteen over the neat epoxy upon addition of an OP 

block copolymer. The fracture resistance of tightly crosslinked epoxies was dependent 

on the self-assembled structure of the block copolymer, with vesicles and wormlike 

micelles providing a greater increase in Gc compared to spherical micelles. However, at 

large values of Mc, the fracture resistance of the modified epoxy is independent of the 

block copolymer composition and overall molecular weight, within experimental 

precision. Shear yielding of the epoxy matrix, facilitated by cavitation or debonding of 

the block copolymer particles, has been identified as the dominant toughening 

mechanism. Addition of the block copolymer does not adversely decrease the glass 

transition temperature or modulus of the epoxy. These findings may find practical 

application with commercial epoxy systems, offering another variable to improve 

fracture resistance in formulations where control of block copolymer composition, size, 

or molecular distribution is difficult. 
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Chapter 5: Effect of Crosslink Density on Epoxies of 

Varying Block Copolymer Concentration 

 

 

5.1:  Introduction 

 Commercially available epoxy resins were first made available in the 1940s and 

the consumption of these materials has increased steadily in the ensuing decades.
1, 2

 

Although epoxies possess many useful traits such as high glass transition temperatures, 

modulus, and chemical resistivity, a low tolerance for crack propagation ultimately 

limits the usage of this class of material.
2, 3

 Much work has been undertaken in the past 

four decades on improving the fracture resistance of epoxy thermosets.
4
 A successful 

strategy for toughening epoxies has been the incorporation of rubbery domains into the 

epoxy matrix.
5-7

 The increase in fracture resistance brought about through addition of 

the rubbery particles often results in a reduction of the glass transition temperature and 

modulus of the epoxy.
8, 9

 Additionally, the inclusion of the rubbery modifier increases 

the cost of the material and may complicate production. 

 Many studies have been conducted over the past few decades to assess the effect 

of the concentration of the rubbery particles on the physical properties of epoxies. A 

linear decrease in the yield stress of up to about 20 percent has been reported in rubber-

toughened epoxy systems.
5, 10

 A similar trend has been shown in finite element analysis 

of rubber-modified epoxy networks.
11-14

 The fracture toughness of epoxies containing 

liquid rubber,
5, 8, 10, 15-17

 core-shell particles,
18-21

 or homopolymers
22, 23

 at varying 
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concentrations has been investigated. In a majority of the reports, an optimum level of 

rubber content was observed, above which the fracture resistance does not increase or, 

in some cases, may decline. One possible reason for the plateau or reduction in fracture 

resistance is caused by a lack of material available for energy absorption processes prior 

to crack propagation.
4
 The major toughening mechanism for these systems is cavitation-

induced shear yielding of the epoxy network.
5-7, 24, 25

 The authors have hypothesized that 

if the amount of rubbery material is increased too much, there is not a sufficient amount 

of epoxy available to yield near the crack tip prior to propagation of the crack.
4
 

 Fracture resistance studies of block copolymer-modified epoxies conducted in 

the Bates group have typically been carried out at a block copolymer loading of 5 

weight percent.
26-29

 Only limited experiments have been conducted to address the effect 

of block copolymer concentration on the fracture resistance of epoxies.
30-32

 The fracture 

resistance of a 4,4’-methylenedianiline (MDA) cured epoxy system was shown to 

generally increase upon further addition of an OB block copolymer.
27

 The maximum 

improvement in the strain energy release rate (Gc) was modest (3-4x greater than the 

neat material) and the improvement in Gc was not strongly dependent on the block 

copolymer concentration in vesicle-modified epoxies. A study of the effect of the 

concentration of poly(ethylene oxide)-b-poly(butylene oxide) (PEO-PBO) block 

copolymers on toughening epoxies cured with a phenol novolac (PN) curing agent was 

conducted by Wu.
32

 Reducing the concentration of a spherical micelle-forming block 

copolymer caused a reduction in Gc. However, a thorough assessment of the 

concentration dependence was lacking. The fracture resistance of epoxies modified with 

PEO-PBO wormlike micelles was determined for block copolymer loadings ranging 
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from 0.5 to 5 wt.%.
32

 The value of Gc increased linearly with the addition of 0.5 to 2.5 

wt.% of the block copolymer. The fracture resistance reached a value of ~1,200 J/m
2
 at 

a block copolymer loading of 2.5 wt.% and did not statistically vary at a loading of 5 

wt.%. This plateau in Gc was similar to those reported for classical rubber-modified 

systems, yet occurred at a loading much smaller than conventional systems.  

The previous chapter identified yielding of the epoxy matrix as a dominant form 

of energy absorption prior to crack growth. Understanding of how the degree of fracture 

resistance changes with the amount of block copolymer added to the system will 

provide further insight into the underlying fracture mechanisms involved in toughening. 

Additionally, determining the block copolymer loading necessary for optimal fracture 

resistance serves a practical purpose in minimizing the total cost of the epoxy 

composite.
1
 This chapter examines the effect of block copolymer concentration on the 

fracture resistance of three epoxies of varying crosslink density. The crosslink density 

of the three epoxy systems investigated was controlled by varying the relative amount 

of crosslinking and chain extending molecules added to the formulation. The block 

copolymer-modified epoxies were directly visualized using transmission electron 

microscopy (TEM). Representative compact tension and dynamic mechanical analysis 

(DMA) samples were cut from 40 gram plaques of the block copolymer-modified epoxy 

and used to determine fracture resistance and modulus values.  

 

5.2:  Experimental Methods 

A full description of the protocols used in preparing the OP diblock copolymers 

may be found in Chapter 2. The two block copolymers used in this study were OP(2.7-
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5.0) (Mn = 7.7 kg/mol, wEO = 0.35) and OP(20-36) (Mn = 56 kg/mol, wEO = 0.36). Full 

descriptions of the molecular characteristics of the polymers used in this chapter may be 

found in Chapter 3 (Table 3.1). 

The epoxy used in this study was comprised of a resin (D.E.R 332), a 

crosslinking agent (THPE), and a chain extender (Parabis). A catalyst 

(Ethyltriphenylphosphonium acetate) was used to decrease cure time. Neat and block 

copolymer-modified epoxies were prepared by solvent casting as outlined in Chapter 2. 

Varying the block copolymer concentration did not alter the solvent casting or curing 

protocol of the epoxies. The epoxy formulations were designed based on the theoretical 

molecular weight between crosslinks (Mc), calculated using equation 3.1.
33 

The morphologies of the block copolymer-modified epoxy plaques were 

established using TEM. A representative portion of the plaque was microtomed at room 

temperature using a Reichart Ultra Microtome fitted with a diamond knife. Thin 

sections (ca. 70 nm) were floated on water and blotted onto a copper grid, then stained 

with vapor from a 0.5 wt.% aqueous solution of RuO4 for 8-10 minutes. RuO4 

preferentially stains PEO, then the epoxy, then PEP for the system examined.
34

 Stained 

samples were imaged with a JEOL 1210 TEM using an accelerating voltage of 120kV. 

TEM images were analyzed using JMicroVision (ver. 1.3.2) image analysis software as 

outlined in Chapter 3. At least 60 micelles were analyzed from at least three TEM 

micrographs of each block copolymer modified epoxy. 

Compact tension samples were machined to the geometric specifications 

outlined in ASTM standard D5045 for fracture under plane-strain conditions.
35

 Typical 

compact tension samples had a thickness (B) of 3.78 mm, a width (W) of 11.89 mm, and 



164 

 

 

a pre-crack length (a) of ca. 6 mm. Compact tension samples were run on an Instron 

Testing System (model 1011) with a crosshead speed of 10 mm/min. At least six 

specimens were fractured for each calculation. The critical stress intensity factor (KIc) 

and strain energy release rate was calculated using equations outlined in Chapter 4. 

The Young’s modulus of neat and block copolymer-modified epoxies was 

determined by dynamical mechanical analysis using a Rheometrics Scientific Mark IV 

Dynamic Mechanical Testing Apparatus. Rectangular bars with dimensions 28 mm x 4 

mm x 2 mm were cut from the epoxy plaques and loaded into the DMA, which was 

configured for three-point bending tests. The three point bending tests were performed 

at room temperature using a frequency of 10 rad/s and a strain of 0.01%. The frequency 

and strain were chosen to ensure linear elastic response. 

 

5.3:  Results and Analysis 

OP(2.7-5.0)-Modified Epoxies: Morphology Versus Concentration 

TEM micrographs of epoxies with Mc equal to 600 g/mol containing 1 to 5 wt.% 

OP(2.7-5.0) are presented in Figure 5.1. The block copolymer assembled into 

disordered spherical micelles at a loading of 5 wt.%. The spherical micelles have an 

average diameter of 15.5 nm with a standard deviation of 3.7 nm. Decreasing the block 

copolymer concentration did not lead to an appreciable change in the size or shape of 

the block copolymer micelles, as shown in Figure 5.2. The particles do not change size, 

so the aggregation number of the block copolymer in the micelles is assumed to remain 

nearly constant.
37

A reduction in the number density of spherical micelles is required to 
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Figure 5.1 TEM micrographs of OP(2.7-5.0)-modified epoxies with a Mc value of 600 g/mol. The block 

copolymer loading in each epoxy was (a) 1 wt.%, (b) 2 wt.%, (c) 3 wt.%, (d) 4 wt.%, and (e) 5 wt.%. 

Scale bars represent 100 nm. 

c d 

b a 

e 
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Figure 5.2 Average diameter of the spherical micelles formed by OP(2.7-5.0) block copolymers as a 

function of the block copolymer concentration in the epoxy. The epoxy MC was 600 g/mol. Diameters of 

the spherical micelles were determined by software analysis of the TEM micrographs. Error bars 

represent the standard deviation of at least 60 recorded particle diameters. 

 

account for the decrease in block copolymer concentration and this is generally seen in 

Figure 5.1.  

An estimation of the interparticle distance of spherical particles can be made by 

assuming the spheres pack on a simple cubic lattice. The interparticle distance between 

spheres with cubic packing is calculated
38, 39

 using the following equation: 

























 1

6

31

F

pi
V

dd


 (5.1) 

where dp is the radius of the spherical micelles and VF is the volume fraction of the PEP 

cores. Values of the average radius of the spherical micelles were obtained from image 

analysis of the TEM micrographs. The volume fraction of the PEP cores was calculated 
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using the mass of the epoxy plaques, the loading of the block copolymer, and known 

component densities.
1, 40

  

The calculated interparticle distances at each block copolymer loading are 

plotted in Figure 5.3. It is difficult to obtain an accurate interparticle distance from TEM 

as the images are a two-dimensional projection of a three-dimensional volume. 

However, the density of particles in Figure 5.1 generally reflects a decrease in the 

apparent interparticle distance with an increase in block copolymer concentration. 
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Figure 5.3 Calculated interparticle distance as a function of block copolymer loading for an epoxy 

modified with OP(2.7-5.0). The epoxy Mc is 600 g/mol and the block copolymer assembled into spherical 

micelles with an average diameter of 15.5 nm. Interparticle distance was calculated using equation 5.1, 

assuming the spherical micelles packed on a simple cubic lattice. 

