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Figure 1. Chemical structures of PHEPEO used in this study where

_ . n =5 (PHO-PEO-1) and 35 (PHOPEO-2).
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Efforts in the past decades to improve the fracture toughnessgetermined by I¥IMR:yfor PHO, ratio of C#OX in t>;1e initiator to the
of brittle epoxies using a secondary phase have focused on the-CH; of the HO unit; for PHG-PEO, ratio of-CH,—O~— in the EO unit
use of rubbér? as well as preformed rigid particlés? Recent to —CHs in the HO unit.c Polydispersity determined by size exclusion
publications from our group and others have reported on epoxy c""omatography.
toughening using amphiphilic diblock copolymers that self-
assemble into vesicles and micelles within the epoxy matt,
analogous to structures formed by surfactants and lipids in water.
Earlie* we reported the use of a series of poly(butylene
oxide)-poly(ethylene oxide) (PBOPEO) as an example of a
commercially viable additive for epoxy toughening. The am-
phiphilic copolymers, with molecular weights between 15 000
and 20 000 g/mol, produced nanostructures that were disperse
within the epoxy with PBO as the “epoxy-phobic” block and
PEO the “epoxy-philic” block. Here we extended the study by
using the homologous diblock copolymer poly(hexylene oxide)

mixture was stirred under vacuum, heated slowly to 125
typically increasing 25°C every 30 min, and kept at that
temperature until all the solvent had been removed. The mixture
was heated to 158C and immediately poured into a preheated
mold. The mold was then placed in a 18G oven (in the
presence of air) where curing of the epoxy mixture occurred
ver 12 h. The epoxy cast was allowed to cool slowly to room
emperature and removed from the mold. The plague, approx-
imately 10 cm by 8 cm by 4 cm, was postcured foh under
vacuum at 220C to remove voids due to residual solvent or

; ) trapped air. We did not observe any evidence for degradation
poly(ethylene oxide) (PHOPEO) where the longer alkyl chain of the material at this elevated temperature. The plague was

It:]l hekxylene OX||(|1e Sht%m? gaE;e thesﬁ%regagot?] between t?e qu{inally machined into compact tension and tensile test samples.
ocks (as well as that between an € epoxy) 0 D€ Tensile tests were performed on these blends using an Instron
stronger than in the P I.EO case. The stronger segregation 4191 machine with crosshead displacement contrdleab kN

is expected to allow formation of similar morphologies at lower load cell. The tensile samples were machined as bars with 40
molecular weights. In this study we also employed the method mm gage length and 3.2 mm 3.2 mm cross section. Tests

Qf blending two P.HGPEO. copolymers of d_|ffer¢nt COMPOS yarg performed at room temperature and at a constant elongation
tions to create an intermediate morphology, msplreq by PreVIOUS | ate of 1 mm/min. At least four samples were run for each blend.
works from our group and others on thg morplhgologlcal behawor The fracture toughness of the blends was characterized using
of binary blends of block copolymers in béfk™® as well as in the energy release rat€() method, computed from the critical

dilute aqueous suspensigh. stress concentration factokK,f) measured using the compact

This study used two amphiphilic diblock copolymers poly- . . ;
(hexylene oxide) poly(ethylene oxide) (PHOPEO) of differ- tension geometry, following ASTM D5045. The equations used

ent compositions: 9 wt % PEO and 44 wt % PEO. PHREO are
is illustrated in Figure 1, and the molecular characteristics are K 2
listed in Table 1. e
, Gy 1-) 1
The block copolymers were prepared by growing the PEO E
blocks from the same batch of homopolymer PHO. The p
syntheses of these polymers follow closely the procedure to K, max (alW) )
C

synthesize PBOPEO copolymers described earli€rThe BWH?2

epoxy resin used was a poly(bisphenokéepichlorohydrin)

epoxy (DER 383) cured with stoichiometric amounts of a phenol In eq 1, which applies to plane strain condition,is the
novolac (PN) curing agent without any curing catalyst; the epoxy Poisson’s ratio (taken to be 0.3%2)and E is the Young's

system is described in greater detailed elsewHeTde resin modulus, measured in the tensile test described aldyg.is
and curing agent were supplied by the Dow Chemical Co. and the maximum load at failure as measured in the compact tension
were used as received. test, B is the sample thicknessy is the overall length of the

We prepared a series of samples of epoxy blends containingsample, and (a/W) is an expression accounting for the ratio of
5 wt % of block copolymer. To facilitate homogeneity for each the initial crack lengtha to W, defined in detail by ASTM
blend, the epoxy resin, curing agent, and the polymer additives D5045. The glass transition temperatdigof the neat epoxy
were dissolved in acetone and stirred overnight at room and the blends were determined by differential scanning
temperature. In the case of blending two different block calorimetry (DSC).
copolymers, they were stirred until homogeneous in acetone (a Transmission electron microscopy (TEM) was used to
common solvent for PHO and PEO) prior to mixing with the characterize the resulting morphology of inclusions in the cured
epoxy resin and curing agent. After a homogeneous mixture epoxy samples. The samples were microtomed intel®0 nm
was obtained, the acetone was removed under dynamic vacuumthick sections using a diamond knife on a Reichert Ultra-
To minimize foam formation during solvent removal, the microtome S and collected on copper grids. The samples were
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Figure 2. TEM micrographs of blends of DER 383/PN epoxy and 5 wt % block copolymer: (a)-FED-1, vesicles, (b) mixture of 20 wt %
PHO-PEO-1 and 80 wt % PHOPEO-2, wormlike micelles, and (c) PHGPEO-2, spherical micelles.

