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Final Technical Report

I. Introduction

Thermosetting materials such as expoxies offer a host of desirable physical
properties. They can be processed as inviscid liquids into complex shapes, then cured into
hard, chemically inert parts with a high glass transition temperature. This class of plastics
finds applications as adhesives, coatings, encapsulants, insulators, and structural elements
in a wide range of products including aircraft, sporting goods, automobiles, and electronic
devices . One of the principal design restrictions associated with manufacturing equipment
with epoxy components is the intrinsic brittle nature of the unmodified materia}s. In order
to improve the ultimate properties thermosets have been modified with rubber particles,
plasticizers, and chemically reactive diluents that are incorporated into the three-dimensional
network during thermal curing. None of these approaches are completely satisfactory. As
a two-part epoxy cures the weight average molecular weight diverges (at the gel point)
causing polymer that is miscible with the monomeric resin to phase separate. Therefore,
rubber modifiers are usually added as preformed particles, making it difficult or impossible
to produce nanoscale composites or non-spherical microdomain shapes.

Research conducted under this AFOSR grant has led to the discovery of a new
method for templating nanostructure in thermosetting plastics. Amphiphilic block
copolymers containing an epoxy resin miscible PEO block have been shown to produce
well-defined lamellar, cylindrical, bicontinuous and spherical domains when blended with

commercial epoxy and diamine hardener. These morphologies are perfectly preserved

when thermally cured, leading to monolithic pieces of clear, nanostructured epoxy material.
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The resulting structures were characterized using TEM, SAXS and SANS and the
associated mechanical properties assessed by dynamic mechanical spectroscopy. and tensile

and impact testing.

II. Research Results

Research under the current contract addressed a variety of approaches to controlling
nanoscale structure in multicomponent composites based on the strategic use of block
copolymers. Phase behavior in such systems is generally depicted using a four parameter
phase prism as illustrated in Figure 1. Three classes of mixtures have been investigated in
the current program: i) pure block copolymers (A-B); ii) block copolymer mixed with an
additive miscible with one block (A-B/C); and iii) block copolymer added to a pair of
homologous homopolymers (A-B/A/B): The goal of this work is to establish the feasibility
of controlling nanostructure in engineering plastics in order to enhance physical properties,
particularly in thermosetting compounds such as epoxies. A comprehensive approach that
relies on polymer synthesis and molecular characterization, small-angle X-ray and neutron
scattering (SAXS and SANS), transmission electron and a variety of mechanical testing

A-B methods including dynamic mechanical

~

spectroscopy (DMS), impact, and tensile

and fracture testing has been implemented.
T a The remainder of this report summarizes

progress in all three areas of research, with

N

N an emphasis on the discovery of a new
A B orC

method, and illumination of underlying

Figure 1. Phase prism used to describe the )
thermodynamics of diblock copolymer (A-B) and principles, for preparing nanostructured
homopolymer (A’, B' and C) mixtures. Polymeric

bicontinuous microemulsions were discovered thermosets by templating with amphiphilic
within the symmetric isopleth plane B while epoxy
nanocomposites have been prepared in plane . block copolymers.



IIa. Synthesis and thermodynamics of block copolymer melts

A critical ingredient of any successful polymer research program is a reliable source
of materials. Our first task in the current program was to develop efficient synthetic
procedures for preparing sizable (~ 100 g) quantities of amphiphilic block copolymers
composed of poly(ethyleneoxide) (PEO) and poly(alkane) (PA); here PA refers to
poly(ethylene) (PE), poly(ethylethylene) (PEE) or poly(ethylenepropylene) (PEP)
produced by hydrogenating the appropriate poly(diene) precursor. A five-step sequence of
reactions that includes anionic polymerization and heterogeneous catalytic hydrogenation
with near perfect (100%) yields was established as described in reference 1. These PEO-
PA compounds represent the key ingredient in producing the nanostructured epoxies
described in section Il.c. |

An important factor in using any block copolymer is the molecular weight required
to produce microphase separation. Due to the strong thermodynamic incompatibility
between PEO and PA, diblocks of these components order when the number-average
molecular weight, My, is raised above about 2,000 g/mol as shown in references 2 and 3.
These low molecular weight block copolymers provide an unprecedented opportunity to
circumvent the Kinetic constraints encountered when studying traditional block copolymer
melts in the vicinity of order-order phase transitions.(3-6) Using a combination of DMS and
SAXS we have demonstrated(3) that the hexagonally perforated lamellar (HPL) phase is a
metastable state that occurs due to kinetic constraints associated with the lamellar-to-gyroid
(L-to-G) phase transition. This result finalizes the Universal Phase diagram for diblock

copolymers,(7) which we have now shown extends down to molecular weights as low as

M, = 1,500 g/mol.