 TEM micrographs of an epoxy with a Mc value of 2,900 g/mol containing 1 to 

7.5 wt.% OP(2.7-5.0) are shown in Figure 5.4. In Chapter 3, The interfacial curvature of 

OP(2.7-5.0)-modified epoxies decreased as the Mc of the epoxy increased. A 

coexistence of short cylindrical micelles and vesicles was proposed to be the preferred 
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packing arrangement for this block copolymer at an epoxy Mc of 2,900 g/mol. A disk-

shaped structure was considered, but formation was deemed unlikely due to the lack of 

a strong interfacial or structural driving force between PEO, PEP, or the epoxy network. 

Both cylindrical micelles and vesicles appear to be present in Figure 5.4, though 

differentiating the two structures is sometimes difficult. The average diameter of the 

cylinders was ca. 12 nm and did not appreciably change (± 1.3 nm) as the block 

copolymer loading was varied. The average size the micelles (vesicle diameter and 

cylinder length) are plotted as a function of the block copolymer loading in Figure 5.5. 

Again, the density of the particles decreased as the block copolymer concentration 

decreased. 

The morphological behavior of the various concentrations of the OP(2.7-5.0) 

block copolymer dispersed in an epoxy with an Mc value of 3,700 g/mol was generally 

similar to the behavior of epoxies with a Mc of 2,900 g/mol shown in Figure 5.4. TEM 

micrographs of this system are shown in Figure 5.6. The block copolymer appeared to 

form short cylindrical micelles in the epoxy at each block copolymer loading 

investigated, though small elongated vesicles may have been observed. The average 

length of the micelles is plotted as a function of the block copolymer loading in Figure 

5.7. 
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Figure 5.4 TEM micrographs of OP(2.7-5.0)-modified epoxies with a Mc value of 2,900 g/mol. The 

block copolymer loading in each epoxy was (a) 1 wt.%, (b) 2 wt.%, (c) 2.5 wt.%, (d) 3 wt.%, (e) 5 wt.%, 

and (f) 7.5 wt.%. Scale bars represent 100 nm. 
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Figure 5.5 Average size of micelles formed by OP(2.7-5.0) block copolymers as a function of the block 

copolymer concentration in the epoxy. The epoxy MC was 2,900 g/mol. The reported particle sizes 

include both the lengths of the cylinders and the diameters of the vesicles. Micelle lengths were 

determined by software analysis of the TEM micrographs. Error bars represent the standard deviation of 

the lengths measured from at least 60 micelles. 
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Figure 5.6 TEM micrographs of OP(2.7-5.0)-modified epoxies with a Mc value of 3,700 g/mol. The 

block copolymer loading in each epoxy was (a) 1 wt.%, (b) 2 wt.%, (c) 3 wt.%, (d) 4 wt.%, and (e) 5 

wt.%. Scale bars represent 100 nm. 
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Figure 5.7 Average size of micelles formed by OP(2.7-5.0) block copolymers as a function of the block 

copolymer concentration in the epoxy. The epoxy MC was 3,700 g/mol. The reported particle sizes 

include both the lengths of the cylinders and the diameters of the vesicles. Micelle lengths were 

determined by software analysis of the TEM micrographs. Error bars represent the standard deviation of 

the lengths measured from at least 60 micelles. 

 

OP(2.7-5.0)-Modified Epoxies: Fracture Resistance Versus Concentration 

 The fracture resistance values of epoxies with three different crosslink densities 

were examined as a function of the block copolymer loading. Strain energy release rates 

and modulus values are plotted as a function of block copolymer content for epoxies 

with Mc values of 600 g/mol, 2,900 g/mol, and 3,700 g/mol in Figures 5.8-5.10. Gc 

values of epoxies with a Mc of 600 g/mol were relatively unchanged as the block 

copolymer concentration was reduced from 5 wt.% to 2 wt.%. The spherical micelles 

provide moderate toughening (~3.5x greater than the neat epoxy) until some threshold 

concentration between 1 and 2 wt.%. At low concentrations, the block copolymer is 

unable to facilitate any energy absorbing processes and the material undergoes brittle 
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failure similar to the neat material.
5, 6

 Strain energy release rate and modulus values are 

summarized in Table 5.1. 
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Figure 5.8 Strain energy release rate (Gc) (■) and modulus (□) of OP(2.7-5.0)-modified epoxies as a 

function of block copolymer loading. The molecular weight between crosslinks of the epoxies was 600 

g/mol. At least five compact tension and four DMA samples were tested and the error bars represent the 

standard deviation of the data. Gc and modulus values of the unmodified epoxy were 140 ± 20 J/m
2
 and 

3.05 ± 0.05 GPa, respectively. 

 

 
Table 5.1 Mechanical properties of epoxies with a Mc of 600 g/mol modified with an OP(2.7-5.0) block 

copolymer. The uncertainty corresponds to one standard deviation of at least four recorded values. 

Block Copolymer 

Concentration 

(wt.%) 

Gc 

(J/m
2
) 

Modulus 

(GPa) 

0 140 ± 20 3.05 ± 0.05 

1 80 ± 40 3.26 ± 0.12 

2 420 ± 50 3.31 ± 0.21 

3 550 ± 40 3.15 ± 0.11 

4 430 ± 37 3.27 ± 0.09 

5 540 ± 110 3.12 ± 0.09 
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 The OP(2.7-5.0) loading of epoxies with a Mc of 2,900 g/mol was varied from 1 

wt.% to 7.5 wt.%. Strain energy release rate and modulus values for these epoxies are 

plotted as a function of the block copolymer loading in Figure 5.9. 
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Figure 5.9 Strain energy release rate (Gc) (■) and modulus (□) of OP(2.7-5.0)-modified epoxies as a 

function of block copolymer loading. The molecular weight between crosslinks of the epoxies was 2,900 

g/mol. At least five compact tension and four DMA samples were tested and the error bars represent the 

standard deviation of the data. Gc and modulus values of the unmodified epoxy were 190 ± 30 J/m
2
 and 

3.88 ± 0.12 GPa, respectively. 

 

Fracture resistance in these epoxies was more sensitive to changes in the block 

copolymer concentration than epoxies with a Mc of 600 g/mol. There was a continual 

increase in Gc as the block copolymer loading was increased from 1 wt.% to 5 wt.%. No 

further increase in Gc was observed when the concentration was increased to 7.5 wt.%. 

Fracture resistance values of this epoxy at low block copolymer loadings are 

noteworthy. Marked improvements in Gc were observed by increasing the epoxy Mc 

from 600 g/mol to 2,900 g/mol. A block copolymer loading of 1 wt.% was able to 
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provide a modest increase in Gc when the epoxy crosslink density was reduced. Further, 

Gc values as large as any previously reported for block copolymer-toughened epoxy are 

reported at a block copolymer loading of only 2.5 wt.%.
26-30, 41

 The improvement in Gc 

continued as the amount of block copolymer increased until the system was saturated at 

a concentration around 5 wt.%. Additional rubbery content above this concentration did 

not increase energy absorption prior to fracture. Gc and modulus values of OP(2.7-5.0)-

modified epoxies with a Mc of 2,900 g/mol are summarized in Table 5.2. 

 
Table 5.2 Mechanical properties of epoxies with a Mc of 2,900 g/mol modified with an OP(2.7-5.0) block 

copolymer. The uncertainty corresponds to one standard deviation of at least four recorded values. 

Block Copolymer 

Concentration 

(wt.%) 

Gc 

(J/m
2
) 

Modulus 

(GPa) 

0 190 ± 30 3.88 ± 0.12 

1 520 ± 100 3.31 ± 0.19 

2 1,300 ± 150 3.37 ± 0.28 

2.5 1,620 ± 180 3.22 ± 0.14 

3 1,820 ± 250 3.43 ± 0.25 

5 2,550 ± 170 3.14 ± 0.08 

7.5 2,410 ± 300 3.01 ± 0.10 

 

A further decrease in the crosslink density of the epoxy continued to improve 

the efficacy of the block copolymer micelles in improving fracture resistance. The 

fracture resistance of epoxies with a Mc of 3,700 g/mol containing 0.1 to 5 wt.% of the 

OP(2.7-5.0) diblock are plotted in Figure 5.10 and summarized in Table 5.3. Fracture 

resistance improvements of greater than thirteen times that of the neat material were 

maintained down to block copolymer loadings of 3 wt.% at this epoxy crosslink density. 

These OP-modified epoxies possess Gc values comparable to commercially available 

systems with only a minimal amount of the block copolymer additive required.
1, 2, 42
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Improvements in Gc were still significant at low levels of block copolymer content in 

this system. At an epoxy Mc of 3,700 g/mol, addition of 1 wt.% block copolymer was 

sufficient to provide a Gc value as large as any previously reported for a block 

copolymer-modified epoxy.
26-30, 41

 The fracture resistance is about three times greater 

than the neat material at a loading of 0.5 wt.%. Most surprisingly, addition of just 40 mg 

of the block copolymer to a 40 g epoxy formulation (0.1 wt.% loading) provided a 

statistically measurable improvement in fracture resistance. 
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Figure 5.10 Strain energy release rate (Gc) (■) and modulus (□) of OP(2.7-5.0)-modified epoxies as a 

function of block copolymer loading. The molecular weight between crosslinks of the epoxies was 3,700 

g/mol. At least five compact tension and four DMA samples were tested and the error bars represent the 

standard deviation of the data. Gc and modulus values of the unmodified epoxy were 210 ± 40 J/m
2
 and 

3.20 ± 0.35 GPa, respectively. 
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Table 5.3 Mechanical properties of epoxies with a Mc of 3,700 g/mol modified with an OP(2.7-5.0) block 

copolymer. The uncertainty corresponds to one standard deviation of at least four recorded values. 

Block Copolymer 

Concentration 

(wt.%) 

Gc 

(J/m
2
) 

Modulus 

(GPa) 

0 210 ± 40 3.20 ± 0.35 

0.1 360 ± 80 3.15 ± 0.26 

0.25 380 ± 70 3.26 ± 0.18 

0.5 530 ± 35 3.11 ± 0.21 

1 1,570 ± 170 3.05 ± 0.14 

2 1,840 ± 230 3.26 ± 0.31 

3 2,950 ± 740 3.41 ± 0.09 

4 3,530 ± 470 3.22 ± 0.13 

5 2,870 ± 300 3.00 ± 0.10 

 

 

The fracture resistance behavior of the three epoxies investigated is summarized 

in Figure 5.11. Improvement in the fracture resistance of block copolymer-modified 

epoxies through a reduction of the epoxy crosslink density was established in Chapter 4. 

Figure 5.11 further demonstrates how the epoxy crosslink density influences the 

toughening ability of the block copolymer, especially at low loadings. A series of 

epoxies with Mc values ranging from 600 g/mol to 5,700 g/mol were prepared with a 

block copolymer loading of 1 wt.%. The Gc values of theses epoxies, along with 

epoxies containing 5 wt.% block copolymer, are plotted in Figure 5.12. Fracture 

resistance and modulus values for epoxies modified with 1 wt.%. OP(2.7-5.0) are 

summarized in Table 5.4. 
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Figure 5.11 Summary of the strain energy release rate (Gc) of OP(2.7-5.0)-modified epoxies as a function 

of block copolymer loading. The molecular weight between crosslinks of the epoxies was () 600 g/mol, 

() 2,900 g/mol, and () 3,700 g/mol. At least five compact tension samples were tested and the error 

bars represent the standard deviation of the data. 
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Figure 5.12 Strain energy release rate (Gc) of neat and OP(2.7-5.0)-modified epoxies as a function of 

epoxy molecular weight between crosslinks (Mc). Block copolymer loading was () 5% or () 1% by 

weight. At least five compact tension samples were tested and the error bars represent the standard 

deviation of the data. 