Table 2. Properties of Epoxy Blend Containing 5% of Polymer Additive

polymer morphology in epoxy wt % PEO E (MPa) Kic (MPa ni?) G (IInP) T (°C)
DER 383/PN 2525 98 0.35+ 0.05 41.8+12.2 117
PHO-PEO-1 vesicles 9 1536 85 1.26+ 0.05 920+ 88 132
20 wt % PHO-PEO-1 cylinders 35 22606t 140 2.16+ 0.27 1830+ 470 133
80 wt % PHO-PEO-2
PHO-PEO-2 spheres 44 2080132 0.61+ 0.11 160+ 58 126

stained for 30 min using the vapors of a 0.5 wt % aqueous Consistent with the size of inclusions in the blends relative

solution of RuQ, which stains the block copolymers in to the wavelength of visible light, the blend containing spherical

preference to the epoxy. TEM was performed on a JEOL 1210 micelles was transparent (like the unmodified epoxy) and the
microscope at an accelerating voltage of 120 kV. The fracture one with wormlike micelles less transparent, whereas the one
surfaces resulting from the compact tension test on these blendsvith vesicles was white and opaque.

were examined using a scanning electron microscope (SEM). The mechanical properties of the blends containing the

The samples were given a 50 A coating of platinum and gjfferent morphologies are summarized in Table 2.
examined on a JEOL 6500 FEG-SEM at 5 kV accelerating The Young's modulus dropped upon addition of block

voltage, typically at 610 mm working distance. copolymers while the fracture toughness increased in general.
Figure 2 shows three different morphologies formed by the Although all the blends contained 5% block copolymer, the one
set of PHC-PEO copolymers in a cured DER 383/PN system. containing the vesicle morphology exhibited the largest decrease
The micrographs show that even at relatively low molecular in Young's modulus of about 40% from the unmodified
weights (20-40 repeat units) amphiphilic polyether diblock DER383/PN. This significant decrease can be attributed to the
copolymers can self-assemble within epoxy resin into structures arge effective volume fraction of vesicles, which encapsulate
ranging from 20 to 30 nm spheres to 250 nm vesicular bilayers. epoxy as can be seen in Figure 1c. Furthermore, the vesicle
On their own, PHG-PEO-1 and PHOPEO-2 form vesicles particles were not strongly bonded to the matrix, and the low
and spherical micelles, respectively (Figure 2a,c). We demon- molecular weight PHO core of the bilayer had very low load
strate here for the first time the formation of intermediate bearing capacity. In effect, a significant fraction of the cured
structures by blending two block copolymers of different €poxy resided inside the vesicles and did not contribute fully
compositions within a curable matrix. A blend of 20% PHO  to the bulk Young’s modulus of the blend.
PEO-1 and 80% PHOPEO-2—-with an overall fraction of 35% The block copolymers in general improved the fracture
PEO—produced cylindrical/wormlike micelles, as displayed in toughness of the pure epoxy. On the other hand, the absolute
Figure 2b. Indeed, in a similar diblock copolymer and epoxy effectiveness depends on the PEO fraction with a maximum at
system, cylindrical micelles are produced by copolymers of intermediate PEO content, which produced wormlike micelles.
intermediate composition between the vesicle-forming and the Previous studies on toughening epoxy using a similar block
sphere-forming copolymers.An earlier work on aqueous  copolymef also reported that the largest toughening was
suspensions of binary blends of amphiphilic block copolyfers  achieved using wormlike micelles. The hiGh value measured
showed that the equilibrium state may never be achieved if thein this study for the wormlike micelles (1838 470 J/m) is
two block copolymer suspensions are mixed after they already comparable within experimental error to the value reported by
form their individual nanostructures. In the present study, we Wu et al. for blends containing branched wormlike micelles
avoided this kinetic limitation by premixing the two block derived from PBG-PEO (1560+ 110 J/nd). In this study, the
copolymers in acetone prior to blending with the epoxy resin. vesicles also increased the toughness significantly whereas the
Upon removal of acetone, the blend of block copolymers spherical micelles only produced a relatively modest increase.
assemble into a morphology intermediate to the unblended The fracture surfaces of each blend, shown in Figure 3, exhibited
forms. A striking feature in Figure 2b is the high aspect ratio distinct traits related to the mechanisms of crack propagation.
of the cylindrical micelles, which are much longer than any The blend containing small spherical micelles (Figure 3a)
reported previously in block copolymer modified epoxy. This appeared flat with no significant deformation of the matrix prior
trend of longer and less branched cylinders at lower molecular to fracture. In contrast, the presence of the larger wormlike
weight mimics the self-assembly behavior of amphiphilic micelles and bilayer vesicles increased the surface roughness
diblock copolymers in watef® although with different characteristics. The blend with WmmleBV
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Figure 3. SEM micrographs of fracture surfaces of blends of DER 383/PN epoxy and 5 wt % block copolymer: (a&PB@GEL, (b) mixture of
20% PHO-PEO-1 and 80% PHOPEO-2, and (c) PHOPEO-2.

micelles (Figure 3b) showed a surface with steps and “leaflike” exploring, targeting, and evaluating the morphological behavior
structures indicating some small-scale plastic deformation of as well as the mechanical properties of these systems.

the matrix. Figure 3c shows even higher surface roughness that
appears to be correlated to the size of the vesicles and the Iarg%
effective volume fraction of particles (because some epoxy
resided inside the vesicles).
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