IIb. Polymeric bicontinuous microemulsions
Perhaps the most dramatic control over composite properties is obtained in the

vicinity of a phase inversion where a discontinuous minority component develops three-



dimensional connectivity. Recent work with pure block copolymers(8.9) has demonstrated
that within narrow windows on either side of the phase diagram (plotted as composition f
versus YN where y and N are the segment-segment interaction parameter and degree of
polymerization, respectively), a bicontinuous gyroid (G) morphology exists, located
between the lamellar (L) and cylindrical (C) states. This intriguing structure complements
the exciting opportunities to tailor the mechanical and optical properties of polymer
composites using block copolymers.(10.11) However, the range of compositions within the
phase prism (Figure 1) where the G phase occurs is relatively limited, and associated with
rather high concentrations of block copolymer.(12)

Our first approach to developing facile methods for producing a bicontinuous
nanocomposite involved blending two strongly segregated diblock copolymers near
compositions associated with G phase formation in the intermediate segregation limit.(13)
Theory(7) and experiment(®) indicate that the G phase window closes as the strbng
segregation limit (SSL) is approached. Experiments with M = 84,000 g/mol PE-PEE
diblock copolymers support this conclusion. Slow solvent casting of binary blends
containing fpg = 0.35 and 0.51 (fpg is the volume fraction of PE) produced either
cylindrical (C), lamellar (L), or phase separated (C+L) morphologies. However, when the
same blend is precipitated, molded, and annealed for as much as 1 month at 150°C, a
uniform disordered bicontinuous state is obtained. This material, which is semicrystalline
at room temperature, exhibits mechanical properties (elasticity, yield and failure strength)
unlike those associated with either the C or L morphologies. A paper describing this new
metastable bicontinuous state has been accepted for publication.(14)

We have followed an alternative approach in pursuing bicontinuous morphologies
in blends of two incompatible plastics. Based on the well-documented phase prism that
characterizes surfactants mixed with oil and water,(15.16) we speculated that a disordered
bicontinuous microemulsion state might exist between the lamellar and two-phase regions

along the isopleth plane that cuts symmetrically through the phase prism in A-B/A/B ternary



T, °C

mixtures (see Figure 1). This thermodynamic state is not anticipated by mean-field
theory(17) which predicts a multicritical Lifshitz point where the disordered, lamellar and
two-phase regions meet. SANS, rheological, and TEM measurements on ternary blends of
PE, PEP and a PE-PEP diblock copolymer confirmed this hypothesis.(18) Figure 2 depicts
the phase diagram for symmetric blends of equal molecular weight PE and PEP M =23
x 104 g/mol) when mixed with a symmetric (f = 1/2, Mp = 1.1 x 105 g/mol) PE-PEP
diblock copolymer; this model system splits the phase prism (Fig. 1) exactly in half. As
PE and PEP homopolymer are added to the diblock copolymer the lamellar spacing
increases, eventually transforming into a bicontinuous microemulsion state at about 90% by
volume of homopolymer. The inset to Figure 2 is a TEM image obtained from a sample
located within the microemulsion channel. .

Although this discovery clearly demonstrates a new approach to obtaining
bicontinuity in polymer blends, practical application of this result is limited by the narrow

composition range available. However, in a collaboration with Glenn Fredrickson, the PI
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Figure 2. Phase behavior of PE-PEP/PE/PEP Figure 3. Tricontinuous microemulsion predicted
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has shown(19) that co-continuous morphologies can be stabilized over a broad portion of
the phase prism through the use of ABC triblock copolymers. Judicious selection of block
lengths (e.g., Na = N¢ = 2/5 Np) and symmetric interaction parameters, XAB = XBC =
0.25 xac should produce a tricontinuous state in triblock/homopolymer mixtures.
Addition of low molecular weight A" and C' homopolymer (Nao' < Np and N¢' < N¢
where Nao' = N¢) 1s expected to dilate this structure until it disorders into a tricontinuous
microemulsion (see Figure 3). Thus, incorporation of an incompatible center block
provides an opportunity to replace the lamellar region of the isopleth shown in Figure 2,
with a tricontinuous window, thereby expanding the range of bi- or tri-continuity over

much of the phase prism.