Neat Epoxy 
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Table 5.4 Mechanical properties of epoxies modified with 1 wt.% OP(2.7-5.0) block copolymer. The 

uncertainty corresponds to one standard deviation of at least five recorded values. 

Epoxy Mc  

(g/mol) 

Gc  

(J/m
2
) 

Modulus  

(GPa) 

600 80 ± 40 3.26 ± 0.12 

900 690 ± 80 3.30 ± 0.16 

1,600 650 ± 100 3.29 ± 0.22 

2,900 520 ± 100 3.31 ± 0.19 

3,700 1,540 ± 160 3.05 ± 0.14 

5,700 1,700 ± 120 3.38 ± 0.11 

 

As shown in Figures 5.8 and 5.12, there was no improvement in Gc upon addition of 1 

wt.% OP(2.7-5.0) to an epoxy with a Mc of 600 g/mol. The fracture energy increased to 

~700 J/m
2
 when the epoxy Mc was increased to 900 g/mol. The fracture resistance at 1 

wt.% block copolymer loading decreased slightly, but was within uncertainty as the 

epoxy Mc was raised to 2,900 g/mol. There was a considerable jump in Gc in the lightly 

crosslinked epoxies (Mc = 3,700 g/mol, 5,700 g/mol), with Gc values greater than 1,500 

J/m
2
 observed at just 1 wt.% block copolymer loading. This increase in Gc was located 

at Mc values where there was little improvement in the fracture resistance of epoxies 

with a block copolymer concentration of 5 wt.%. 

 

OP(20-36)-Modified Epoxies: Fracture Resistance Versus Concentration 

 The effect of block copolymer concentration on the fracture resistance of 

epoxies was additionally probed using an OP block copolymer with a larger molecular 

weight. Plots of the strain energy release rate and modulus as a function of OP(20-36) 

loading for epoxies with Mc values of 600 g/mol, 2,900 g/mol, and 3,700 g/mol are 

shown in Figures 5.13-5.15. The concentration behavior of the OP(20-36)-modified  
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Figure 5.13 Strain energy release rate (Gc) (■) and modulus (□) of OP(20-36)-modified epoxies as a 

function of block copolymer loading. The molecular weight between crosslinks of the epoxies was 600 

g/mol. At least five compact tension and four DMA samples were tested and the error bars represent the 

standard deviation of the data. Gc and modulus values of the unmodified epoxy were 140 ± 20 J/m
2
 and 

3.05 ± 0.05 GPa, respectively. 
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Figure 5.14 Strain energy release rate (Gc) (■) and modulus (□) of OP(20-36)-modified epoxies as a 

function of block copolymer loading. The molecular weight between crosslinks of the epoxies was 2,900 

g/mol. At least five compact tension and four DMA samples were tested and the error bars represent the 

standard deviation of the data. Gc and modulus values of the unmodified epoxy were 190 ± 30 J/m
2
 and 

3.88 ± 0.12 GPa, respectively. 
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Figure 5.15 Strain energy release rate (Gc) (■) and modulus (□) of OP(20-36)-modified epoxies as a 

function of block copolymer loading. The molecular weight between crosslinks of the epoxies was 3,700 

g/mol. At least five compact tension and four DMA samples were tested and the error bars represent the 

standard deviation of the data. Gc and modulus values of the unmodified epoxy were 210 ± 40 J/m
2
 and 

3.20 ± 0.35 GPa, respectively. 

 

epoxies was similar to that of OP(2.7-5.0)-modified epoxies. Reducing the 

concentration of the OP(20-36) block copolymer produced little change in the fracture 

resistance values of epoxies with a Mc of 600 g/mol. However, an improvement in Gc 

was still observed at a block copolymer loading of 1 wt.%. OP(20-36) assembled into 

wormlike micelles at a concentration of 5 wt% in epoxies with a Mc of 600 g/mol. 

Previous work demonstrated that wormlike micelles may provide a greater 

improvement in fracture resistance over spherical micelles in highly crosslinked 

epoxies.
28, 30

 The exact fracture mechanisms of epoxies containing wormlike micelles 

are not well know. It is possible that the extended nature of the wormlike micelles 

permitted cavitation of the block copolymer over a volume of epoxy large enough to 
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sufficiently promote energy absorbing mechanisms in highly crosslinked epoxies at low 

loadings. 

A linear increase in Gc was observed upon continued addition of OP(20-36) to 

an epoxy with a Mc of 2,900 g/mol. The improvement in Gc became nonlinear as the 

epoxy crosslink density was further reduced. Again, Gc values greater than 2,500 J/m
2
 

were reported at block copolymer loadings of 3 wt.% or greater for epoxies with a Mc of 

3,700 g/mol. Reducing the amount of block copolymer to 1 wt.% still provided an 

improvement in Gc over five times greater than the neat material. A summary of the 

fracture resistance values of the OP(20-36)-modified epoxies is provided in Figure 5.16 

and Table 5.5-5.7. 
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Figure 5.16 Summary of the strain energy release rate (Gc) of OP(20-36)-modified epoxies as a function 

of block copolymer loading. The molecular weight between crosslinks of the epoxies was () 600 g/mol, 

() 2,900 g/mol, and () 3,700 g/mol. At least five compact tension samples were tested and the error 

bars represent the standard deviation of the data.  

Neat Epoxy 
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Table 5.5 Mechanical properties of epoxies with a Mc of 600 g/mol modified with an OP(20-36) block 

copolymer. The uncertainty corresponds to one standard deviation of at least five recorded values. 

Block Copolymer 

Concentration 

 (wt.%) 

Gc  

(J/m
2
) 

Modulus 

 (GPa) 

0 140 ± 20 3.05 ± 0.05 

1 570 ± 30 3.31 ± 0.16 

2 800 ± 80 3.17 ± 0.10 

3 1,170 ± 90 3.22 ± 0.08 

4 850 ± 140 3.09 ± 0.28 

5 870 ± 90 3.22 ± 0.10 

 

 

 
Table 5.6 Mechanical properties of epoxies with a Mc of 2,900 g/mol modified with an OP(20-36) block 

copolymer. The uncertainty corresponds to one standard deviation of at least five recorded values. 

Block Copolymer 

Concentration  

(wt.%) 

Gc  

(J/m
2
) 

Modulus  

(GPa) 

0 190 ± 30 3.88 ± 0.12 

1 750 ± 90 3.45 ± 0.16 

2 1,160 ± 100 3.37 ± 0.26 

3 1,460 ± 100 3.51 ± 0.11 

4 1,940 ± 510 3.44 ± 0.09 

5 2,890 ± 300 3.60 ± 0.10 

 

 

 
Table 5.7 Mechanical properties of epoxies with a Mc of 3,700 g/mol modified with an OP(20-36) block 

copolymer. The uncertainty corresponds to one standard deviation of at least five recorded values. 

Block Copolymer 

Concentration  

(wt.%) 

Gc  

(J/m
2
) 

Modulus  

(GPa) 

0 210 ± 40 3.20 ± 0.35 

1 1,100 ± 180 3.25 ± 0.11 

2 1,400 ± 150 3.18 ± 0.21 

3 2,580 ± 280 3.38 ± 0.10 

4 2,830 ± 460 3.27 ± 0.28 

5 2,790 ± 170 3.45 ± 0.06 
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5.4: Discussion 

 The TEM images in Figure 5.1, 5.4, and 5.6 demonstrate a decrease in the 

number density of micellar structures as the concentration of the block copolymer in the 

epoxy was reduced. The size of the spherical micelles in Figure 5.1 remained constant 

as the block copolymer concentration was reduced, leading to an increased distance 

between particles.
38, 39

 Strain energy release rate values of epoxies with a Mc of 600 

g/mol modified with the OP(2.7-5.0) block copolymer are plotted as a function of the 

theoretically calculated distance between the spherical micelles in Figure 5.17. 

Interparticle distance values were calculated assuming the spheres pack on a simple 

cubic lattice. As seen in Figure 5.1, this was not the case. However, this simplification 

still captures the reduction in the number density of spherical micelles observed in the 

TEM micrographs. There was little change in the toughening ability of the spherical 

micelles as the calculated interparticle distance increased to 32 nm. The block 

copolymer improved the fracture resistance of the material by a factor of three to four as 

compared to the neat material. Spherical particles 44 nm apart were unable to provide 

adequate toughening and crack propagation occurred in a brittle manner, similar to the 

neat material. 

Previous work in conventional rubber-toughened systems has explored the 

relationship between interparticle distance and toughening.
43-47

 Maragolina has claimed 

that the transition from a brittle to a toughened material occurs at a specific interparticle 

distance that is dependent on the epoxy system used.
43

 This concept was further 

developed by Van der Sanden who claimed that the transition is a characteristic of the 
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Figure 5.17 Strain energy release rate (Gc) of OP(2.7-5.0) modified epoxies as a function of the 

interparticle distance. The molecular weight between crosslinks of the epoxies was 600 g/mol and the 

block copolymer assembled into spherical micelles with diameters ca. 15 nm. The interparticle distance 

was calculated assuming the spheres packed on a simple cubic lattice. At least five compact tension 

samples were tested and the error bars represent the standard deviation of the data. 

 

epoxy network and the critical interparticle distance for most epoxies is approximately 

0.2-0.3 µm.
48

 Bagheri and Pearson were able to vary interparticle distance from 0.2 to 

80 µm using a variety toughening agents.
49

 The authors reported several brittle-to-

ductile transitions for a single epoxy system, contrary to previous assertions by 

Maragolina or Van der Sanden. Bagheri and Pearson discovered a power law 

correlation between fracture toughness and the interparticle distance and noted that the 

power law coefficient varied with the size of the particles.
49

 Here, we cannot comment 

on specific effects particle size has on the critical interparticle distance. Diameters of 

the spherical micelles varied by only a few nanometers as the concentration of the block 

copolymer was altered. Dean observed that the fracture resistance of MDA-cured 
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epoxies modified with OP or OB block copolymers scaled with the ratio of the 

interparticle distance (Di) to the average inclusion diameter (vesicles) or particle 

diameter (spherical micelles) (Dp).
30, 50

 Improvements in fracture resistance in OP and 

OB-modified epoxies were observed at Di/Dp ratios as large as ten. Addition of OP(2.7-

5.0) to an epoxy with a Mc of 600 g/mol followed a similar trend, though brittle failure 

of the material occurred at a Di/Dp ratio of approximately three.  

 Reducing the crosslink density of epoxies modified with OP(2.7-5.0) increased 

the fracture resistance dependence of the composite on the concentration of the block 

copolymer. Fracture resistance of the composite material was not improved by 

increasing the block copolymer content from 5 wt.% to 7.5 wt.% in epoxies with Mc 

values of 2,900 g/mol. Additionally, improvement in the fracture resistance diminished 

as the block copolymer concentration decreased, similar to reports by Dean
30

 and Wu.
28

 

At this epoxy crosslink density, reducing the block copolymer content to 1 wt.% did not 

lead to critical drop in fracture toughness of the material. A loading of 1 wt.% OP(2.7-

5.0) provided an improvement in Gc two to three times greater than the unmodified 

epoxy. The block copolymer-modified epoxies examined in Chapter 4 demonstrated the 

role the ductility of the epoxy network has in facilitating epoxy toughening 

mechanisms. The dominant toughening mechanism proposed was cavitation-induced 

shear yielding of the epoxy network near the crack tip.
5-7, 14

 The change in the fracture 

toughness profiles in Figures 5.8 and 5.9 further establishes how important the ductility 

of the epoxy matrix is for promoting toughening mechanisms.
14

 Unmodified epoxies 

used in this study, and those reported in the literature,
7, 33, 51-53

 show little improvement 

in fracture resistance with a decrease in the network crosslink density. Here, we 
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demonstrate that decreasing the crosslink density not only improves the fracture 

resistance of a block copolymer-modified epoxy, but it further enhances the ability of 

the block copolymer to toughen at low loadings.  

The enhancement in toughening was more dramatic as the molecular weight 

between crosslinks was increased to 3,700 g/mol. At this crosslink density, 1 wt.% 

loading of the OP(2.7-5.0) block copolymer increases Gc to 1570 J/m
2
, a seven-fold 

improvement over the unmodified material. Improvements in fracture resistance were 

observed as the concentration of the block copolymer was further reduced. Complete 

brittle failure of modified epoxies with Mc values of 3,700 was not evident, even at a 

block copolymer loading of 0.1 wt.%. 

The fracture resistance of epoxies with a range of crosslink densities modified 

with 1 wt.% of the OP(2.7-5.0) block copolymer was plotted in Figure 5.12. An 

increase of the epoxy Mc to 900 g/mol was required to produce a measurable 

improvement in the fracture resistance at this loading. From the TEM micrographs, 

lowering the block copolymer content reduced the number of particles available to 

cavitate near the crack tip.
5, 24, 54

 The epoxy matrix was too heavily crosslinked at a Mc 

value of 600 g/mol to promote significant yielding, and thus toughening.
11-14

 There was 

little change in the fracture resistance of epoxies with Mc values between 900 g/mol and 

2,900 g/mol. A sharp increase in Gc was observed at an epoxy Mc of 3,700 g/mol and 

this improvement was maintained when the crosslink density was further reduced. 

Previous work has demonstrated a corresponding reduction in yield stress with a 

reduction in crosslink density.
7, 33

 It is possible that the local yield stress of the epoxy 

network near the crack tip was sufficiently reduced to promote yielding of a larger 
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volume of the matrix when the epoxy Mc was raised to 3,700 g/mol.
14

 At crosslink 

densities below this value the material was suitably rigid that only a fraction of the 

potential volume of epoxy available for toughening was being utilized. 

Examining Figures 5.11 and 5.16, there exists a block copolymer concentration 

above which further addition of the OP diblock did not improve the fracture resistance 

of the epoxy. The role of rubber particle concentration has been investigated in a 

number of systems.
8, 15-18, 20, 21

 In the majority of these systems, the investigators have 

reported an optimum level of the rubbery modifier above which fracture toughness does 

not improve. In certain instances, increasing the concentration of the rubbery toughener 

too much decreased the fracture performance of the composite.
4
 The primary 

toughening mechanism in these rubber-modified systems is shear yielding of the epoxy 

network caused by cavitation of the rubbery domains.
5-7, 19, 20, 24

 Cavitation of the 

rubbery particles is necessary to change the stress state near the crack tip from plane-

strain to plane-stress.
36

 This change in stress state directs the stresses being applied to 

the material (normal to the crack plane) within the plane of the crack, promoting 

deformation of the matrix. Kinloch has demonstrated an increase in the critical stress 

intensity factor of a material as the stress state is gradually changed from pure plane-

strain to pure plane-stress.
36

 If too much of the modifier is included, the added rubber 

displaces the epoxy matrix and reduces the amount of material available to absorb 

energy prior to crack propagation.
4
 Similar toughening mechanisms are proposed for the 

block copolymer-modified epoxies used in this chapter.
27, 28, 30

 It is reasonable that the 

plateau in fracture resistance observed results from an over abundance of particles near 

the crack tip. Cavitation of the block copolymer particles is necessary for toughening, 
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but it is not the dominant energy absorption mechanism.
14, 49, 55, 56

 Additionally, raising 

the concentration of the rubbery particles increases the size of the deformation zone 

near the crack tip of the epoxy.
14

 There is an upper limit to the size of the zone, outside 

of which un-cavitated particle will have little effect on toughening.
7
 A further increase 

in the block copolymer concentration could displace enough of the epoxy material 

within the deformation zone, leading to a decrease in fracture resistance. This was not 

observed in the present work, but the block copolymer loading was only examined up to 

7.5 wt.%. 

An interesting consequence of reducing the crosslink density of the OP(2.7-5.0)-

modified epoxies was that the optimum concentration necessary for toughening varied 

with the epoxy Mc. In Figure 5.9, there was little improvement in the fracture resistance 

for epoxies with a Mc of 2,900 g/mol when the block copolymer loading was increased 

above 5 wt.%. There was no statistical improvement in Gc for epoxies with a Mc of 

3,700 g/mol reaches with OP concentration greater than 3 wt.%. Bagheri and Pearson 

noted that for a series of epoxies modified with rubbery particles, the stress intensity 

factor (KIc) could be related to the interparticle distance (dp) through a power law
49

 as 

follows: 

 KIc = a (dp)
b
 (5.2) 

where a and b are constants for the epoxy/toughener system. The authors demonstrated 

that the value of b was near -0.5 for each system investigated while the parameter a was 

a function of both the yielding behavior of the network and the particle size of the 

rubber modifier. The authors speculated that a could be increased through a reduction of 

the epoxy crosslink density, but this was not tested.
49

 To a first approximation, the sizes 
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of the block copolymers particles in Figures 5.1, 5.4, and 5.6 are of the same order of 

magnitude. Additionally, the change in interparticle distance at each epoxy crosslink 

density investigated is similar when the block copolymer concentration is reduced. The 

shift in the optimal block copolymer content to lower concentrations could be explained 

by an increase in the fitting parameter a as the epoxy crosslink density is reduced.
49

 The 

particle shape did vary in this study, making a complete comparison non-ideal. A 

similar approach using a more symmetric block copolymer would be beneficial. 

OP(3.3-5.0) assembled into spherical micelles with little variation in diameter at each 

crosslink density investigated. A concentration study using a similar diblock in epoxies 

of differing crosslink densities would add further insight into how the optimum 

concentration of the block copolymer is affected by both the ductility of the epoxy 

matrix and the distance between particles near the crack tip. 

 The concentration dependence of epoxies modified with the OP(20-36) diblock 

was comparable to the dependence exhibited by the lower molecular weight OP(2.7-

5.0) block copolymer. The fracture resistances of epoxies containing both block 

copolymers are plotted in Figure 5.18. The entanglement molecular weight of 

poly(ethylene-alt-propylene) is approximately 1,500 g/mol at room temperature.
40

 

Increasing the molecular weight of the PEP block, and thus the probability of physical 

entanglements,
37

 did not affect the fracture resistance of the block copolymer-modified 

epoxies. Previous work has noted that the mechanical properties of toughened 

thermosets are dependent on the testing rate, with a slower testing rate usually leading 

to a higher fracture resistance.
57-59

 Decreasing the testing rate increases the time 

available for molecular mobility. Raghavan proposed that this increase in molecular  
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Figure 5.18 Strain energy release rate (Gc) of epoxies containing OP(2.7-5.0) (closed symbols) or OP(20-

36) (open symbols) as a function of block copolymer concentration. The molecular weight between 

crosslinks of the epoxies was () 600 g/mol, () 2,900 g/mol, or () 3,700 g/mol. At least five compact 

tension samples were tested and the error bars represent the standard deviation of the data. 

 

mobility enhances energy dissipative mechanisms prior to crack propagation.
59

 The 

testing rate employed in the compact tension tests may have been slow enough that the 

increased molecular entanglements in PEP cores did not inhibit cavitation of the block 

copolymer particles. 

The low block copolymer content toughening results have major implications 

for possible commercial development of this material. Addition of particles to improve 

the epoxy fracture resistance will add cost to the final product. From Figures 5.11 and 

5.16, the block copolymer molecular weight has little impact on the concentration 

dependence of fracture resistance at the test rate employed. Figure 5.8 demonstrates 

how a careful selection of the epoxy network properties (i.e. increased ductility through 
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a reduction of the epoxy crosslink density) can enhance the ability of the block 

copolymer to toughen. Previous work has reported fracture behavior of epoxies 

modified with block copolymer particles swollen with homopolymers.
41

 Low-cost, 

toughened epoxies could be produced by first swelling spherical micelles with 

homopolymers. The epoxy crosslink density and the concentration of the rubbery 

modifier could then be adjusted to provide the necessary mechanical and thermal 

properties required by the given application. 

 

5.5: Summary 

 Epoxies containing varying amounts of a low molecular weight or high 

molecular weight OP block copolymer were prepared to assess the dependence of epoxy 

fracture resistance on the block copolymer concentration. Improvements in fracture 

resistance at the block copolymer concentrations investigated were greatly affected by 

the crosslink density of the epoxy. At a high epoxy crosslink density, there was little 

decrease in Gc with a reduction of the OP(2.7-5.0) block copolymer until brittle failure 

at a loading of 1 wt.%. Highly crosslinked epoxies modified with the OP(20-36) diblock 

maintained a moderate improvement in fracture resistance at all block copolymer 

concentrations investigated. Reducing the epoxy crosslink density enhanced the ability 

of both block copolymers to toughen at lower loadings. The fracture resistance of 

epoxies with a Mc value of 2,900 g/mol increased steadily and did not improve at a 

concentration greater than 5 wt.%. Further increasing the epoxy Mc to 3,700 g/mol 

shifted the optimal concentration to 3 wt.%. These findings may have practical 

importance to the commercialization of block copolymer-modified epoxies. Less block 
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copolymer would be necessary to improve the fracture resistance of the modified epoxy 

if the crosslink density is reduced. 
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Chapter 6: Path Forward 

 

 

6.1: Thesis Summary 

 The research described in this thesis focused on investigating the role of epoxy 

crosslink density in block copolymer-modified epoxies. A variety of structures were 

observed upon addition of low loadings (≤ 7.5 wt.%) of a poly(ethylene oxide)-b-

poly(ethylene-alt-propylene) (OP) block copolymer to epoxy formulations. In highly 

crosslinked epoxies, OP block copolymers self-assembled to from spherical micelles, 

wormlike micelles, and vesicles. The morphology of the block copolymer was primarily 

dictated by the volume fraction of the epoxy-philic block (PEO), similar to reports of 

blends of block copolymers in two-part epoxy systems. Reducing the epoxy crosslink 

density decreased the block copolymer interfacial curvature in a majority of the systems 

investigated. Small angle x-ray scattering (SAXS) data of OP-modified epoxies 

indicated that the micellar structure was constant across a range of epoxy crosslink 

densities prior to cure. The transition to structures of decreasing surface curvature 

observed by transmission electron microscopy occurred during the curing process. 