IIc. Nanostructured thermosets

The principal objective of the current research is to establish the feasibility of
manipulating the structure of thermosetting plastics by incorporating ami)hiphi]ic block
copolymers. Modification of thermosets, such as epoxy, for the purpose of improving
mechanical properties, e.g., toughness, is not a novel concept.(20-27) However, prior to
this work essentially all attempts to incorporate fine dispersions of linear polymer in
thermosets have been hampered by phase separation during curing. A major
accomplishment of the present research program is the discovery that certain microphase
separated block copolymers remain dispersed or ordered on a nanoscale throughout the
crosslinking process as a two-part epoxy cures. This finding, along with the associated
fundamental concepts under development, provide the impetus for the new research
proposed in section III.

We have focused our effort in this area on a commercially relevant thermosetting
epoxy formulation composed of bisphenol-A-co-epichlorohydrin (BPA348) and
methylenedianiline (MDA) mixed in a stoichiometric ratio (2 moles epoxy resin : 1 mole

hardner). Upon curing this system forms a clear solid with a glass transition temperature in




excess of 200°C. A variety of PEO-PA diblocks have been used to modify this material:
here we focus on PEO-PEE and PEO-PEP as described in references 28 and 29.

PEO and BPA348 form a nearly ideal solution since both components are
characterized by essentially the same solubility parameter,(30) pgo = dppa3as = 10.3
(cal/cm3)1/2. Thus, when BPA348 is mixed with PEO-PEP or PEO-PEE the PEO blocks
swell. Provided the undiluted diblock microphase separates, this induces changes in the
interfacial curvature which lead to transitions between the familiar ordered phases found in
pure block copolymers. Figure 4a illustrates the phase diagram determined for the binary
system PEO-PEP (fpgo = 1/2, Mp = 2,700 g/mole) and BPA348. The pure diblock
exhibits a lamellar morphology with an order-disorder transition tempefature (TopT) at
134°C. As the weight fraction of BPA348 is increased wi~th T < TopT the mixture changes
from L to G to C to S and then disorders. Ordered phase symmetries have been identified
by SAXS while the ODT curve has been determined by DMS. Increasing the diblock
molecular weight raises the ODT curve to higher temperatures as shown in Figure 4b.

These trends are anticipated by mean-field theory.(12)
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Figure 4. a) Phase behavior of binary mixtures of BPA348 and a symmetric PEP-PEO diblock copolymer.
b) Order-disorder transition temperature for symmetric PEP-PEO and BPA348 as a function of diblock
molecular weight.




Intensity

The hardener, MDA, is also a good solvent for PEO but with a higher solubility
parameter, dMpa = 11.3 (cal/cm3)!/2. Therefore, although mixtures of PEO-PEP and
MDA exhibit the same series of phases shown in Figure 4, TopT is considerably higher
than with BPA348. For example, a PEO-PEP/MDA mixture containing 55% diblock has
Topt = 190°C, which is about 80°C higher than for the corresponding PEO-PEP/BPA348
blend (see Figure 4). These results insure that the BPA348/MDA resin can be modified
with block copolymer in a predictable manner. We have conducted similar experiments
with various symmetric PEO-PA diblock copolymers.

A host of curing experiments have been carried out over the complete range of
compositions from 0 to 100% block copolymer in the BPA348/MDA epoxy resin, using a
variety of PEO-PEP and PEO-PEE materials. We t;ave discovered that in all cases
macroscopic phase separation does not occur as the condensation reaction causes the
network molecular weight to diverge. Instead, crosslinking freezes the morpholog); ina

well-ordered state that reflects the equilibrium nanostructure established when the polymer

| and monomers were initially mizxed. Because

1
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Figure 5. Small-angle X-ray scattering (SAXS) 36 weight % PEO-PEP. The sequence of re-
pattern from a cured epoxy nanocomposite
containing hexagonally packed cylinders. flections and narrow line widths indicate a

tained from a cured nanocomposite containing



well-ordered array of cylinders imbedded in the hard epoxy matrix. Transmission electron
microscopy conducted on ultramicrotomed and Ru04 stained slices of this material confirm
this assessment as illustrated in Figure 6.