 A significant thrust of the research undertaken focused on understanding the 

effect the epoxy network has on the ability of the block copolymer to improve fracture 

toughness. Reducing the crosslink density of the epoxy enhanced the ability of the block 

copolymer promote fracture resistance. The fracture resistance of tightly crosslinked 

epoxies was dependent on the self-assembled structure of the block copolymers, similar 
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to previously reported results.
1-4

 Improvements in fracture resistance were not 

dependent on the size or composition of the block copolymer as the epoxy Mc was 

increased. Addition of 5 wt.% of OP block copolymers improved the fracture resistance 

by at least a factor of 13 over the neat material at an epoxy Mc of 2,900 g/mol. There 

was little improvement in fracture resistance as the epoxy crosslink density was further 

reduced. Scanning electron micrographs of fracture surfaces revealed increased 

deformation of the epoxy network near the initial crack tip as the epoxy crosslink 

density was reduced. Cavitation of spherical micelles was observed by our collaborators 

in transmission electron micrographs of the process zone near the crack tip. Shear 

yielding of the epoxy network, facilitated by voiding of the block copolymer particles, 

was proposed as the dominant toughening mechanism. These findings have practical 

importance as they demonstrate block copolymer-modified epoxies may be designed to 

have a high fracture resistance and moderate Tg (large epoxy Mc values), moderate 

fracture resistance and a high Tg (small epoxy Mc values), or some balance of the two 

properties. 

 The preceding chapter explored the effect of block copolymer concentration on 

the fracture resistance of epoxies of varying crosslink density. Improvements in the 

strain energy release rate (Gc) at low block copolymer loadings were much greater in 

epoxies with high Mc values. At an epoxy Mc of 3,700 g/mol, a fracture resistance value 

13 times greater than the neat epoxy was maintained down to a block copolymer 

loading of 3 wt.%. A larger concentration of block copolymer was necessary to reach 

the maximum fracture resistance of the composite as the epoxy Mc was decreased. The 

most highly crosslinked epoxies examined displayed little dependence on the amount of 
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block copolymer added until brittle failure occurred when the OP concentration dropped 

below a critical value. Similar toughening trends were observed for epoxies containing 

either low or high molecular weight OP additives of similar compositions. These results 

demonstrate the ability of block copolymers to provide superb improvements in fracture 

resistance at low loadings and further highlight the importance of the epoxy crosslink 

density in promoting energy absorbing mechanisms prior to crack propagation. 

 Though there have recently been numerous studies concerning block copolymer-

modified epoxies,
1-19

 there are still many research avenues open to aid our 

understanding of how addition of block copolymers affects the physical, chemical, and 

thermal properties of epoxies. The remainder of this chapter is dedicated to outlining 

potential opportunities that focus on further exploring the evolution of block copolymer 

microstructures during cure, the importance of particle cavitation in epoxy toughening 

mechanisms, and effects curing agents may have on block copolymer toughening 

beyond those previously investigated. 

 

6.2: Evolution of Block Copolymer Structures in Epoxy 

 A variety of block copolymer packing structures were observed in Chapter 3. 

These structures displayed a decrease in interfacial curvature between the two blocks as 

the epoxy crosslink density was reduced. Small angle x-ray scattering data of the 

OP(2.7-5.0) diblock indicated that change in structure occurred during network 

formation. The OP block copolymer assembled into spherical micelles with comparable 

diameters in each epoxy crosslink density investigated prior to cure. A more complete 
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study of the effect of crosslink density on the evolution of the block copolymer micellar 

structure would add insight into the events that lead to the structural changes observed.   

Hillmyer first performed small angle neutron scattering experiments on a 

mixture containing an epoxy resin, a phthalic anhydride curing agent, and a 

poly(ethylene oxide)-b-poly(ethyl ethylene) block copolymer.
20

 The alignment and 

nanostructure spacing of the blends were relatively unaffected during cure of the epoxy. 

Lipic used time resolved SAXS to study blends of OP diblocks and epoxy resins/curing 

agents during cure.
5, 21

 Order-order transitions to structures with lowered interfacial 

curvature were observed in some blends during cure. This was attributed to expulsion of 

the PEO block from the epoxy network.
5
 Changes in ordered structure were possible if 

formation of the epoxy network had not progressed far enough to kinetically inhibit 

transitions. Dean performed SAXS experiments on a 4,4’-methylenedianiline (MDA) 

cured epoxy containing OP spherical micelles.
22

 The SAXS data were fit using a 

Percus-Yevick model for liquid-like packing of spheres with hard core interaction.
23-25

 

The fitting parameters obtained from the model did not indicate a change in size of the 

micelles during cure.  

SAXS data presented in Chapter 3 suggest behavior similar to the ordered 

blends studied by Lipic.
5
 Time resolved SAXS experiments of epoxies of varying 

crosslink density modified with OP block copolymers would help elucidate how the 

block copolymer structures change as the PEO block is expelled from the epoxy matrix. 

The SAXS data may be fit using appropriate form and structure factors.
26-28

 Any 

morphological changes may then be correlated to the extent of cure of the epoxy 

network as determined by various techniques.
5, 29, 30

 A coexistence of cylindrical 
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micelles and vesicles was observed in epoxies containing OP(2.3-5.0) or OP(2.7-5.0) at 

several crosslink densities. Pre-polymerization of the epoxy resin at high Mc values may 

lead to a de-wetting of the PEO chains, reducing the block copolymer interfacial 

curvature. By carefully tuning the composition of the block copolymer and the epoxy 

network, time resolved SAXS would be a powerful tool for closely investigating the 

kinetics of these structural changes. 

There are a few reports of optical microscopy performed on epoxies containing 

block copolymers at various points during network formation.
14, 31

 Unfortunately, the 

sizes of the structures formed in this study were too small for optical microscopy. 

Cryogenic transmission electron microscopy (cryo-TEM) could provide a 

complimentary tool for monitoring changes in block copolymer structure during epoxy 

cure. TEM micrographs of block copolymer modified epoxies have typically been taken 

only of cured samples.
1-4, 9, 11-13

 The liquid-like nature of uncured epoxy formulations 

presents many challenges in preparing thin, properly stained samples for microscopy 

prior to full formation of the network. At least one example of TEM micrographs taken 

of an uncured block copolymer-modified epoxy has been reported in the literature.
32

 

Unfortunately, the procedure for obtaining micrographs of the uncured epoxy was not 

given. Here, a potential method for obtaining micrographs of block copolymer-modified 

epoxies at various stages of network formation is briefly detailed. Samples of block 

copolymer modified epoxies could be taken at specific time intervals and quenched 

using a suitable cryogenic agent to vitrify the epoxy resin. Differential scanning 

calorimetry would provide a measure of the glass transition temperature of the uncured 

mixture. Thin sections of the frozen samples could be sliced using a microtome fitted 
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with a cryogenic stage and stained using established procedures. Sample imaging would 

necessarily have to be conducted in a TEM capable of cryogenic-electron microscopy to 

prevent the uncured epoxy from warming and flowing off or through the TEM grid.  

 

6.3: Evaluating Role of Particle Cavitation 

Cavitation of spherical micelles was observed by Jia (Daniel) Liu near the crack 

tip in OP-modified epoxies prior to cure. A representative TEM micrograph of the 

cavitated particles taken by Jia (Daniel) Liu is shown in Figure 6.1. 

 

Figure 6.1 TEM micrograph of an OP(3.3-5.0) modified epoxy taken within the subcritical damage zone 

just prior to propagation of the crack. The spherical micelles have cavitated and are elongated near the 

crack tip. The epoxy network had a molecular weight between crosslinks of 1,600 g/mol. The micrograph 

was taken by Jia (Daniel) Liu. 

 

Shear deformation of the epoxy network was proposed as the main source of 

toughening in Chapters 4 and 5. Cavitation of classical liquid rubber or core shell-

particles in epoxies has been well documented.
33

 However, the role of cavitation in 

toughening is still unclear as cavitation itself does not consume considerable amounts of 

energy.
34-38

 In their survey of toughening mechanisms in rubber-modified epoxies, 
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Pearson and Yee proposed cavitation-induced shear deformation as the dominant 

toughening mechanism in rubber-modified epoxies.
39-41

 The authors hypothesized that 

increasing the cavitation resistance of the particles may further improve the epoxy 

fracture resistance.
35

 Recently, core-shell particles with differing Tg and modulus values 

were dispersed in a diamine-cured epoxy.
42

 Particles with a higher modulus and Tg 

increased the fracture resistance of the epoxy further and the authors suggested that this 

may be due to an increase in particle cavitation resistance. However, Bagheri and 

Pearson studied a series of epoxies modified with core-shell particles, liquid rubber, and 

hollow polystyrene latex particles.
43, 44

 The authors observed similar fracture resistance 

and toughening mechanisms with each modifier up to 10 volume percent loadings. 

 Block copolymer-modified epoxies offer an assortment of opportunities to study 

the role of cavitation on epoxy toughening. Polyethylene (PE) is a semi-crystalline 

polymer that has only recently been investigated as a potential component in block 

copolymer-modified thermosets.
32, 45, 46

 These studies used PEO-PE (OE) as the block 

copolymer modifier and report the formation of rod-like
32

 or platelet structures
45, 46

 in 

the epoxy matrix. Differential scanning calorimetry of the cured thermosets suggested 

the presence of PE crystallinity. The crystalline PE domains would provide physical 

crosslinks that should inhibit cavitation of the block copolymer particles. There have 

been no reports of the fracture toughness for thermosets containing OE block 

copolymers. Monodisperse polyethylene may be produced through catalytic 

hydrogenation of poly(1,4-butadiene).
47

 Additionally, the extent of crystallization of 

polyethylene may be controlled by varying the relative amount of 1,2 and 1,4 addition 

during polymerization of the poly(butadiene) precursor.
47, 48

 Polyethylene may then be 
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coupled to end-functionalized PEO or serve as a macroinitiator to grow the PEO 

block.
47, 49, 50

 Varying the length of the PEO block would provide a means for studying 

the morphological behavior of OE-modified epoxies. A full description of the 

morphological behavior of OE-modified thermosets has not been explored as previous 

works have focused on a limited number of compositions. Tuning the extent of 

crystallization of the PE block would provide a direct method of evaluating the effect of 

the size and shape of a semi-crystalline core block on the toughening of epoxies. 

 An alternative method for altering cavitation resistance is to partially crosslink 

the cores of the block copolymer micelles. There are a wide variety of chemistries 

available to crosslink block copolymers, including the use of diamines,
51-53

 aldehydes,
54

 

or “click chemistry.”
51, 55, 56

 A simple method for crosslinking would be to react through 

the double bonds of poly(isoprene) or poly(butadiene). Won has demonstrated aqueous 

dispersions of wormlike micelles containing a crosslinked PB core
57

 while Zhou has 

crosslinked the poly(isoprene) domain in a ternary blend of poly(isoprene), 

poly(styrene), and a poly(isoprene)-b-poly(styrene) diblock copolymer.
58

 There are a 

wide variety of radical initiators available to crosslink the double bonds in the cores of 

the block copolymer micelles.
59

 Crosslinking could be thermally activated so that the 

reactions occur during cure of the epoxy or photo-activated to fix the micellar structures 

before or after cure. 

 A detailed model has been developed to examine the importance of various 

fracture mechanisms on the toughening of epoxies.
60

 The fracture energy of rubber-

modified epoxies was first modeled by Kinloch
61

 as: 
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  IcuIc GG  (6.1) 

where GIc is the fracture energy of the rubber-toughened epoxy, GIcu is the fracture 

energy of the unmodified epoxy, and Ψ is the additional energy dissipated per unit area 

due to the presence of rubbery particles. The energy dissipated by the rubbery particles 

can be expanded to include contributions from specific fracture mechanisms as follows: 

 vs GG   (6.2) 

where ΔGs is the contribution from plastic shear banding of the epoxy matrix and ΔGv is 

the contributions from plastic void growth in the matrix.  

The plastic shear banding mechanism has been described by Huang and Kinloch 

using the following equation.
62-64
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  (6.3) 

The term Vf is either the original volume fraction of the rubber particles or the measured 

volume fraction of the enlarged voided particles. The terms σyc and γf are the 

compressive yield stress and fracture strain of the epoxy matrix, respectively, and may 

be measured using a plane-strain compression test.
60

 Kvm is the concentration factor of 

the von Mises stress in the epoxy matrix around the rubbery particles and may be 

calculated using finite element analysis.
62, 63

 The parameter ryu is the radius of the 

plastic zone for the unmodified epoxy and may be calculated from the mechanical 

properties of the material.
65, 66

 Finally, µm allows for the pressure dependence of the von 
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Mises yield criterion and has been determined to be between 0.175 and 0.225 for 

epoxies. 

 Huang and Kinloch also derived the following equation to evaluate contributions 

from void growth in the epoxy matrix.
62, 63
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  (6.4) 

The terms Vfv and Vfr are the volume fractions of the voided particles and the original 

rubber particles, respectively, and all other terms are as defined previously. 

 The model outlined in Equations 6.1-6.4 was applied to a rubber modified epoxy 

and found to be in good agreement with experimental results.
63

 Calculations show that 

shear yielding is the dominant fracture mechanism at low test temperatures, but particle 

voiding accounts for nearly half the fracture energy dissipated at a test temperature of 

40 °C. Similar calculations could be made for block copolymer modified-epoxies given 

appropriate data from plane-strain compressions tests and finite element analysis. TEM 

micrographs similar to Figure 6.1 will be necessary to determine the volume faction of 

voided particles as the block copolymer micelles are too small to examine using optical 

microscopy. 

 

6.4: Investigations Using Alternative Epoxy Networks 

 Perhaps the most peculiar result reported thus far in block copolymer-toughened 

epoxies is the large increase in fracture energy obtained when a phenol novolac (PN) 

curing agent was substituted for the previously used MDA.
1, 2, 67

 The maximum fracture 

energy of PN-cured epoxies containing OP diblocks increased more than two fold over 
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a similar MDA-cured system. Meeks first observed a similar effect when studying 

rubber toughening of epoxies made from a variety of resins and curing agents.
68

 

Improvements in fracture resistance were more dependent on the choice of curing agent 

than the epoxy resin used. Recently, Rebizant investigated the structure and mechanical 

properties of a variety of epoxies modified with reactive and non-reactive poly(styrene)-

b-poly(butadiene)-b-poly(methyl methacrylate)-based block terpolymers.
3, 12

 Fracture 

improvements were greatest in epoxies cured with methyl tetrahydrophthalic 

anhydride.
3
 Rebizant cited changes in the block copolymer morphology as a possible 

reason for the variance in toughening with curing agents.  

Meeks hypothesized that the choice of curing agents altered the crosslink 

density of the epoxy.
68

 There have been several reports, along with the work in Chapters 

4 and 5, that demonstrate the negative effect increasing the epoxy crosslink density has 

on the fracture resistance of toughened epoxies.
41, 69-75

 Dean calculated the molecular 

weight between crosslinks for block copolymer-modified epoxies cured with either 

MDA or PN
67

 using the following equation
76

: 

 
'

rub

c
G

RT
M


  (6.5) 

where φ is a front factor accounting for inactive chains (usually taken to be 1),
41, 74

 ρ is 

the epoxy density (approximately 1.2 g/cm
3
),

41
 R is the universal gas constant, T is the 

temperature, and G’rub is the rubbery elastic shear modulus. Equation 6.5 assumes that 

the network segments between crosslinks act as Gaussian chains.
76

 This assumption is 

likely not valid for networks that have undergone a high degree of crosslinking. The 

experimentally determined value of Mc for OP-modified epoxies was found to increase 
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from 560 g/mol to 720 g/mol when the curing agent was changed from MDA to PN.
67

 

This change in Mc may not be insignificant and warrants further investigation. Lesser 

has conducted a detailed examination of the effect of network architecture on the 

thermal and mechanical properties of amine-cured epoxy resins.
72

 Aliphatic and 

aromatic curing agents shown in Tables 6.1 and 6.2 were used to adjust the crosslink 

density and chain stiffness of the epoxy material. These curing agents could form an 

excellent basis for studying the effect of the epoxy crosslink density on block 

copolymer toughening of amine-cured epoxies. This system would separate the effect of 

crosslinking chemistry from the effect of network crosslink density. The curing agents 

outlined in Tables 6.1 and 6.2 would further provide a way to independently control the 

chain stiffness of the epoxy matrix at constant crosslink density. No such studies of 

block copolymer-modified epoxies have assessed the effect of matrix ductility at a 

constant crosslink density. 
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Table 6.1 Aliphatic amine curing agents for systematic investigation of crosslink density. 

Ethylenediamine  

 
n-Methyl-ethylenediamine  

 
n,n’-Dimethylethylenediamine  

 
 

Table 6.2 Aromatic amine curing agents for systematic investigation of crosslink density. 

1,3-Phenylenediamine 

  

n-Methyl-1,2,phenylnediamine 

 

Aniline  
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Appendix A:   

Effect of Crosslink Density on Epoxies Modified with 

Poly(Ethylene Oxide)-b-Poly(Butylene Oxide) 

 

 

A.1:  Introduction 

 Improving the fracture resistance of epoxies has been an ongoing research area 

for the past forty years.
1
 Previous toughening strategies have focused on the inclusion of 

a liquid rubber phase,
2-6

 core-shell particles,
7-10

 or thermoplastic homopolymers.
11-13

 

Many of these systems have successfully improved the fracture resistance of the epoxy. 

However, loadings of 10-20 volume percent are required for toughening. Inclusion of 

this amount of a rubbery material often decreases the use temperature and modulus of 

the composite material.
14, 15

 Recent work has examined the morphological behavior, 

mechanical properties, and thermal properties of epoxies modified with block 

copolymers.
16-36

 Addition of a suitable block copolymer has generally improved the 

fracture resistance of the epoxy, while limiting any reduction of modulus or use 

temperature.
26, 28, 30, 37

 

 The rubbery cores of the block copolymer-modified epoxies used in fracture 

studies have typically been comprised of a model polymer such as poly(1,2 butadiene), 

poly(isoprene), or poly(ethylene-alt-propylene).
26, 37

 The synthesis route for 

poly(ethylene oxide)-b-poly(alkane) block copolymers is well known and large batches 
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of well-controlled, monodisperse polymers can be created readily.
38

 While these 

polymers can be produced easily in a synthetic lab, other feasible block copolymer 

toughening agents are available. Wu investigated a commercially viable system using a 

phenol novolac (PN) cured epoxy modified with a poly(ethylene oxide)-b-poly(butylene 

oxide) (EOBO) block copolymer.
28, 39

 Fracture improvements in these epoxies were 

similar to an epoxy/PN system modified with poly(ethylene oxide)-b-poly(ethylene-alt-

propylene) (OP) block copolymers.
26

 Addition of EOBO vesicles or spherical micelles 

provided five to ten fold improvements in the strain energy release rate (Gc) over the 

neat epoxy while addition of branched wormlike micelles improved Gc by a factor of 

nearly 19.
28

 The largest value of Gc observed in the EOBO modified epoxy was 

approximately 50% larger than the maximum reported value of OP-modified epoxies.
26

 

Additionally, incorporation of EOBO wormlike and spherical micelles increased the Tg 

of the material by as much as 30 °C with only a minimal reduction of the modulus. 

 The work undertaken in this thesis investigated the effect of the epoxy crosslink 

density on the micellar structure, mechanical and thermal properties, and concentration 

dependence of a series of epoxies modified with various OP block copolymers. 

Additional block copolymers of differing components and composition are necessary to 

assess how universal the effect of network structure on the phase behavior and 

improvements in epoxy performance may be. Further, the increase in the maximum Gc 

obtained by switching from an OP diblock to an EOBO diblock in the PN-cured epoxy 

is intriguing. The work presented in this Appendix represents the first step in 

understanding the effect of altering the crosslink density in epoxies modified with a 

commercially relevant block copolymer. Two EOBO block copolymers were dispersed 
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in epoxies with Mc values ranging from 600 g/mol to 5,700 g/mol. The crosslink density 

of each epoxy was controlled by varying the relative amount of crosslinking and chain 

extending molecules added to the formulation. The block copolymer-modified epoxies 

were directly visualized using transmission electron microscopy (TEM). Representative 

compact tension, dynamic mechanical analysis (DMA), and differential scanning 

calorimetry (DSC) samples were cut from 40 gram plaques of the block copolymer-

modified epoxy and used to determine fracture resistance, modulus, and glass transition 

values. 

 

A.2:  Experimental Methods 

The EOBO block copolymers investigated in this studied were prepared by Dr. 

Junxian Wu. A detailed method for synthesizing EOBO block copolymers may be 

found elsewhere.
28, 39

 The physical characteristics of the block copolymers investigated 

in this study are listed in Table 4.1. A complete physical and structural characterization 

of the EOBO polymers used in this Appendix may be found elsewhere.
39

 

 

Table A.1 Molecular Characteristics of EOBO Polymers. 

Block Copolymer Composition
a
 Mn (g/mol) PDI

b
 wEO

a
 fEO

c
 

EOBO(4.8-13.0) PEO110PBO180 17,800 1.13 0.27 0.24 

EOBO(1.6-13.0) PEO35PBO180 14,600 1.12 0.10 0.09 

a
 Number of repeat units and poly(ethylene oxide) weight fraction as determined by 

1
H 

NMR Spectroscopy 
b
 Polydispersity index from SEC using polystyrene standards 

c
 Volume fraction of the PEO block calculated using ρEO = 1.067 g/cm

3
 and ρBO = 0.923 

g/cm
3
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The epoxy used in this study was comprised of a resin (D.E.R 332), a 

crosslinking agent (THPE), and a chain extender (Parabis). A catalyst 

(Ethyltriphenylphosphonium acetate) was used to decrease cure time. Neat and block 

copolymer-modified epoxies were prepared by solvent casting as outlined in Chapter 2. 

Block copolymer loading in each modified epoxy investigated in this study was 5% by 

weight. The epoxy formulations were designed based on the theoretical molecular 

weight between crosslinks (Mc), calculated from the stoichiometry of the reactants 

assuming full conversion. The equation for predicting Mc may be found in Chapter 3.
 

Morphologies of the block copolymer-modified epoxy plaques were established 

using TEM. A representative portion of the plaque was microtomed at room 

temperature using a Reichart Ultra Microtome fitted with a diamond knife. Thin 

sections (ca. 70 nm) were floated on water and blotted onto a copper grid, then stained 

with vapor from a 0.5 wt% aqueous solution of RuO4 for 10-12 minutes. RuO4 

preferentially stains PEO, then the epoxy, then PBO for the system examined.
41

 

 Stained samples were imaged with a JEOL 1210 TEM using an accelerating 

voltage of 120kV. TEM images were analyzed using JMicroVision (ver. 1.3.2) image 

analysis software. A full description of the image analysis process may be found in 

Chapter 3. A minimum of 60 micelles were analyzed from at least three TEM 

micrographs of each block copolymer modified epoxy. 