TEM images taken from specimen prepared with PEO-PEE have revealed an
important feature of these nanocomposites: a core and shell morphology is evident where
unstained PEE forms the cylindrical core surrounded by darkly stained PEO, all embedded
in a gray epoxy matrix (see Figure 6). Apparently, the PEO is ejected from the epoxy
network as the crosslink density increases, converting the swollen "wet" brush into a "dry”
brush. This suggests that the block copolymer does actually "phase separate” as expected,
only on a nanoscale. Previous experiments with additives blended with epoxy, even PEO
homopolymer,(25) have resulted in macrophase sep;.ration as the curing reaction
progresses. Why this undesirable effect is avoided in our mixtures is not entirely clear.
We suspect that the combination of self-assembly and ordering on a small length sééle
results in a prohibitively high free-energy barrier for nucleation of separate phases rich in

epoxy and block copolymer. Formation of macrophases also requires polymeér transport

Figure 6. TEM images of cured epoxy nanocomposites containing hexagonally packed cylinders. a) View
normal to cylinder axis. b) View along cylinder axis. Close inspection of these structures reveals a core
and shell morphology as sketched in the inset (from refs. 28 and 29).




Intensity

which is inhibited by network formation and the presence of microdomains. However, we
do not believe the templating effects result from simple kinetic limitations since slow curing
reactions lasting as long as a month lead to the same well-ordered Nanocomposites.

In order to evaluate the effects of disorder on the templating process, we performed
a series of reactions with various symmetric PEO-PEP diblocks ranging from My = 2,700
to 85,000 g/mol in the limit of low block concentrations. The 18,000 g/mol system
exhibits an order-disorder transition between 6 and 8 wt ’% block copolymer at room
temperature. SAXS experiments conducted on a 6% specimen before and after curing
(Figure 7) reveal that network formation freezes the micellar solution without inducing
phase separation. This illustration also demonstrates that the scattering pattéms can be
quantitatively modeled with Percus-Yevick liquid-state tileory(31) demonstrating that the

disordered spherical micelles are randomly distributed in the epoxy. Increasing the block

] —— SAXS data
- - = Percus-Yevick theory

aasaal
[=]
©
N 5 ’ .
-
b e

K,.(MPam"%)
&

Q7-

1 -
1 T T T 1 0-5
0.0 0.2 04 06 08 10 0 1 2 3 4 5 & 7 8 9 W N
q (nm’) Weight Percent Diblock
Figure 7. SAXS pattern from an epoxy nano- Figure 8. Compact tensile fracture test results for

composite containing 6 wt % symmetric PEP-PEO
diblock copolymer. Close agreement between the
experimental and calculated curves confirms a
random distribution of nearly monodisperse
domains.

pure epoxy ( O ) and nanocomposites (0 ) con-
taining spherical PEP-PEO micelles. Each data
point was determined from six fracture tests, except
the 10% point which contains three experiments.
Five molecular weights, from 2 x 103 108.7x 104
g/mol are represented.




copolymer molecular weight from 2700 to 85,000 g/mol results in more than an order of
magnitude increase in the PEP domain diameter.

These experiments reveal a novel mechanism for nanocomposite formation in block
copolymer modified thermosetting polymers. Initially the monomers mix preferentially
with the PEO blocks producing an equilibrium ordered (or disordered) microphase
separated morphology. Upon heating condensation of amine and epoxy groups leads to
network formation and eventually gelation (this occurs at 58% conversion for the mixtures
discussed here). As the molecular weight of the resin increases the PEO blocks are ejected.
This "wet brush” to "dry brush" transition closely resembles the predicted(12) and
documented(32.33) effects on the miscibility of linear A homopolymer with A-B diblock
copolymer as the homopolymer molecular weight is incréased. As shown in reference 29
the associated change in interfacial curvature can actually induce order-order transitions
(e.g.. we have documented G — L and S — C) during thermosetting. Thus, the bllock
copolymer functions largely as a templating agent that establishes a domain type and
packing symmetry, then extracts itself from the reacting medium leaving nearly pristine
epoxy (see inset of Figure 6b).

The primary goal of this research is to improve the physical properties of epoxy,
particularly the impact toughness. Preliminary experiments suggest that a relatively dilute
dispersion of PEP spheres has a favorable effect on the failure properties of the material.
We have prepared a series of specimens in 2 mm thick sheets with approximately 5 wt % of
various symmetric PEO-PEP diblocks. These have been machined into compact fracture
test specimens and subjected to an ASTM K ¢ test(34) (see Figure 8). In all cases we find
a statistically significant improvement in toughness essentially independent of block
copolymer molecular weight, i.e.. independent of the spherical domain size. Averaged

over all specimens the diblock copolymer imparts a 30% improvement in fracture strength.
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