Compact tension samples were machined to the geometric specifications 

outlined in ASTM standard D5045 for fracture under plane-strain conditions. Typical 

compact tension samples had a thickness (B) of 3.81 mm, a width (W) of 11.87 mm, and 

a pre-crack length (a) of ca. 6 mm. Compact tension samples were run on an Instron 
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Testing System (model 1011) with a crosshead speed of 10 mm/min. At least six 

specimens were fractured for each calculation. Critical stress intensity (KIc) and Gc 

values were calculated using equations outlined in Chapter 4. 

 Young’s modulus of neat and block copolymer-modified epoxies was 

determined by dynamical mechanical analysis using a Rheometrics Scientific Mark IV 

Dynamic Mechanical Testing Apparatus. Rectangular bars having dimensions 28 mm x 

4 mm x 2 mm were cut from the epoxy plaques and loaded into the DMA, which was 

configured for three point bending tests. The three-point bending tests were performed 

at room temperature using a frequency of 10 rad/s and a strain of 0.01%. 

DSC experiments were preformed on a TA Instruments Q1000 DSC. Small 

portions (6 ± 1 mg) taken from the modified or unmodified epoxy plaques were used in 

the DSC experiments. Samples were heated from 20 °C to 200 °C at a heating rate of 10 

°C/minute. Two heating cycles were conducted on each sample to determine the state of 

cure of the epoxy network.
44

 

 

A.3:  Results and Analysis 

TEM micrographs of epoxies containing 5 wt.% of the EOBO(4.8-13.0) block 

copolymer are presented in Figure A.1. The block copolymer was dispersed in a series 

of epoxies with Mc values ranging from 600 g/mol to 5,700 g/mol. The morphological 

behavior of the EOBO(4.8-13.0)-modified epoxies was similar to epoxies containing 

OP(2.7-5.0) shown in Chapter 3. The EOBO block copolymer self-assembled into 

spherical or short cylindrical micellar structures in tightly crosslinked epoxies. Short  
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Figure A.1 TEM micrographs of epoxies containing 5 wt.% EOBO(4.8-13.0) block copolymer. The 

micrographs are of epoxies with Mc values of (a) 600 g/mol, (b) 900 g/mol, (c) 1,600 g/mol, (d) 2,900 

g/mol, (e) 3,700 g/mol, and (f) 5,700 g/mol. Scale bars represent 100 nm. 

c d 

e f 

b a 
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cylindrical micelles coexist with small vesicles as the epoxy Mc was raised to 900 

g/mol. Diameters of the vesicles grew to over 100 nm at an epoxy Mc of 1,600 g/mol. 

Coexistence of vesicles and short cylindrical micelles continued as the epoxy Mc was 

increased to 3,700 g/mol and 5,700 g/mol. The overall trend observed when reducing 

the crosslink density of epoxies modified with the EOBO(4.8-13.0) block copolymer 

was similar that of OP-modified epoxies. The interfacial curvature of the block 

copolymer decreased as the epoxy Mc was increased. Average diameters of the spherical 

micelles in an epoxy with a Mc of 600 g/mol and vesicles at higher epoxy Mc values are 

plotted in Figure A.2. 
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Figure A.2 Diameters of spherical micelles or vesicles formed by EOBO(4.8-13.0) as a function of the 

molecular weight between crosslinks (Mc) of the epoxy. Error bars represent the standard deviation of the 

measured diameters. 

The EOBO(1.6-13.0) block copolymer formed vesicles in an epoxy with a Mc of 

600 g/mol. The vesicles observed were quite large, with diameters multiple hundreds of 

nanometers in length. Representative TEM micrographs of these vesicles are presented 



241 

 

 

in Figure A.3. The block copolymer formed agglomerates as the molecular weight 

between crosslinks of the epoxy was increased. Clustered vesicles were observed at a 

Mc of 1,600 g/mol and are shown in Figure A.4. The median size of the vesicles 

decreased as the epoxy crosslink was reduced. 

   

Figure A.3 TEM micrographs of epoxies containing 5 wt.% EOBO(1.6-13.0) block copolymer. The 

micrographs are of epoxies with a Mc value of 600 g/mol. Scale bars represent 100 nm. 

 

   

Figure A.4 TEM micrographs of epoxies containing 5 wt.% EOBO(1.6-13.0) block copolymer. The 

micrographs are of epoxies with a Mc value of 1,600 g/mol. Scale bars represent 100 nm. 
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Increasing the molecular weight between crosslinks of EOBO(1.6-13.0)-

modified epoxies led to macroscopic separation of the block copolymer. Representative 

sections of epoxy plaques at four different crosslink densities containing 5 wt.% 

EOBO(1.6-13.0) are shown in Figure A.5. The size of the block copolymer domains 

increased as the crosslink density was decreased. Additionally, block copolymer 

micelles were not observed in thin sections of the block copolymer-modified epoxies 

microtomed for imaging with the TEM. It is possible that isolated micelles existed 

within the epoxy plaque and an insufficient amount of sample was surveyed to observe 

them. 

 

 

Figure A.5 Separation of the EOBO(1.6-13.0) block copolymer at four different epoxy crosslink 

densities. The white portions of the plaques represent domains where the block copolymer has phase 

separated from the epoxy matrix. The size of the block copolymer domains increase as the crosslink 

density was reduced. The block copolymer loading was 5 wt.%.  

Thermal Properties 

Mc = 3,100 g/mol Mc = 3,300 g/mol 

Mc = 3,700 g/mol Mc = 5,700 g/mol 
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 DSC samples of epoxies containing the PEO-PBO block copolymers were taken 

from the bulk plaques. Representative DSC traces of epoxies containing EOBO(4.8-

13.0) or EOBO(1.6-13.0) are shown in Figures A.6 and A.7. DSC scans confirmed that 

addition of the block copolymer modifier did not prevent full cure of the epoxy 

network, even in the macrophase separated epoxies shown in Figure A.5.
44

 The glass 

transition temperature of epoxies modified with 5 wt.% of EOBO(4.8-13.0) and 

EOBO(1.6-13.0) are plotted against the molecular weight between crosslinks of the 

epoxy in Figures A.8. 
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Figure A.6 DSC traces of epoxies containing 5 wt.% EOBO(4.8-13.0). The Mc of the epoxies were (a) 

600 g/mol, (b) 1,600 g/mol, (c) 2,900 g/mol, and (d) 5,700 g/mol. Exotherms associated with additional 

curing of the epoxy network were observed.  

(a) 

(b) 

(c) 

(d) 
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Figure A.7 DSC traces of epoxies containing 5 wt.% EOBO(1.6-13.0). The Mc of the epoxies were (a) 

600 g/mol, (b) 1,600 g/mol, (c) 2,900 g/mol, and (d) 5,700 g/mol. Exotherms associated with additional 

curing of the epoxy network were observed. 
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Figure A.8 Glass transition temperatures of neat and EOBO-modified epoxies as a function of the epoxy 

molecular weight between crosslinks. Block copolymer loading was 5 wt.%. 
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Addition of either PEO-PBO block copolymer did not appreciably change the Tg 

of the epoxies investigated. The largest decrease in Tg was observed in epoxies with a 

Mc of 600 g/mol. Addition of a rubbery modifier often leads to a reduction in the Tg of 

the material.
15, 44

 Previous studies of phenol novolac-cured epoxies containing OP or 

EOBO block copolymers reported an increase in Tg of tens of degrees upon addition of 

the block copolymer, with wormlike micelles offering the largest increase in Tg.
26, 28

 

This increase in Tg was not found in the EOBO-modified epoxy system used in this 

study, similar to epoxies modified with OP block copolymers investigated in Chapter 4. 

 

Mechanical Properties 

 Modulus values of neat, EOBO(4.8-13.0), and EOBO(1.6-13.0)-modified 

epoxies are plotted in Figure A.9. The moduli of EOBO(4.8-13.0)-modified epoxies 

were generally unaffected by addition of the block copolymer. The modulus for epoxies 

with Mc values of 1,600 g/mol and 2,900 g/mol did decrease by about 20%, but were 

still greater than 2.5 GPa. Addition of the EOBO(1.6-13.0) block copolymer reduced 

the modulus of the epoxy at each crosslink density investigated. Modulus values of the 

EOBO(1.6-13.0)-modified epoxies were 20-45% less than the neat epoxy. The decrease 

in modulus at low epoxy Mc values is consistent with those of previous epoxy systems 

containing block copolymer vesicles.
28, 30, 37

 As shown in Figures A.4 and A.5, the block 

copolymer formed agglomerates as the molecular weight between crosslinks of the 

epoxy increased. The segregation of the block copolymer reduced the modulus of the 

material, but modulus values greater than 1.5 GPa were still observed. Modulus values, 

within error, were not dependent on the epoxy Mc. 
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Figure A.9 Young’s Modulus (E) of neat and EOBO-modified epoxies plotted as a function of the 

molecular weight between crosslinks (Mc) of the epoxy. At least four DMA samples were tested and the 

error bars represent the standard deviation of the data. 
 

 The strain energy release rate of epoxies modified with EOBO(4.8-13.0) is 

plotted as a function of the molecular weight between crosslinks in Figures A.10. 

Addition of the EOBO(4.8-13.0) offered a moderate improvement in fracture toughness 

in epoxies with a high crosslink density. The increase in Gc is comparable to the 

addition of vesicles formed by OP(1.9-5.0) as demonstrated in Chapter 4. Again, the 

ability of the block copolymer to improve the fracture resistance of the epoxy is 

dramatically enhanced by reducing the epoxy crosslink density. An epoxy with a Mc of 

5,700 g/mol containing only 5 wt.% of the EOBO(4.8-13.0) block copolymer had a Gc 

value of approximately 4,500 J/m
2
. This improvement in fracture resistance is 

demonstrably larger than any value reported for block copolymer-modified epoxies.  
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Figure A.10 Strain energy release rate (Gc) of neat and EOBO(4.8-13.0)-modified epoxies as a function 

of epoxy molecular weight between crosslinks (Mc). Block copolymer loading was 5% by weight. At least 

five compact tension samples were tested and the error bars represent the standard deviation of the data. 

 

A comparison of the strain energy release of epoxies containing EOBO(4.8-

13.0) and OP(2.7-5.0) are plotted as a function of crosslink density in Figure A.11. The 

two block copolymers increased the epoxy fracture resistance by nearly the same 

amount at epoxy Mc values of 600 and 900 g/mol. Increasing the epoxy Mc to 1,600 

g/mol generated a sharp rise in the Gc value for the EOBO(4.8-13.0)-modified epoxy. 

Employing the EOBO(4.8-13.0) block copolymer nearly doubled the improvement in 

fracture resistance of the OP(2.7-5.0)-modified epoxies. The relative improvement in Gc 

exhibited by epoxies containing EOBO(4.8-13.0) over OP-modified epoxies was 

somewhat mitigated as the epoxy crosslink density was reduced. However, the Gc 

values are very large and represent a incredible improvement in epoxy fracture 
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resistance. The mechanical and thermal properties of epoxies modified with EOBO(4.8-

13.0) are summarized in Table A.2. 
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Figure A.11 Strain energy release rate (Gc) of neat, EOBO(4.8-13.0), and OP(2.7-5.0)-modified epoxies 

as a function of epoxy molecular weight between crosslinks (Mc). Block copolymer loading was 5% by 

weight. At least five compact tension samples were tested and the error bars represent the standard 

deviation of the data. 

 

 

Table A.2 Mechanical and thermal properties of epoxies containing 5 wt.% EOBO(4.8-13.0). 

Epoxy Mc 

(g/mol) 

Gc 

(J/m
2
) 

Modulus 

(GPa) 

Tg 

(°C) 

600 800 ± 70 2.91 ± 0.16 145 

900 1,490 ± 140 3.17 ± 0.18 122 

1,600 3,570 ± 180 2.78 ± 0.19 109 

2,900 3,250 ± 390 3.11 ± 0.21 101 

3,700 4,250 ± 270 3.14 ± 0.29 101 

5,700 4,550 ± 220 3.09 ± 0.07 100 
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 Strain energy release rates for epoxies containing 5 wt.% EOBO(1.6-13.0) are 

plotted as a function of the epoxy crosslink density in Figure A.12. Addition of the 

EOBO(1.6-13.0) block copolymer improved the fracture resistance at each epoxy 

crosslink density examined. The increase in fracture resistance in epoxies with Mc 

values of 600 or 900 g/mol was nearly equivalent to those reported for OP-modified 

epoxies in Chapter 4. Little improvement in Gc was observed as the molecular weight 

between crosslinks of the epoxy was increased over 900 g/mol. Most notably, 

EOBO(1.6-13.0)-modified epoxies with Mc values of 3,700 and 5,700 g/mol exhibited 

wildly varying peak loads under strain. The standard deviation of the Gc values at these 

crosslink densities was over 1,000 J/m
2
. As shown in Figure A.5, the block copolymer 

had visibly separated from the epoxy matrix in these samples. The largest block 
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Figure A.12 Strain energy release rate (Gc) of neat and EOBO(1.6-13.0)-modified epoxies as a function 

of epoxy molecular weight between crosslinks (Mc). Block copolymer loading was 5% by weight. At least 

five compact tension samples were tested and the error bars represent the standard deviation of the data. 
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copolymer domains were observed at a Mc of 5,700 g/mol. Strain energy release rates 

for this epoxy ranged from 950 J/m
2
 to 4,800 J/m

2
. Comparing Figure A.5 with Figure 

A.12, the amount of variance observed in the fracture resistance values correlated with 

the size of the segregated block copolymer domains. Mechanical and thermal properties 

of epoxies containing 5 wt.% EOBO(1.6-13.0) are summarized in Table A.3. 

Table A.3 Mechanical and thermal properties of epoxies containing 5 wt.% EOBO(1.6-13.0). 

Epoxy Mc 

(g/mol) 

Gc 

(J/m
2
) 

Modulus 

(GPa) 

Tg 

(°C) 

600 410 ± 50 1.94 ± 0.08 144 

900 1,210 ± 210 2.34 ± 0.06 124 

1,600 1,430 ± 170 2.33 ± 0.03 109 

2,900 1,970 ± 200 2.26 ± 0.04 102 

3,700 1,670 ± 1,100 2.38 ± 0.09 101 

5,700 2,440 ± 1,320 1.92 ± 0.45 98 

 

 

A.4:  Discussion 

 The EOBO(4.8-13.0) block copolymer self-assembled into spherical and short 

cylindrical micelles at an epoxy Mc of 600 g/mol. Previous work noted that this specific 

block copolymer formed spherical micelles in an phenol novolac-cured epoxy, though 

TEM micrographs are not available to compare the size and shape of the block 

copolymer micelles in the two epoxy systems.
39

 The EOBO(4.8-13.0) block copolymer 

has an PEO volume fraction of 0.24. A comparable OP block copolymer would lie near 

the composition window for wormlike micelles in the current epoxy system at a Mc of 

600 g/mol. The discrepancy between EOBO and OP morphologies can be rationalized 

by considering the interaction parameters between the epoxy resin, the epoxy-philic 

block (PEO), and the epoxy-phobic block (PBO, PEP). The interaction parameter (χ) is 
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relatable to the enthalpic penalty of mixing two dissimilar species, and can be 

determined experimentally
45

 using the following relation:  

 2

21

1  
RT

V
 (A.1) 

where V1 is a reference volume, R is the gas constant, T is the temperature, and δi is the 

solubility parameter of the individual components. The solubility parameters for the 

species used in this study are: δEpoxy = δPEO 20.2 MPa
1/2

, δPEP 17 MPa
1/2

, and δPBO = 17.2 

MPa
1/2

.
39, 46, 47

 The interaction parameter between the PBO and PEO blocks is smaller 

than the parameter between PEP and PEO. A larger chain length, or increased block 

asymmetry is necessary to drive separation of the two blocks.
48

 Since the enthalpic 

penalty for mixing PBO and PEO is smaller, the micelles can maintain a greater degree 

of surface curvature when minimizing block stretching. Hence, an EOBO block 

copolymer with a PEO volume fraction of 0.24 may still form spherical micelles. 

 The EOBO(1.6-13.0) block copolymer assembled into flattened vesicles with 

dimensions greater than 500 nm in a phenol novolac cured epoxy.
39

 It is not clear if the 

vesicles observed in the highly crosslinked epoxies in this study are flattened. TEM 

micrographs of the EOBO(1.6-13.0) block copolymer in the epoxy/PN system show 

irregularly shaped vesicles, with some vesicles overlapping.
39

 The density of vesicles 

was much lower in the epoxy system investigated in this appendix and the amount of 

vesicle overlap was not as prevalent.  

 Decreasing the epoxy crosslink density induced macrophase separation of the 

block copolymer. The PEO volume fraction of EOBO(1.6-13.0) is likely near the limit 

of microphase stability in highly crosslinked epoxies. Wu noted that an EOBO(0.3-2.5) 
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(fEO = 0.11) block copolymer formed a coexistence of lamellar-like segments and 

irregular-shaped particles in the phenol novolac-cured epoxy.
28, 39

 Increasing the overall 

molecular weight of the block copolymer led to a stable dispersion of flattened vesicles 

in the epoxy/PN system. Increasing the molecular weight between crosslinks in this 

study destabilized the block copolymer microstructure. Large bands of clustered 

vesicles were observed at a Mc of 1,600 g/mol, with no recognizable block copolymer 

microstructure found at higher epoxy Mc values. These clustered vesicles represent a 

metastable state prior to full segregation of the block copolymer. Macroscopic phase 

separation was first evident to the naked eye at a Mc of 2,900 g/mol. As shown in Figure 

A.5, the block copolymer domain coarsened as the crosslink density was further 

reduced. This coarsening could be driven by an increase in the mobility of block 

copolymer prior to completion of the network structure, though further tests are needed 

to correlate the gel point and the onset of macrophase separation of the block 

copolymer. 

 The importance of having a well dispersed, microphase separated system is 

highlighted in the fracture resistance values of epoxies modified with the two PEO-PBO 

block copolymers. Strain energy release rates of epoxies modified with the PEO-PBO 

block copolymers are plotted as a function of the molecular weight between crosslinks 

of the epoxy in Figure A.13. The EOBO(1.6-13.0) block copolymer formed 

agglomerates at an epoxy Mc of 1,600 g/mol. Improvements in fracture resistance of 

EOBO(1.6-13.0)-modified epoxies with Mc values greater than 900 g/mol significantly 

underperform those achieved by epoxies containing EO(4.8-13.0). The OP block 

copolymers examined in Chapter 4 offered similar improvements in the fracture 
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resistance at high epoxy Mc values regardless of the block copolymer composition. The 

phase separated block copolymer did not promote energy absorption as efficiently as  
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Figure A.13 Strain energy release rate (Gc) of neat, EOBO(4.8-13.0), and EOBO(1.6-13.0)-modified 

epoxies as a function of epoxy molecular weight between crosslinks (Mc). Block copolymer loading was 

5% by weight. At least five compact tension samples were tested and the error bars represent the standard 

deviation of the data. 

 

isolated particles. Additionally, as the phase separated domain increased in size, the 

fracture resistance became much more sensitive to the local concentration of block 

copolymer near the crack tip. There was a large discrepancy in the peak load values of 

the compact tension test samples machined from epoxies with Mc values of 3,700 and 

5,700 g/mol. The test samples suffered from a lack of a rubbery domain to promote 

yielding of the network or an overabundance of the block copolymer limiting the 

amount of network available to yield. Phase separation of the block copolymer not only 

retards the improvement in fracture resistance, it makes predicting suitable applications 

difficult as the failure stress of the material may vary wildly by location. 
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 The most intriguing aspect of the EOBO-modified epoxies is the large 

improvement in fracture resistance at moderate-to-low epoxy crosslink densities upon 

addition of just 5 wt.% of the EOBO(4.8-13.0) block copolymer. There is a significant 

advantage in using the EOBO block copolymer over the OP diblocks investigated in 

this thesis. The molecular weight of the EOBO(4.8-13.0) block copolymer was within 

the range of OP block copolymers investigated in Chapter 4. Additionally, the 

molecular weight of the block copolymer offered no change in toughening ability. 

Previous work demonstrated that EOBO block copolymers will offer a larger maximum 

improvement in Gc than OP block copolymers in the same epoxy system.
26, 28

 The 

improvement in Gc was attributed to the branched nature of the wormlike micelles 

formed by the EOBO block copolymer.
28

 This structure was not observed with the OP 

diblock, so a strong conclusion as to the nature of the improvement in fracture 

resistance cannot be made.
26

 

 A common toughening mechanism proposed for the improvement in fracture 

resistance of block copolymer-modified epoxies is shear yielding of the epoxy network 

promoted by cavitation of the block copolymer micelles. This toughening mechanism is 

also a major source of toughening for conventional liquid rubber or core-shell particle 

toughened epoxies.
2-5, 49, 50

 Pearson and Yee proposed that increasing the cavitation 

resistance of the rubber particles may further improve the fracture resistance. Sue and 

Yee used finite element analysis to probe the influence of rubber particle cavitation on 

the redistribution of the stress and strain fields near the crack tip.
49

 The analysis 

suggested that rubber particles are more effective in promoting fracture resistance than 

simple voids if the particles cavitate at an appropriate stress level. The results indicated 
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that if the rubber cavitation resistance was too low the particles act like voids and if the 

rubber cavitation resistance is too high the particles will fail to significantly alter the 

stress field and matrix yielding will not occur. Recently, core-shell particles with 

differing Tg and modulus values were dispersed in a diamine-cured epoxy.
51

 The 

particles with a higher modulus and Tg increased the fracture resistance of the epoxy 

further and the authors hypothesized that this may be due to an increase in particle 

cavitation resistance. However, Bagheri and Pearson studied a series of epoxies 

modified with core-shell particles, liquid rubber, and hollow polystyrene latex 

particles.
52-54

 The authors observed similar fracture resistance and toughening 

mechanisms with each modifier up to 10 volume percent loadings. The current 

understanding of the effect of cavitation on epoxy toughening is not yet definite. Further 

tests with EOBO or other block copolymers are necessary to understand the discrepancy 

between the improvements in Gc observed in this thesis. 
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